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ABSTRACT. The ssDNA-dependent NTP hydrolysis activity of the RecA protein was examined using a
series of d oligomers ranging in size from dJ to dT.oo0 as the ssDNA effector. There were three
distinct manifestations of the ¢-dependent NTP hydrolysis reaction, depending on the length of the dT
effector that was used. With longer gdligomers, NTP hydrolysis occurred with a turnover number of
20—-25 mir! and the observef s value for the NTP was independent of the concentration of the dT
oligomer (DNA concentration-independent hydrolysis). With, dligomers of intermediate length, NTP
hydrolysis still occurred with a turnover number of-226 mim?, but the observe& s for the NTP
decreased with increasing gldoncentration until reaching a value similar to that obtained with the longer
dT, oligomers (DNA concentration-dependent hydrolysis). With shortgrodiomers, the NTP hydrolysis
activity was effectively eliminated. Although this general progression of kinetic behavior was observed
for the three structurally related NTPs (dATP, ATP, and GTP), thedaigomer length at which DNA
concentration-independent, DNA concentration-dependent, and no NTP hydrolysis was observed depended
on the NTP being considered. For example, dA®ps(= 35 uM) was hydrolyzed in the presence of
dT20, Whereas ATP &5 = 70 uM) and GTP &5 = 1200 uM) required at least dsb and dToo for
hydrolysis, respectively. These results are discussed in terms of a kinetic model in which the stability of
the RecA-ssDNA-NTP complex is dependent on the intrin§igs value of the NTP being hydrolyzed.

The RecA protein oEscherichia coli(M, = 37 842; 352 of ssDNA effector length on the RecA protein-catalyzed
amino acids) is essential for homologous genetic recombina-hydrolysis of ATP, as well as on the hydrolysis of the
tion and for the postreplicative repair of damaged DNA. The structurally related purine nucleoside triphosphates, dATP
purified RecA protein binds cooperatively to ssDNA, and GTP 8). The results of this investigation, which reveal
forming a helical filament-like structure with 1 RecA mono- an interdependence of the kinetics of NTP hydrolysis and
mer per 3.5 nucleotides of ssDNA and 6 RecA monomers the stability of the RecAssDNA complex, are described
per turn of the filament. This RecAssDNA complex in this report.
catalyzes the hydrolysis of ATP to ADP and Fr addition,
the RecA protein will promote a variety of ATP-dependent EXPERIMENTAL PROCEDURES
DNA pairing reactions that presumably reflect in vivo
recombination functions. These reactions include the as-
similation of a linear ssDNA into a homologous dsDNA (D-
loop formation) and the exchange of strands between a
circular ssDNA and a homologous linear dsDNA (three- . ;
strand exchange). The complex formed between the RecABRL Life T_echnology, and dzoowas from Slgma_. All DNA
protein and ssDNA, known as the presynaptic complex, is concentrations gre expressed as total nucleotides. _
the active recombinational entity in these DNA pairing ~ NTP Hydrolysis AssaATP, dATP, and GTP hydrolysis
reactions {, 2). reactions were measured using a thin-layer chromatography

The mechanistic role of ATP binding and hydrolysis in Method as previously describes).(The specific conditions
the RecA protein-promoted DNA strand exchange reaction that were used for each set of reactions are given in the
has not yet been determinet], @). The elucidation of the  relevant figure legends. For each reaction, a time course of
mechanism of DNA strand exchange will require a detailed NTP hydrolysis was generated and the initial rate of NTP
understanding of the interaction of the Ree#sDNA hydrolysis was derived from the initial linear phase of the
presynaptic complex with ATP. We have examined the effect time course. Each of the data points shown in Figure§ 1
(representing an initial rate of NTP hydrolysis) was the result

