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ABSTRACT. We recently constructed a mutant recA protein in which His163 was replaced by a tryptophan
residue. The [H163W]recA protein is functionally identical to the wild-type protein, and the Trp163 side
chain serves as a fluorescence reporter group for the ATP angt@itediated conformational transitions

of the [H163W]recA-ssDNA complex. In this report, the pre-steady-state kinetics of the ATP angt&TP
mediated transitions were examined by stopped-flow fluorescence. The kinetics of the ATP-mediated
fluorescence change were consistent with a two-step mechanism in which an initial rapid equilibrium
binding of ATP to the recAssDNA complex is followed by a first-order isomerization of the complex

to a new conformational state; the rate constant for the isomerization step of 18imidentical to the
steady-state turnover number for ATP hydrolysis. The kinetics of theySHRediated fluorescence
change were also consistent with a two-step binding mechanism with a unimolecular isomerization of 18
min~1; since ATR'S is not hydrolyzed appreciably on the time scale of these experiments (0.01%,min

this indicates that the isomerization step follows A/BXor ATP) binding but precedes A7B (or ATP)
hydrolysis. These and other results are consistent with a kinetic model in which an ATP-mediated
isomerization of the recAssDNA complex is the rate-determining step on the recA protein-catalyzed
ssDNA-dependent ATP hydrolysis reaction pathway.

The recA protein ofEscherichia coli(M;, 37 842; 352 monomers/turn of the filament. In the absence of nucleotide
amino acids) is essential for homologous genetic recombina-cofactor or in the presence of ADP, the helical filament exists
tion and for the postreplicative repair of damaged DNA. The in a “collapsed” or “closed” conformation (helical pitch, 65
purified recA protein promotes a variety of DNA pairing A) that is inactive in strand exchange. In the presence of
reactions that presumably refle@t vivo recombination ATP, however, the filament isomerizes to an “extended” or
functions. The most extensively investigated DNA pairing “open” conformation (helical pitch, 95 A) that is active in
reaction is the ATP-dependent three-strand exchange reacstrand exchange. The filament also isomerizes to the open
tion, in which a circular ssDNAmolecule and a homologous conformation and is active in strand exchange in the presence
linear dsDNA molecule are recombined to yield a nicked of the poorly hydrolyzed ATP analog, A8, indicating
circular dsDNA molecule and a linear ssDNA molecule. This that nucleotide hydrolysis is not required for either of these
reaction proceeds in three phases. In the first phase, theprocesses (Egelman, 1993).

a presynaptic complex; this complex will catalyze the recA protein directly, we recently constructed a mutant recA
hydrolysis of ATP to ADP and P In the second phase, the  protein in which His163 in the loop 1 region (residues 357
presynaptic complex interacts with a dsDNA molecule, the 163) of the protein was replaced by a tryptophan reporter
homologous sequences are brought into register, and pairingyroup. The [H163W]recA protein catalyzes ATP hydrolysis
between the circular ssDNA and the complementary strand yith the same turnover number as does the wild-type protein
from the dsDNA is initiated. In the third phase, the (18 mimY), has aSs(ATP) value (70uM) that is similar to
complementary linear strand is completely transferred to the tnat of the wild-type protein (4M), and is fully functional
circular ssDNA by unidirectional branch migration to yield iy the three-strand exchange reactforin addition, the
the nicked circular dsDNA and displaced linear sSDNA fiyorescence of the Trp163 reporter group is very sensitive
products (Roca & Cox, 1990; Kowalczykowski, 1991). to the binding of nucleotide cofactors: ADP causes only a

The presynaptic complex formed between recA protein minor change in the fluorescence of the [H163W]recA
and ssDNA is the active recombinational entity in the strand ssDNA complex (closed conformation), whereas ATP and
exchange reaction. The recA protein binds cooperatively ATPyS lead to a more substantial change in the fluorescence
to ssDNA, forming a right-handed helical protein filament  of the complex (open conformation). These results demon-
with 1 recA monomer/4 nucleotides of ssDNA and 6 recA strated that the conformational state of the [H163W]recA
ssDNA complex could be monitored by following the

* This work was supported by grant RO1 GM 36516 (F. R. B.) and fluorescence of the Trp163 reporter group (Stole & Bryant,
postdoctoral grant F32 GM16284 (E. S.) from the National Institutes 1994, 1995). In this report, we examine the kinetics of the
of f'AeS{thhdr to whom correspondance should be addressed. nucleotide cofactor-mediated fluorescence changes of the

® Abstract published irAdvance ACS Abstractdvlarch 15, 1997. [H163W]recA—ssDNA complex by stopped-flow fluores-
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(thiotriphosphate). 2 S sis the substrate concentration required for half-maximal velocity.
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cence in order to elucidate the elementary steps on the recA wf
protein-catalyzed ssDNA-dependent ATP hydrolysis reaction
pathway.