' This work was supported by Grant GM36516 from the National of a single experimental determination, and all of the data
Institutes of Health. points in a given figure were generated in a single experi-
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1 Abbreviations: ssDNA, single-stranded DNA; dsDNA, double- V‘?'OCity curves in a given figure CO_U|d be dire_CUY_ compared
stranded DNA; NTP, nucleoside triphosphate. with each other. Each of the velocity curves in Figures1
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Materials. [H163W]RecA protein was prepared as de-
scribed previously4). ATP, [a-3?P]ATP, dATP, p-3%P]-
dATP, GTP, p-*?P]GTP, and dJo were from Amersham
Pharmacia Biotech. d§, dT,o, dTse, and dToo Were from
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Table 1: Kinetic Parameters for g'Dependent NTP Hydrolysis by 30 - .
the [H163W]RecA Proteih

dATP ATP GTP

Vmax S).S Vmax %.5 Vmax S).S
ssDNA  (min™)  @M) (min™Y) (@M) (min7Y)  (uM)
dTlO - - - -
dT2o 23 80 - -
dTso 25 40 21 90 — —
dTi00 22 40 20 60 — -
dT200 22 50 22 95 20 1600

aThe NTP hydrolysis reaction solutions contained 25 mM Tris-HCI
(pH 7.5), 5% glycerol, 1 mM DTT, 10 mM Mg@l3 uM [H163W]RecA
protein, 75uM dT,, and various concentrations of the indicated NTP.
The reactions were initiated by the addition of [H163W]RecA protein
and carried out at 37C. The initial rates of NTP hydrolysis were plotted
vs NTP concentration and then fit by the standard Hill equation to
yield values ofVna and s for each NTP with each diToligomer. O& i L . . L L
The designation“” indicates that the initial rate of NTP hydrolysis 0 500 1000 1500 2000 2500 3000 3500
was less than 2 mirt at the highest NTP concentration that was
examined (2 mM). [NTP] (UM)

FIGURE 1: dTyordependent NTP hydrolysis by the [H163W]RecA

was repeated at least three times, however, with equivalentprotein. The reaction solutions contained 25 mM Tris-HCI (pH 7.5),
results ¥max and S5 values typically varied by less than 5% glycerol, 1 mM DTT, 10 mM MgGJ 3 uM [H163W]RecA
+10% between runs). The solid lines in Figures 5l protein, 75uM dT,00 and the indicated concentrations of dATP,

. ! ; . ATP, or GTP. The reactions were carried out at’87 The points
represent fits of the Hill equation to the data points shown represent the initial rates of JATR), ATP (@), and GTP &)

in the figures and were generated using the graphing programhydrolysis that were measured at the indicated concentrations of
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KaleidaGraph. NTP. The solid lines were generated using the standard Hill
equation and the following parameter§a = 22 mim?, $s =
RESULTS 50uM, andn = 1.1 (dATP);Vimax= 22 min?, § 5= 95uM, and

n = 1.5 (ATP); andVmax = 20 min!, s = 1600uM, andn =
Dependence of NTP Hydrolysis on ssDNA Effector Length 5.1 (GTP).

The RecA protein-catalyzed ssDNA-dependent hydrolysis  Although dATP, ATP, and GTP were each hydrolyzed
of dATP, ATP, and GTP was examined under standard by the RecA protein in the presence of,g the hydrolysis
reaction conditions (pH 7.5 and 3T), using a series of  of the three NTPs varied greatly when shortey diigomers
dT, oligomers ranging in size from dd to dT,o as the were used as the ssDNA effector (Table 1). For example,
ssDNA effector. In the initial set of reactions, the RecA although GTP hydrolysis occurred with a turnover number
protein concentration was fixed a1 and the dT, oligomer of approximately 20 mint with dT,s No GTP hydrolysis
concentration was 756M [total nucleotide; since each RecA  was detected when dd dT,o, dTse, or dTigo Was provided
monomer binds to approximately 3.5 nucleotides of sSDNA as the ssDNA effector [Table 1; “no hydrolysis” is de-
(1, 2), this corresponds to an approximately 7-fold excess fined here as an observed rate of NTP hydrolysis of less
of dT, relative to the RecA protein]. The rates of NTP than 10% of the expected maximal rate (i.€2 min™?) at
hydrolysis (defined here as moles of NTP hydrolyzed per an NTP concentration of 2 mM]. Similarly, ATP hydrolysis
minute per mole of RecA) were measured over a range of occurred with a turnover number of approximately-2P
NTP concentrations. Turnover numbers (equivalent here tomin=t in the presence of &, dTi00, and dhog but no ATP
the maximal rate of NTP hydrolysis, &) andS s values hydrolysis was detected when gor dT,, was used as the
(the NTP concentration required for .5, were deter- ssDNA effector. Finally, dATP hydrolysis occurred with a
mined for each NTP with each dbligomer. The results  turnover number of approximately 225 minm?! in the
are summarized in Table 1 (the velocity curves for the presence of dX, dTse, dTios and dheo but no dATP
reactions with dJoo are shown in Figure 1; other curves not hydrolysis was detected when gwas used as the sSDNA
shown)? effector. These results indicate that the minimal sizg dT

As shown in Figure 1, dATP, ATP, and GTP were each oligomer that is able to serve as an effector for the RecA
hydrolyzed by the RecA protein when g was provided protein-catalyzed NTP hydrolysis reaction depends on the
as the ssDNA effector. The turnover numbers for the NTP being hydrolyzed, with those NTPs with high®ys
hydrolysis of dATP (22 mint), ATP (22 min'!), and GTP values requiring longer dToligomers as effectors for
(20 min1) were similar. The s values for dATP (5Q:M), hydrolysis (Table 1).

ATP (95uM), and GTP (160@:M) varied widely, however.
Dependence of NTP Hydrolysis on ssDNA Effector
2 The kinetic experiments reported in this paper were carried out Concentration

with our mutant [H163W]RecA protein so that the results could be . .
related directly to our ongoing transient fluorescence studies with this ~ The NTP hydrolysis reactions that were used to generate

protein; the [H163W]RecA protein is functionally identical to the wild-  the kinetic parameters in Table 1 were carried out at a fixed

type RecA protein, and the tryptophan residue at position 163 allows ; ; ;
us to monitor NTP-mediated conformational changes in the RecA concentration of RecA protein {8V)) and dT, oligomer (75

ssDNA complex 4). In all cases, equivalent kinetic results were 4M). Next, the effect of d oligomer concentration on the
obtained with the wild-type RecA protein (data not shown). hydrolysis of each NTP was determined.
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Ficure 2: Effect of DNA length and concentration on the kinetics of dATP hydrolysis. The reaction solutions contained 25 mM Tris-HCI
(pH 7.5), 5% glycerol, 1 mM DTT, 10 mM MgG| 3 uM [H163W]RecA protein, the indicated concentrations of dATP, and@)540 @),

or 75uM (A) dTig, dTyg, Or dTso, as indicated. The reactions were carried out af@7The points represent the initial rates of dATP
hydrolysis that were measured at the indicated concentrations of dATP. The solid lines were generated using the standard Hill equation and
the following parametersVmax = 23 mirmr?, S5 = 340uM, andn = 0.9 (15uM dT2g); Vmax= 23 mim?, 5= 1054M, andn = 0.9 (40

UM dT20); Vimax = 23 minml, S 5= 80uM, andn = 1.3 (75uM dTz0); Vmax = 25 minm!, 5= 60uM, andn = 1.4 (15uM dTs); Vimax

=25 minl, 5= 50uM, andn = 1.4 (40uM dTsg); andVmax = 25 min?, S5 = 40 uM, andn = 1.4 (75uM dTsp).

dATP Hydrolysis.The shortest df oligomer that could of approximately 21 min* at each concentration of gjithat
support dATP hydrolysis was dd (Table 1). The depen- was examined, thus indicating that all of the RecA protein
dence of dATP hydrolysis on dATP concentration was was bound to dd, and activated for ATP hydrolysis, even
determined at a fixed concentration of RecA proteink8) at the lowest concentration of gl The & 5 for ATP varied
and concentrations of dJ ranging from 15u«M (1.5-fold with dTso concentration, however, ranging from a value of
excess relative to the RecA protein concentration) taM5 220uM at 15uM dTsoto 90uM at 75uM dTso (Figure 3).
(7-fold excess relative to the RecA protein concentration). The Hill coefficients for the velocity curves ranged from 0.8
As shown in Figure 2, dATP hydrolysis reached the same to 1.5, indicating that the dependence of the ATP hydrolysis
maximal rate of approximately 23 mihat each concentra-  reaction on ATP concentration was not significantly coop-
tion of dT,o examined, thus indicating that all of the RecA erative under these reaction conditions. Under the same
protein was bound to ¢fand activated for dATP hydrolysis,  conditions, there was no ATP hydrolysis wheng(l75 «M)
even at the lowest concentration of gTThe & s for dATP was used as the ssDNA effector (Figure 3).
varied with dTo concentration, however, ranging from a The dependence of ATP hydrolysis on ATP concentration
value of 340uM at 15uM dT, to 80 uM at 75 uM dTyo was also determined at a fixed concentration of RecA protein
(Figure 2). The Hill coefficients for the velocity curves (3 uM) and concentrations of ddp ranging from 15 to 75
ranged from 0.9 to 1.3, indicating that the dependence of uM. As shown in Figure 3, both the maximal rate of ATP
the dATP hydrolysis reaction on dATP concentration was hydrolysis (22 min?) and theS s for ATP (80-95 uM)
not significantly cooperative under these conditions. Under appeared to be independent of DNA concentration when
the same conditions, there was no dATP hydrolysis when dT,gowas used as the ssDNA effector. The Hill coefficients
dTio (75 uM) was used as the ssDNA effector (Figure 2). for the velocity curves ranged from 1.2 to 1.5, again