EXPERIMENTAL PROCEDURES

Materials

Wild-type and [H163W]recA protein were prepared as
described previously (Bryant, 1988; Stole & Bryant, 1994).
ATP, ADP, and ATR'S were from Sigma. d-*?P]ATP and ]
[y-32P]JATP were from ICN. [8*C]ATPyS was prepared o me we aw  me o
from [8-1“C]ADP using ATP/S and nucleoside diphosphate [ATP] (uM)
kinase (Sigma) as described previously (Menge & Bryant, Ficure 1: Oligo dTs-dependent ATP hydrolysis by the [H163W]-
1992). Oligo dTFo DNA was from the DNA oligonucleotide  recA protein. The reaction solutions contained 25 mM Tris-HCI
synthesis facility at Johns Hopkins University, and circular (PH 7.5), 10 mM MgCj, 10 uM oligo dTso, 1.0 uM [H163W]-

: . recA protein, 1 mM DTT, 5% glycerol, and the indicated
¢X sSDNA ((+)strand) was prepared as described previously concer?tration of }-32P]JATP. The ?e);ctions were initiated by

(Cox & Lehman, 1981). All DNA concentrations are addition of enzyme and were carried out at°8 ATP hydrolysis

v, (mol ADP / min / mol recA)

expressed as total nucleotides. was measured by a thin layer chromatography method as described
previously (Weinstock et al., 1979). The points represent the initial
Fluorescence Analysis rates of ATP hydrolysis measured at the indicated concentrations

of ATP. Each point is based on the average of four independent
Steady-state fluorescence measurements were made witldeterminations; the error range for each point was less:1id1%,

a SLM Aminco-Bowman Series 2 luminescence spectrometer€xCept for 25uM ATP which was +20%. The solid line was
equipped with a variable-temperature holder. The concentra—E:E‘r]:u;""tleéj rﬁ:ﬂ? tg)e?’s;ar;ge;tr'(\jAHgIn%qnuitlgn and the paraméigrs
tions of stock solutions of the purified wild-type and e ’ '
[H163W]recA proteins were determined by absorbance using 3. These values are identical to those obtained previously
the extinction coefficients 0.59 and 1&g mg* mL, with ¢X ssDNA (Stole & Bryant, 1994, 1995).
respectively (Stole & Bryant, 1994). Each fluorescence
emission spectrum was corrected for background fluores- Steady-State Fluorescence Properties of the
cence by subtracting the corresponding buffer spectrum. [H163W]recA-Oligo Fo Complex

Stopped-flow fluorescence time courses were obtained  The effects of nucleotide cofactors on the steady-state
with the SLM Aminco-Bowman Series 2 luminescence ypiophan fluorescence of the [H163W]reeAsDNA com-
spectrometer using a MilliFlow stopped-flow reactor. The piex were previously determined usigX ssDNA as the
emission wavelength was 345 nm (emission monochroma-gspNA effector (Stole & Bryant, 1994, 1995). These
tor), and the excitation wavelength was 295 nm. The fgrescence measurements were made by adding a small
excitation and emission bandwidths were 4 nm, and the gjiqyot of the nucleotide cofactor (1% of total volume) to a
estimated dead time for the instrument was32ns. Least-  goytion containing preformed [H163W]reeAsDNA com-
squares fitting of the data was accomplished using the curve-pjex: this procedure was employed to minimize dilution
fitting program Enzfitter (Biosoft). effects occurring upon addition of the nucleotide cofactor
(aliquot mixing method). For the present study, we remea-

RESULTS sured the effects of nucleotides on the steady-state fluores-
Steady-State Kinetics of Oligo gfiDependent ATP cence of the [H163W]recAssDNA complex using oligo
Hydrolysis dTso as the ssDNA effector so that we could directly correlate

the steady-state fluorescence changes with the pre-steady-

The steady-state kinetic parameters for ssDNA-dependentstate fluorescence changes that were measured by stopped-
ATP hydrolysis by the [H163W]recA protein were deter- flow fluorescence (see below). In addition, in order to
mined previously usinggX ssDNA (5386 nucleotides) as  duplicate the mixing conditions of the stopped-flow mea-
the ssDNA effector (Stole & Bryant, 1994, 1995). For the surements, the new steady-state fluorescence measurements
stopped-flow fluorescence measurements described in thisvere made by mixing a solution containing the [H163W]-
report, we chose to use the smaller oligomersodds the ~ recA—ssDNA complex with an equal volume of buffer
ssDNA effector (oligo d3p is the smallest ssDNA that will  solution containing the nucleotide cofactor (stopped-flow
maximally activate the ATP hydrolysis activity of the wild- mixing method). The excitation wavelength was 295 nm,
type recA protein (Brenner et al., 1987)). The steady-state and emission intensity was measured at the emission
kinetic parameters for the oligo efdependent ATP hy-  maximum of 345 nm (Stole & Bryant, 1995). All measure-

drolysis reaction were determined at pH 7.5 and@G#vith ments were made under standard reaction conditions.

1 uM [H163W]recA protein and 1@M oligo dTs (standard As shown in Table 1, the addition of ADP (1 mM) resulted

reactions conditions). in no change in the tryptophan fluorescence of the [H163W]-
As shown in Figure 1, the turnover numbéf(,/[E+]) recA—ssDNA complex. This is consistent with the observa-

for the oligo dTs-dependent ATP hydrolysis reaction was tion that the conformation of the reeAssDNA complex in

18 mirm?! and the $5(ATP) was 70uM. Furthermore, the  the presence of ADP is similar (as judged by electron
ATP saturation curve was sigmoidal, indicating that the ATP microscopy) to that in the absence of nucleotide cofactor
hydrolysis reaction is subject to positive cooperativity with (Egelman, 1993). In contrast, the addition of ATP (1 mM)
respect to ATP concentration, with a Hill coefficiem) ©f resulted in a 10% decrease in total fluorescence (correspond-
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Table 1: Effect of Nucleotide Cofactors on the Tryptophan sor
Fluorescence of Wild-Type and [H163W]reeAsDNA Complexes.
Stopped-Flow Conditioris .
0 75 .
complex %AFtal % AFw1e3 N
wild-type recA 8
+ ADP 1 §
+ ATP 1 2
+ ATPyS 1 S osl
[H163W]recA g
+ ADP 1 2
+ATP 10 25 o
+ ATPyS 13 33 0 é 4 6 8 10 12 1‘4 1‘6 18 20
a A solution containing M [H163W]recA protein and 2@M oligo Time (sec)

dTso in reaction buffer (25 mM Tris-HCI (pH 7.5), 10 mM Mggl1 FIGURE2: Pre-steady-state time course of the ATP-mediated change
mM DTT, and 5% glycerol) was mixed with an equal_volume of a in the fluorescence of the [H163W]reeAsDNA complex. A
solution containing either reaction buffer alone or reaction buffer plus solution containing 2:M [H163W]recA protein and 2@M oligo

2 mM of the indicated nucleotide. Fluorescence emission spectra Were . in reaction buffer (25 mM Tris-HCI (pH 7.5), 10 mM Mg

then recorded at 37.& 0.1 °C. The excitation wavelength was 295 1 mM DTT, and 5% glycerol) was mixed with an, equal volume of

nm, and emission was measured at 345 nm. The excitation and gy tion consisting of either reaction buffer alone (upper time
emission bandwidths were set at 5 nm. The total fluorescence Changecourse) or reaction buffer plus 2 mM ATP (lower time course).
(% AFoa) is defined aslg — 1)/1,, wherel, is the fluorescence intensity

e . . - The data points represent the fluorescence emission of the resulting
measured after addition of buffer alone drid the intensity measured o), \iong 'as measured at 345 nm (excitation wavelergt295
after addition of the indicated nucleotide cofactor. Since the fluores- nm) at the indicated times after mixing. The solid line represents
cence intensity of the [H163W]recA protein is 68% greater than that 3 |aaqt squares fit of the data by a single exponential with a first-
of the wild-type protein, the change in Trp163 fluorescence\B163) order rate constant of 18 mih
was calculated using the relationship A&wiss = 2.68AFn1eaw — )
1.68AFwr, whereAFu1e3wand ARyt are the total fluorescence changes  aggregation states of the [H163W]reeAsDNA complexes.
observed for the mutant and wild-type recA proteins, respectively, under The method of mixing, however, has no effect on the
a specified set of conditions. This calculation assumes that the ghserved rate of ssDNA-dependent ATP hydrolysis (or,

fluorescence properties of the intrinsic tryptophans (Trp290 and Trp308) :
are not affected by the introduction of a tryptophan residue at position therefore, on the amount of [H163W]recA protein bound to

163 of the recA protein (Stole & Bryant, 1994). ssDNA) (data not shown).

ing to a 25% decrease in the fluorescence of the Trpl63 Stopped-Flow Fluorescence