The dependence of dATP hydrolysis on dATP concentra- indicating that the dependence of the ATP hydrolysis reaction
tion was also determined at a fixed concentration of RecA on ATP concentration was not significantly cooperative under
protein (3uM) and concentrations of dg ranging from 15 these reaction conditions. Similar results were obtained when
to 75 uM (Figure 2). In contrast to the results that were dTiooWas used as the ssDNA effector (data not shown).
obtained with d¥, both the maximal rate of dATP hydroly- Interestingly, the pattern of gddependent NTP hydrolysis
sis (25 mi!) and theS s for JATP (40-60 «M) appeared kinetics that was obtained for ATP (Figure 3) was similar
to be independent of DNA concentration wherygias used to that obtained for dATP (Figure 2), except that the, dT
as the ssDNA effector. The Hill coefficients for the velocity oligomer lengths at which no hydrolysis, DNA concentration-
curves were approximately 1.4, again indicating that the de- dependent hydrolysis, and DNA concentration-independent
pendence of the dATP hydrolysis reaction on dATP con- hydrolysis occurred were longer for ATP than for dATP.
centration was not significantly cooperative under these reac- GTP Hydrolysis The shortest df oligomer that could
tion conditions. Similar results were obtained when either support GTP hydrolysis was gb (Table 1). The dependence
dTi00 OF dTo00 Was used as the ssDNA effector (data not of GTP hydrolysis on GTP concentration was determined at
shown). a fixed concentration of RecA protein (31) and concentra-

ATP Hydrolysis The shortest d oligomer that could tions of dTxoo ranging from 15 to 7M. As shown in Figure
support ATP hydrolysis was dd(Table 1). The dependence 4, the rate of GTP hydrolysis approached a maximal rate of
of ATP hydrolysis on ATP concentration was determined at approximately 20 min® with both 30 and 7%M dTz0 The
a fixed concentration of RecA protein (®1) and concentra- S5 for GTP varied with dfo concentration, however,
tions of dTso ranging from 15 to 7M. As shown in Figure ranging from an estimated value of 6000 at 154M d T
3, the rate of ATP hydrolysis reached the same maximal rate (assuming &/max 0f 20 min1) to 1600uM at 75uM dT 200
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Ficure 3: Effect of DNA length and concentration on the kinetics of ATP hydrolysis. The reaction solutions contained 25 mM Tris-HCI
(pH 7.5), 5% glycerol, 1 mM DTT, 10 mM MgG| 3 uM [H163W]RecA protein, the indicated concentrations of ATP, and@p 80 ),

or 75uM (A) dT,, dTsq, Or dTog0 as indicated. The reactions were carried out af@7 The points represent the initial rates of ATP
hydrolysis that were measured at the indicated concentrations of ATP. The solid lines were generated using the standard Hill equation and
the following parametersVmax = 21 mim?, S5 = 220uM, andn = 0.8 (15uM dTsg); Vmax= 21 min%, 5= 125uM, andn = 0.8 (30

UM dTs0); Vinax = 21 miml, S 5= 90 uM, andn = 1.5 (75uM dTsq); Vimax = 22 miml, 5= 80uM, andn = 1.3 (15uM dT200); Vimax

=22 minl, S5=90uM, andn = 1.2 (30uM dTz0); andVmax = 22 minl, 5= 95uM, andn = 1.5 (75uM dTag0).
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Ficure 4: Effect of DNA length and concentration on the kinetics of GTP hydrolysis. The reaction solutions contained 25 mM Tris-HCI
(pH 7.5), 5% glycerol, 1 mM DTT, 10 mM Mgg| 3 uM [H163W]RecA protein, the indicated concentrations of GTP, and eithe®)5 (