reporter group). The observation of a fluorescence change The pre-steady-state time courses of the nucleotide-
with ATP is consistent with the ATP-mediated isomerization mediated changes in the fluorescence of the [H163W]recA
of the [H163W]recA-ssDNA complex from the closed to ssDNA complex were examined by stopped-flow fluores-
the open conformation. Similarly, the addition of Aji® cence. All measurements were made under standard reaction
resulted in a 13% decrease in total fluorescence (correspondconditions by mixing a solution containing the [H163W]-
ing to a 33% decrease in Trpl63 fluorescence), consistentrecA—ssDNA complex from one syringe with an equal
with the ATPyS-mediated isomerization of the complex from volume of a solution containing the nucleotide cofactor from
the closed to the open conformation. Since it has been shownthe second syringe (final concentrationuM [H163W]recA
that the recA-ssDNA complex at saturation binds 1 mol- protein and 1Q:M oligo dTs;). The excitation wavelength
ecule of ATB/S/recA monomer (Weinstock et al., 1981), was 295 nm, and fluorescence intensity was monitored at
the steady-state fluorescence changes reported in Table B45 nm.
presumably correspond to the complete conversion of all of ADP. When a saturating concentration of ADP (1 mM)
the [H163W]recA monomers within the [H163W]reeA was mixed with the [H163W]recAssDNA complex, there
ssDNA complex to the nucleotide-bound state. As found was no indication of a rapid or transient change in the
previously with¢X ssDNA (Stole & Bryant, 1994, 1995), fluorescence of the Trp163 reporter group (data not shown).
none of the nucleotides had an appreciable effect on theThis result is consistent with the absence of a change in the
fluorescence of the wild-type recA-oligo ghicomplex under  steady-state fluorescence of the [H163W]reSDNA
these conditions (Table %). complex that was observed when ADP was added under
Although the relative effects of the different nucleotides stopped-flow mixing conditions (Table 1).
on the steady-state fluorescence of the [H163W]recA ATP. The pre-steady-state time course of the ATP-
ssDNA complex are similar to those measured before, the mediated change in the fluorescence of the [H163W]recA
magnitudes of the fluorescence changes reported here undessDNA complex that was obtained at a saturating concen-
stopped-flow mixing conditions are somewhat different than tration of ATP (1 mM) is shown in Figure 2. The time
those obtained previously by the aliquot mixing method course of the fluorescence change followed a single expo-
(Stole & Bryant, 1994, 1995). This indicates that the nential with a first-order rate constant of 18 min The
observed magnitudes are dependent on the exact mixingamplitude of the fluorescence change (10%) was identical
conditions, possibly due to differences in the higher order to the change in the steady-state fluorescence of the [H163W]-
recA—ssDNA complex that was measured with 1 mM ATP
3 The wild-type recA protein has two intrinsic tryptophan residues under stopped-flow mixing conditions (Table 1). There was

(Trp290 and Trp308), both of which are located in a small carboxy- no change in fluorescence when the [H163W]recSDNA

terminal domain (amino acids 27#352) that protrudes from the surface ; ; ;
of the recA protein filament (Story et al., 1992). This domain may not Co_rl_r;]pli.x was mlxedf mlthAtzruth-?rz ac;?r:ed(ﬁlglirisg.nce change
be affected appreciably by conformational changes of the-rasBNA € ume course orthe ediatea Tluore g

complex. was also measured over a range of ATP concentrations (50
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In this mechanism, the dependence of the observed first-
order rate constankd,g for the fluorescence change on ATP
concentration is given by

Kops = Ko(K [ATPY/1 + K [ATP]) + k_, (1)

Kops (Min™)

wherek, represents the intrinsic first-order rate constant for
the isomerization stef,. is the rate constant for the reversal
of the isomerization, andKg[ATP)/1 + Ki[ATP]) corre-
sponds to the fractional saturation of the recgsDNA

: : : : : complex with ATP. Although the fit of eq 1 to the data
120 1 was satisfactory (fit not shown), a better fit was obtained
® | using a modified two-step binding mechanism (Scheme 2),
which accounts for the cooperative binding of ATP to the
recA—ssDNA complex

Scheme 2
K* k
E + NATP == E+nATP =—= (E*NATP)quench

k2

% maximum amplitude

B

" n " " s
0 200 400 600 800 1000

In this mechanism, the dependence of the observed first-

order rate constant for the fluorescence change on ATP
[ATP] (uM) concentration is given by

Ficure 3: Dependence of the ATP-mediated fluorescence change

on ATP concentration. The time course of the ATP-mediated change Kops = (K+[ATP]”/1 + K+[ATP]n) +k (2)

in the fluorescence of the [H163W]reeAsDNA complex was bs 2 2

measured over a range of ATP concentrations—B000 «M). . . . .

Fluorescence measurements were made as described in the Iegerm‘ this equation, the fraCt'On"?‘l saturation terr_n ha‘?‘ bgen

to Figure 2. Each of the transient fluorescence time courses wasfeplaced by the Hill expression for cooperative binding

fitted by a single exponential decay. Panel A. Dependence of the (WhereKt= 1/[S4"). The parameters obtained from the
observed first-order rate constant of the ATP-mediated fluorescencefijt of eq 2 to the data in Figure 3A werle,dmax) = 18

change on ATP concentration. The data points represent the .. 1 — — ; :
observed first-order rate constants that were determined at the ' »S5= 70uM, andn = 3. These values are identical

indicated concentrations of ATP. The solid line was calculated using O the values for the turnover number (18 mih S5 (70
the modified two-step binding mechanism described in the text #M), and n (3) that were obtained from the steady-state

(equation 2) and the parametdes= 16 mirm?, k-, = 2 min'?, kinetics of the ssDNA-dependent ATP hydrolysis reaction

S5 = 70uM, andn = 3. Panel B. Dependence of the amplitude ynder these same conditions (Figure 1). The data in Figure
of the ATP-mediated fluorescence change on ATP concentration. A do not allow a unique value fde_, to be assignedk(,

The data points represent the amplitudes of the fluorescence changes’ " . . N
that were obtained at the indicated concentrations of ATP. Each IS given by the intercept on theaxis) and can be fit with
point is based on the average of four independent determinations;values ofk_, ranging from 0 to 2 mint. The fit shown in
the error range for eachopomt was less thalD%, except for 25 Figure 3A was generated usikg= 16 mim* andk_, = 2
uM ATP which was+25%. The solid line was calculated using i1 (kesdmax)= k, + Kk_5); these values were derived from

g;earﬁg ?ggg;\'rv;&séteeﬂg 'Si(\j,'gﬁ ;r;)eoti/t;a?ol?n;igﬁ;s: rgf,f_d in the text (eq the dependence of the fluorescence amplitude on ATP
concentration as described below.

1000u4M). In all cases, the time courses followed a single  As shown in Figure 3B, the amplitude of the fluorescence

exponential. The dependence of the observed first-order ratechange varied with ATP concentration, reaching a maximum

constant for the fluorescence change on ATP concentrationvalue at ATP concentrations greater than approximately 200

is shown in Figure 3A, and the dependence of the amplitude#M. For the modified two-step binding mechanism shown

of the fluorescence change on ATP concentration is shownin Scheme 2, the amplitude is determined by the relative

in Figure 3B. steady-state concentration of the quenched complex, [(E
As shown in Figure 3A, the observed rate constant for ATP)q/[Eiw], and the dependence of the amplitude on ATP

the fluorescence change increased with increasing ATPconcentration is given by

concentration until reaching a maximum value of 18 min N . N N

at ATP concentrations greater than approximately 200 [(E-ATP)J/[E o] = K'KJATP]/1 + K'[ATP]" +

These results could be approximated by a simple two-step K'KJATP]" (3)

binding mechanism (Scheme 1) in which ATP binds to the

recA—ssDNA complex (designated E) in a rapid equilibrium \whereK+ = 1/[S " andK, = ko/k . The data shown in
step (association constak), which is followed by a first-  Figure 3B can be fit by eq 3 with the paramet&ss = 70
order isomerization of the complex to a new conformational M, k, = 16 min%, andk_, = 2 min"%. These parameters
(quenched fluorescence) state with a rate constant of 18;re identical to those that were used to fit the ATP
min~* concentration dependence of the observed rate constant for
the fluorescence change to this same mechanism in Figure
3A. The fact that the same kinetic parameters can describe
E 4 ATP e EoATP —2- (E*ATP)quench the ATP concentration dependence of both the observed rate
ko constant and the amplitude of the fluorescence change

Scheme 1
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FiGURE 4: Pre-steady-state time course of the ABPmediated Ficure 5: Dependence of the ARS-mediated fluorescence
change in the fluorescence of the [H163W]reegsDNA complex. change on ATPS concentration. The time course of the AR

A solution containing M [H163W]recA protein and 2@M oligo mediated change in the fluorescence of the [H163W]resgDNA
dTsoin reaction buffer (25 mM Tris-HCI (pH 7.5), 10 mM Mgg&l complex was measured over a range of ABRoncentrations (50

1 mM DTT, and 5% glycerol) was mixed with an equal volume of 1000xM). Fluorescence measurements were made as described in
solution consisting of either reaction buffer alone (upper time the legend to Figure 4. Each of the transient fluorescence time
course) or reaction buffer plus 2 mM APB (lower time course). courses was fitted by a single exponential decay. Panel A.
The data points represent the fluorescence of the resulting solutionsDependence of the observed first-order rate constant of thes8TP

as measured at 345 nm (excitation wavelergt@95 nm) at the mediated fluorescence change on A‘BPconcentration. The data
indicated times after mixing. Panel A. Time course of the total points represent the observed first-order rate constants that were
fluorescence change. Panel B. Time course of the major phase ofdetermined at the indicated concentrations of ASPThe solid

the fluorescence change. In this plot, the initial rapid component line was calculated using the modified two-step binding mechanism
of the fluorescence change was subtracted from the total change indescribed in the text (eq 4) and the paramekers 18 mim?, k_,
fluorescence; this component corresponded to approximately 20%= 0, S5 = 90 uM, and n = 3. Panel B. Dependence of the

of the total decrease in fluorescence and was independent of &ATP  amplitude of the ATPS-mediated fluorescence change on ABP
concentration. The solid line represents a least-squares fit of theconcentration. The data points represent the amplitudes of the
corrected data by a single exponential with a first-order rate constantfluorescence changes that were obtained at the indicated concentra-
of 18 mim™. tions of ATPyS.