30 @), or 75uM (A) dTi00 dT200 OF dT2000 a@s indicated. The reactions were carried out at@7The points represent the initial rates of

GTP hydrolysis that were measured at the indicated concentrations of GTP. The solid lines were generated using the standard Hill equation
and the following parameters/max = 20 mim?l, $ 5= 6000uM, andn = 2.4 (15uM dT200); Vmax = 20 mim?, § 5= 2000uM, andn

= 3.8 (30uM dT200); Vimax = 20 minm?1, S5 = 1600uM, andn = 5.0 (75uM dT200); Vimax = 20 mim?, § s = 6000uM, andn = 2.4 (15

UM dT2000; Vimax = 20 mim?l, S 5= 1700uM, andn = 4.2 (30uM dT2000; andVmax = 20 mirm?l, S s = 1400uM, andn = 4.8 (75uM

dT2000-

(Figure 4). The Hill coefficients for the velocity curves that highestS s value of the three NTPs that were examined,
were obtained at 30 and 7BV dT.oo Were approximately — was hydrolyzed in the presence of gd but not in the
4-5, clearly indicating that the GTP hydrolysis reaction was presence of di (Table 1). ATP and dATP, in contrast,
cooperatively dependent on GTP concentration. Similar were hydrolyzed in the presence of eitherighTor dT,go
results were obtained when ghio was used as the ssSDNA  (Table 1). To further explore the apparent correlation between
effector (Figure 4), indicating that increasing the length of the S5 value of an NTP and the minimal ssDNA effector
the ssDNA effector 10-fold does not eliminate the apparent sjze, we examined the ssDNA-dependent GTP hydrolysis
dependence of th& s for GTP on ssDNA effector concen-  activity of our mutant [D100N]RecA proteir§). In the active
tration. Under the same conditions, there was no GTP sjte of the RecA protein, the negatively charged carboxylate
hydrolysis when dioo (75 uM) was used as the ssSDNA  side chain of Asp100 forms a hydrogen bond with the
effector (Figure 4). exocyclic 6-amino group of ATF7j. This same Asp100 side
. . chain presumably interacts unfavorably with the 6-carbonyl
GTP Hydrolysis by the [D100N]RecA Protein group of GTP, and this unfavorable interaction is likely
The results presented above suggested that the minimaresponsible for the elevate®)s of GTP relative to that of
size dT, oligomer that is able to serve as an effector for the ATP (Table 1). In the [D100ON]RecA protein, however, the
RecA protein-catalyzed NTP hydrolysis reaction is related Asp100 group has been replaced with an uncharged Asn
to the 5 value of the NTP. Thus, GTP, which has the residue §). This mutation significantly lowers th®& s value
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30 T T . T . T I RecA protein-catalyzed NTP hydrolysis reaction is deter-
dT mined by theS s value of the NTP being hydrolyzed.

200
25 | - DISCUSSION

Our results indicate that there are three distinct manifesta-
tions of the NTP hydrolysis activity of the RecA protein,
depending on the length of the gdligomer that is provided
as the ssDNA effector. With longer d®ligomers, NTP
hydrolysis occurs with a turnover number of-285 min!
and the observe& s value for the NTP is independent of
the concentration of the dbligomer (DNA concentration-
independent hydrolysis). With dbligomers of intermediate
length, NTP hydrolysis still occurs with a turnover number
of 20—25 min %, but the observed, s for the NTP decreases
with increasing d concentration until reaching a value
similar to that obtained with the longer gdligomers (DNA
concentration-dependent hydrolysis). With shortey dIl-
gomers, the NTP hydrolysis activity is effectively eliminated.
Although this general progression of kinetic behavior was
dT 100 observed for the three structurally related NTPs (dATP, ATP,
25 |- _ and GTP), the dJoligomer length at which DNA concen-
tration-independent, DNA concentration-dependent, and no
NTP hydrolysis was observed depended on the NTP being
considered.