indicates that the mechanism in Scheme 2 is sufficient at minor decrease in fluorescence were independent ofy/STP
least to a first approximation to account for the pre-steady- concentration over the concentration range examined (data
state interactions between the reessDNA complex and  not shown); the origin of the initial decrease (including the
ATP. possibility that it arises from the binding of APB to a
ATPyS. The pre-steady-state time course of the ABP subset of high-affinity binding sites within the polymeric
mediated change in the fluorescence of the [H163W]recA recA—ssDNA complex) is under investigation. In contrast,
ssDNA complex that was obtained at a saturating concen-the time courses for the major phase of the fluorescence
tration of ATPyS (1 mM) is shown in Figure 4. The time change all followed a single exponential which depended
course was similar to that obtained with ATP, except that directly on ATF/S concentration. The dependence of the
there was an initial rapid decrease in fluorescence which observed first-order rate constant for the major fluorescence
accounted for approximately 20% of the total fluorescence change on ATPS concentration is shown in Figure 5A, and
change. This initial decrease was followed by a much larger the dependence of the amplitude of the major fluorescence
first-order fluorescence change that was identical both in rate change on ATPS concentration is shown in Figure 5B.
and in amplitude to that observed with ATP. The initial As shown in Figure 5A, the observed rate constant for
decrease in fluorescence accounts for the slightly higher totalthe major fluorescence change increased with increasing
change in steady-state fluorescence that was observed wittATPyS concentration until reaching a maximum value of
ATPyS relative to that with ATP (Table I). The time course 18 min! at ATPyS concentrations greater than approxi-
of the total fluorescence change is shown in Figure 4A, and mately 200uM. These results are consistent with the
the time course of the major phase of the fluorescence changenodified two-step binding mechanism (Scheme 3), in which
(obtained by subtracting the initial decrease from the total ATPyS binds cooperatively to the reeAssDNA complex

fluorescence time course) is shown in Figure 4B. (E) in a rapid equilibrium step, which is followed by a first-
The time course of the ATFS-mediated fluorescence order isomerization of the complex to a new conformational
change was also measured over a range of S Boncen- (quenched fluorescence) state with a rate constant of 18

trations (56-1000uM). The rate and amplitude of the initial ~ min~?
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Scheme 3
K* ky
E + nATPYS < E*nATPYS —— (E*nATPYS)quench
ko

As before, the dependence of the observed first-order rate

constant for the fluorescence change on A$Roncentration
is given by

Kops = k(K [ATPYS]V1 + K [ATPyS]") + k_, (4)

The parameters obtained from the fit of eq 4 to the data in
Figure 5A werekog,dmax)= 18 min?, S5 = 90 uM, andn
= 3. Notably, the rate of the proposed first-order isomer-
ization of the [H163W]recA-ssDNA complex with ATRS
is identical to that obtained with ATBnd identical to the
rate of ssDNA-dependent ATP hydrolysis under these
conditions. The data do not allow a unique valuekofto
be assigned and can be fit with valueskof ranging from
0 to 2 minY. The fit shown in Figure 5A was generated
using values ok, = 18 min* andk-, = 0. The selection
of a zero value fok_, was based on the low reversibility of
the isomerization step with AR5, as indicated by the
independence of the fluorescence amplitude on AP
concentration described beldw.

As shown in Figure 5B, the amplitude of the A¥®-

Stole and Bryant

ATPYS Hydrolyzed (M)

20 F

ATP Hydrolyzed (uM)

B

10 15

Time (sec)
FIGURE 6: Pre-steady-state time course of sSDNA-dependent ATP
and ATP/'S hydrolysis by the [H163W]recA protein. Panel A.
ATPyS hydrolysis. A solution containing eitheri@ [H163W]-

0 5

mediated fluorescence change was roughly independent of€CA protein and 2Q:M oligo dTs, (open circles), or 2«M

ATPyS concentration over the range of AJJ® concentra-

[H163W]recA protein and 20@M oligo dTsg (closed circles), in
reaction buffer was mixed with an equal volume of a solution

tions examined. This is in constrast to the saturation behavior containing 1 mM [84CJATPyS in reaction buffer. At the indicated

observed with ATP (Figure 3B) and indicates that the
ATPyS-induced isomerization of the [H163W]reeAsDNA
complex may be only weakly reversible over the concentra-
tion range examined. This is likely due to the fact that, in
contrast to ATP, ATRS is only slowly hydrolyzed by the
recA protein (see below).