An inspection of our results suggests that the minimal size
dT, oligomer that is able to serve as an effector for the RecA
protein-catalyzed NTP hydrolysis reaction depends on the
S5 value of the NTP being hydrolyzed (Table 1). Thus,
dATP (which has the lowe&, s value of the NTPs that were
examined) is hydrolyzed in the presence ofgIATP (which
has the intermediat& s value) is hydrolyzed in the presence
of dTso, and GTP (which has the high&Sts value) requires
dT,go for hydrolysis. These results indicate that the higher

0 500 1000 1500 2000 2500 3000 3500 the S s value is for a given NTP, the longer the gdligomer
has to be to function as an effector for the hydrolysis of that
[GTP] (M) NTP. This conclusion is supported by our results which
FicURe 5: Effect of the D1I0ON mutation on the DNA length showed that when th& s for GTP was reduced by replacing
dependence of the GTP hydrolysis reaction. The reaction solutionsAsp100 in the active site of the RecA protein with Asn

contained 25 mM Tris-HCl (pH 7.5), 5% glycerol, L mM DTT, 10 (Figyre 5), the miminal dJoligomer size required for GTP
th Mgg;%tﬁ HM d.[Hlt6gW]ReCA% p{_oteln ng;?rP[Dlgl(l)%]gz_?cA hydrolysis was reduced from e to dTigo

protein (), the indicated concentrations o ,an 100 : , _

or dTxo as indicated. The reactions were carried out atG7 To determine the basis for the apparent correlation between

The points represent the initial rates of GTP hydrolysis that were the § 5 of an NTP and the minimal ssDNA effector size, it
measured at the indicated concentrations of GTP. The solid linesis yseful to first consider the NTP hydro|ysis reactions that
were generated using the standard Hill equation and the following occur under DNA concentration-dependent conditions. A
parametersVmax= 20 min?, S5 = 215uM, andn = 3.5 (dTod g S . . :
[D100N]RecA ?)rotein),vmaxz 20 mim, S5 = 16004M, andn minimal kinetic mechanism which can account for the
= 5.1 (dTaod[H163W]ReCA protein)Vmax = 20 mirmrL, 5= 205 dependence of th& s for an NTP on the ssDNA effector
uM, andn = 4.0 (dTiod[D100N]RecA protein); and no reaction  concentration is shown in Scheme 1, where E represents the
(dT10d[H163W]RecA protein). RecA protein, d} represents the ssDNA effectdfpna is

) the dissociation constant for the ReeAT, complex,k, is
for GTP. For example, th&; that was obtained for GTP  the rate constant for NTP hydrolysis, afigh is the intrinsic
with dTa00 (75 1M) as the ssDNA effector was 166 for dissociation constant for NTP from the ReeBNA—NTP
the RecA protein, but only 216M for the [D100N]RecA complex.

protein (Figure 5; note that the mutation has no effect on

V. (mol GDP/min/mol recA)

i | | 1 1
0 500 1000 1500 2000 2500 3000 3500

30 [ T T T T T T T]

V. (mol GDP/min/mol recA)

the Vmax for GTP hydrolysis). Scheme 1

As shown in Figure 5, the RecA protein catalyzed GTP P
hydrolysis with a maximal rate of approximately 20 min E+dT, == E.dT,+NTP == E.dT,-NTP —— NDP+P
in the presence of dgo, but exhibited no GTP hydrolysis Kona Sos

activity in the presence of dj, The [D100N]RecA protein,

in contrast, catalyzed GTP hydrolysis with a maximal rate  In this mechanism, the observ&gls value [S s(obs)] for

of 20 min~* in the presence of either gdb or dT,oo (Figure an NTP will vary with DNA concentration because the
5). These results support the conclusion that the minimal concentration of DNA determines the fraction of the RecA
size dT, oligomer that is able to serve as an effector for the protein that will be in a form of a RecAdT, complex (and
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capable of combining with NTP and catalyzing NTP hy- 400 — T T T
drolysis). The general steady-state expression for the depen- dATP
dence ofS s(obs) on DNA concentration according to the 350 - o m .
mechanism in Scheme 1 is given by eq 1: ‘