Pre-Steady-State Time Courses of ATP and y9P
Hydrolysis

The pre-steady-state time courses for the [H163W]recA
protein-catalyzed ssDNA-dependent ATP and A%Phy-

times, aliquots were removed and the production of4BADP

was measured by PEI-cellulose thin layer chromatography using 1
M formic acid/0.5 M LiCl as the mobile phase (Weinstock et al.,
1979). It was presumed that the acidic mobile phase (pH 1.5) would
denature the recA protein and release any protein-bourttC8-
ADP into solution; similar results were obtained when reaction
aliquots were quenched directlyant M formic acid before spotting

on the thin layer plates. The data points represent the amount of
[8-1“C]ATPyS hydrolyzed as a function of time. Panel B. ATP
hydrolysis. A solution containing 1M [H163W]recA protein and

100 uM oligo dTsp in reaction buffer was mixed with an equal
volume of a solution containing 1 mMMaf3?P]ATP in reaction
buffer. At the indicated times, aliquots were removed, the reaction
was quenched by the addition of an equal volume of EDTA (0.5

drolysis reactions are shown in Figure 6. These time courses, pH 8.0), and the production ofif2PJADP was measured by
were obtained under stopped-flow reaction conditions in thin layer chromatography as described above. The data points

which a solution containing the [H163W]reeAsDNA
complex was mixed with an equal volume of a solution
containing a saturating concentration of either ABPor
ATP. Reactions were carried out both with the standard
concentration (1uM) and with higher concentrations of
[H163W]recA protein (510 M) in order to ensure that
the first turnover of nucleotide hydrolysis could be measured
accurately.

The time course of the ATFS hydrolysis reaction is
shown in Figure 6A. The reaction, which was monitored
both by the release of ADP (Figure 6A) and by the release
of thiophosphate (not shown), followed a linear time course
with a steady-state rate constant of 0.017 Thirwith no
indication of a rapid hydrolysis of a single equivalent of
ATPyS during the pre-steady-state phase of the reaétion.
The absence of a burst of AJB hydrolysis indicates that

represent the amount ofi{®?P]JATP hydrolyzed as a function of
time.

single equivalent of ATPS followed by a rate-determining
release of either thiophosphate or ADP from the enzyme.
Since the rate constant for AJB hydrolysis (0.017 mirt)
is 1000-fold lower than the rate constant for the ABR
mediated fluorescence change of 18 ni(Figure 5A), it is
evident that the fluorescence change must be linked to a first-
order isomerization step which follows A7B binding but
precedes a slow ATFS hydrolysis step.

The time course of the ATP hydrolysis reaction is shown
in Figure 6B. The reaction followed a linear time course

with a steady-state rate constant of 18 mjnwith no

indication of a burst of ATP hydrolysis during the first
turnover. This result supports the idea that the rate-
determining step of 18 mirt occurs at or before the ATP

the reaction does not proceed by the rapid hydrolysis of a hydrolysis step.

4Independent measurements indicate thatkthevalue for ATR/S
is <0.13 min! (Paulus, B., & Bryant, R., in preparation).

5The observed rate of AR5 hydrolysis is similar to rates reported
previously by others [see Yu and Egelman (1992)].

DISCUSSION

The stopped-flow fluorescence and pre-steady-state kinetic
results reported here are consistent with Scheme 4, where
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Scheme 4 (quenched fluorescence state), it follows that th&®P (or
18 it fast E-ADP-P) complex that is formed during ATP hydrolysis
Ec + ATP =——= E-ATP =— ~ E&*ATP — Eq+ADP will also be in the open conformation state. Even though

18 min,llL - ﬁ_?PP the EADP (or EADP-P,) state will not be very populated
Eg*ATP ~— during steady-state hydrolysis (the most populated state in
Scheme 4 will be the EATP state that accumulates before
Ec represents the free reeAssDNA complex in the initial  the rate-determining pre-ATP hydrolysis step), if it were to
unquenched fluorescence state (closed conformation), E decay to the closed conformation, the subsequeAfTE

represents the recAssDNA complex in the quenched
fluorescence state (open conformation), andrépresents

complex formed by the release of ADP and binding of a
new ATP molecule would have to reisomerize to the open

the recA-ssDNA complex that has undergone ATP-mediated conformation in a rapid step before passing through the 18

isomerization and is ready for ATP hydrolysis.

min~! pre-ATP hydrolysis isomerization step a second time.