S.5(008)= § 5(1 + Kpna/[DNA]) (1)

soo b N
250 - N .
To more rigorously evaluate the compatability of this 200 - h .
minimal model with our experimental results, however, we
used the kinetics simulation program KINSIIg) o generate
the time courses of NTP hydrolysis that would be predicted 100 |
by Scheme 1 at different DNA and NTP concentrations, and 4
with various values ok, Kpna, andSs. The rates of each 50 O--me Gy
of the simulated NTP hydrolysis reactions were then plotted
as a function of NTP concentration to generate a series of 0 10 20 30 40 50 60 70 80
simulated velocity curves analogous to the experimental
velocity curves shown in Figures—2. These simulated a0 ToToToTT T T
velocity curves were then used to calculate tg(obs) ATP
values that would be predicted by the mechanism in Scheme
1 for each NTP at different concentrations of DNA. 300 |
The  5(obs) values that were calculated from Scheme 1
for the dT,o-dependent dATP hydrolysis reaction are shown
in Figure 6. The close agreement between the calculated
values, which were generated using an intritgigfor dATP
of 35 uM and a Kpna for dT, of 70 uM, and the
experimentally determine$, 5(obs) values indicates that the e
mechanism in Scheme 1 is sufficient to account for the 100 |- A A .
dependence of th& s(obs) for dATP on dJ, concentration.
The S5(obs) values that were calculated for thesdT
dependent dATP hydrolysis reaction are also shown in Figure 0 [ T SR S N N SR
6. Again, the close agreement between the calculated and 0 10 20 30 40 50 60 70 80
experimentalS s values indicates that the mechanism in
Scheme 1 is sufficient to account for the dependence of the
Ss(obs) for dATP on di, concentration. In this case, 6000 GTP
however, although the intrinsi& s for dATP of 354M was B A 7
identical to that used for the dFdependent reaction, the
best fits were obtained withkpna for dTso of approximately
<1 uM. Because th&pna for dTso was much lower than
that for dT,o (such that the RecA protein is completely in
the form of a RecA-dTso complex even at the lowest gl
concentration examined), tf& s(obs) for dATP appears to
be independent of DNA concentration whersglbr a longer 2000
dT, oligomer) is used as the ssDNA effector (and is
approximately equal to the intrinsig s for dATP). Con- 1000 i
versely, theKpnya for the shorter oligomer, d§ may be
much larger than that for df (such that an insignifi- 0 S R S N S S—
cant amount of the RecAdT;, complex exists under our 0 10 20 30 40 50 60 70 80
reaction conditions). In this case, little or no dATP hydrolysis [DNA] (uM)
would be detected, even at the highest dATP concentration
that was examined, when ghlis used as the ssDNA effector FiGURE6: Dependence of th s(obs) for NTP hydrolysis on DNA
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Ss(obs) for ATP on dfg concentration. In this case, used as an effector because there will potentially be fewer
however, although the intrinsi§ s for ATP of 70uM was filament ends from which dissociation can occur. Moreover,
identical to that used for the dFdependent reaction, the the dissociation of RecA monomers may be more easily
best fits were obtained with &pna for dToo Of ap- offset by RecA reassociation when a longer ssDNA effector
proximately<1 uM. Because th&pna for dTaoo Was much is used because each rate-limiting RecA nucleation step can
lower than that for dip (such that the RecA protein is potentially result in the rapid polymerization of a larger
completely in the form of a RecAdT,o complex even at  number of RecA monomers onto the ssDNA. Because the
the lowest d}go concentration that was examined), he- rate of end-dependent RecA dissociation depends on the
(obs) for ATP appears to be independent of DNA concentra- identity of the NTP 9, 10), the actual length of the ssDNA
tion when dBgo is used as the ssDNA effector (and is effector that would be required to maintain a stable rate of
approximately equal to the intrinsi§ s for ATP). Con- NTP hydrolysis will depend on the NTP being hydrolyzed.
versely, theKpnya for the shorter oligomer, df, may be Thus, dATP (which suppresses end-dependent dissociation)
much larger than that for dg (such that an insignifi- is hydrolyzed with d, as the ssDNA effector, whereas ATP
cant amount of the RecAdT,o complex exists under our  (which permits end-dependent dissociation) is not hydrolyzed
reaction conditions). In this case, little or no ATP hydrolysis at an appreciable rate in the presence ofdAlternatively,
would be detected, even at the highest ATP concentrationalthough our discussion thus far assumes that RecA mono-
that was examined, when ghlis used as the ssDNA effector mers assemble onto separate individual diblecules, it is
(Figure 3). conceivable that multiple diimolecules may bind to a single