Scheme 4 begins with the first encounter between the freeThus, if it is assumed that the pre-ATP hydrolysis isomer-
recA—ssDNA complex and ATP. The free reeAsDNA ization step (18 minY) is required for the closed to open
complex is in the closed conformation and ATP binds to transition, the results indicate that theADP (or EADP-P)
this complex in a rapid equilibrium step. This ATP binding complex that is reached via the ATP hydrolysis cycle is not
step is followed by a first-order isomerization of the complex equivalent to the BDP (or EADP-P) complex that is
with a rate constant of 18 mif. Because this rate constant  formed when ADP (or ADP plusiPis added directly to the
is identical to the turnover number for ATP hydrolysis, the free recA-ssDNA closed complex. The essential difference
pre-ATP hydrolysis isomerization step is presumed to be the may be that when ADP is added directly to the free recA
rate-determining step on the ssDNA-dependent ATP hy- sspNA complex the complex will be filled entirely with ADP
drolysis reaction pathway. Thus, we propose that this 18 mojecules which stabilize the closed conformation (un-
min~* pre-ATP_hydrolysis isomerization step must occur guenched fluorescence state), whereas during steady-state
before every ATP hydrolysis event and have included it in ATp hydrolysis the recA monomers which are bound to ADP
Scheme 4 both for the approach to steady-state hydrolysisyglecules generated by the ATP hydrolysis reaction will be
and in the steady-state cycle of ATP hydrolysis. During the giapilized allosterically in the open conformation (quenched
first ATP binding sequence, the pre-ATP hydrolysis isomer- 1 grescence state) by unhydrolyzed ATP molecules bound
ization step is either accompanied by, or rapidly followed ;. adjacent recA monomers within the polymeric recA
by (these alternz_atives are not distinguishable by our kinetic ¢spnA complex [see Lee and Cox (1990a,b)]. We have
data) a conversion of the ree/ssDNA complex from the gy previously that stabilization of the open conformation
closed to the open conformation, as signaled by the changgq,jires either ATP or another nucleoside triphosphate
in the fluorescence of the complex from the unquenched to cofactor with arfy,s value of approximately 100M or less
guenched state. Following the pre-ATP hydrolysis isomer- (Menge & Bryanf 1992; Stole & Bryant,1995). We are
ization step, the first equivalent of ATP is hydrolyzed rapidly currently investigéting the effect of alte’rnate nucleoside
(relative to the rate-determining isomerization step) to ADP triphosphate cofactors on the transient fluorescence of the
and R, thus, accounting for the absence of a burst of ADP [H163W]recA—ssDNA complex in order to elucidate the

or R production during the first turnover of ATP hydrolysis. -~ : .
L mechanistic basis for the dependence of the stability of the
The release of ADP and &nd the binding of a new molecule open conformation on th&s value of the nucleoside

of ATP to the recA-ssDNA complex must also be rapid, triphosphate cofactor.

relative to the pre-ATP hydrolysis isomerization step (for ]
simplicity, R has not been incorporated into Scheme 4). The closed cycle portion of Scheme 4 represents the

The near equivalence of the steady-state fluorescence ofStéady-state ATP hydrolysis cycle. All of the steps in this
the recA-ssDNA complex in the presence of either ATP or CYcle are assumed to be in rapid equilibrium, and therefore
ATPyS indicates that the recAssDNA complex during  all of the intermediates in this cycle can be treated, for kinetic
steady-state ATP hydrolysis is in a state that closely Purposes, as a single species. Because the saturation
resembles the fully open conformational state that is attainedbehavior that was observed for the amplitude of the ATP-
with the poorly hydrolyzed ATP analog, AJS. Since the mediated fluorescence change (Figure 3B) suggests that the
dominant state during steady-state ATP hydrolysis (accordingisomerization of the complex from the closed to open
to Scheme 4) will be the BTP complex that accumulates ~ conformation is reversible, the collected species represented
before the rate-determining pre-ATP hydrolysis isomerization by the steady-state hydrolysis cycle are depicted as being in
step, it follows that this state must be in the quenched equilibrium with the initial closed EATP complex. In
fluorescence state and therefore in the open conformation.Scheme 4, we have arbitrarily shown the reversibility arising
This implies that although the transition of the ree#&sDNA  from a return of the EATP species to the closed-BTP
complex from the closed to open state is dependent on thestate, but because the closed cycle is in equilibrium, any of
pre-ATP hydrolysis isomerization step during the approach the species within the cycle could lead to the reversal. One
to steady-state ATP hydrolysis, the closed to open transition possibility would be for the complex to collapse to a closed
may not occur during subsequent ATP hydrolysis events. conformation at some point during the release of ADP and
That is, the pre-ATP hydrolysis isomerization step may be the rebinding of a new molecule of ATP. Since AI®is
required for the closed to open transition, but is not coupled not hydrolyzed appreciably on the time scale of the measure-
to it. ments and therefore does not readily lead to the formation

If the steady-state B TP complex that is reached by the an EADP species, this would also account for the low
release of the ADP and Rydrolysis products and the binding reversibility of the ATFE'S-induced fluorescence change
of a new ATP molecule is in the open conformation (Figure 5B).
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Although our data indicate that the rate-determining step elucidating how ATP binding and hydrolysis are related to
on the ssDNA-dependent ATP hydrolysis pathway is a pre- the binding of the second duplex DNA strand and the
ATP hydrolysis isomerization of the reeAsDNA complex progression of the recA protein-mediated strand exchange
and that this isomerization is accompanied (during the first reaction.
turnover) by a transition of the reecAssDNA complex from
the closed to the open conformation, the exact mechanismREFERENCES
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