It is significant that theKpna that was determined for d filament of RecA protein. For example, although dATP is
from the kinetics of the ATP hydrolysis reaction was hydrolyzed more efficiently with ds as the ssDNA effector
approximately 25uM, whereas the kinetics of the dATP  (DNA concentration-independent conditions; appat&asiia
hydrolysis reaction indicated that thgna for dTsowas<1 < 1 uM), it is possible that at high concentrations multiple
uM. These results imply that th&pna for a given dT, dT,o molecules could align end to end in a single RecA
oligomer depends on the specific NTP whose hydrolysis is filament and thereby activate the dATP hydrolysis activity
being measured. This finding indicates that although the of the monomers within that filament (DNA concentration-
minimal mechanism in Scheme 1 is sufficient to account for dependent conditions; appardfina = 70 uM). However,
the kinetic patterns that were observed for the NTP hydrolysis since dTo is unable to activate the RecA protein for ATP
reactions, it must be overly simplistic in mechanistic detail. hydrolysis, it is clear that the implementation of an end-to-
In particular, although the RecA protein is depicted in end dT, alignment mechanism (if such a mechanism does
Scheme 1 as an isolated monomer, it actually binds to ssDNAexist) must somehow depend on the identity of the NTP
as a polymeric filament of interacting monomers. Thus, to being hydrolyzed. A definitive molecular explanation for the
more clearly understand the molecular basis for our kinetic DNA length dependence of the NTP hydrolysis activity of
results, it is necessary to consider the mechanism by whichthe RecA protein will require a comprehensive structural
the RecA protein dissociates from the polymeric RecA analysis of the complexes that are formed by the RecA
ssDNA complex and how this might affect the observed protein with different df oligomers in the presence of
value of the apparent dissociation constdy.. Cox and various nucleotide cofactors.
co-workers have shown that RecA protein dissociates from Because of the pronounced cooperative dependence on
ssDNA by an end-dependent process in which RecA GTP concentration, the GTP hydrolysis reaction could not
monomers dissociate preferentially from theebd of the be fit as closely by the minimal mechanism in Scheme 1 as
RecA—ssDNA filament. RecA protein monomers can reas- were the dATP and ATP hydrolysis reactions (which did
semble onto the ssDNA by a process that involves a rate-not exhibit a significantly cooperative dependence on NTP
limiting nucleation and a subsequent rapid polymerization concentration). However, the agreement between the calcu-
of additional monomers in & 5> 3’ direction on the ssSDNA  latedS s(obs) values, which were generated from Scheme 1
(9, 10). These investigators have further shown that although using an intrinsics s for GTP of 1200uM and aKpna for
RecA dissociation occurs in the presence of ATP, no RecA dT,qo0f 30uM, and the experimentally determin&gls(obs)
dissociation is observed in the presence of dABP1Q). values indicates that the mechanism depicted in Scheme 1
Although the mechanistic basis for the differential effects is sufficient (at least to a first approximation) to account for
of ATP and dATP on filament disassembly was not the general dependence of tBgs(obs) for GTP on dioo
determined, their observations are consistent with our resultsconcentration (Figure 6). As noted above, howeverKiha
which indicate that the affinity of the RecA protein forgT  that was determined for dd in the presence of ATP was
is much lower in the presence of ATP (apparkpta = 25 approximately <1 uM. This difference inKpna values
uM) than in the presence of dATP (appar&aias < 1 uM). suggests that the rate of RecA protein dissociation in the

The end-dependent nature of RecA protein filament presence of GTP may be greater than that which occurs in
assembly and disassembly may also account for the effectthe presence of ATP. This conclusion is consistent with the
of ssDNA length on the kinetics of the NTP hydrolysis observation that full ATP hydrolysis activity is observed with
reaction. To maintain a steady-state rate of NTP hydrolysis, dTso as the ssDNA effector, whereas GTP hydrolysis is not
it is presumably necessary that any dissociation of RecA detected with di oligomers shorter than dd, (Table 1).
monomers from the'send of the filament be countered by The results discussed above suggest that the rate of end-
the rebinding of RecA monomers to ssDNA. The relative dependent RecA protein dissociation and the minimal sSDNA
efficiencies of RecA protein dissociation and rebinding may effector length for the NTP hydrolysis reaction will depend
vary depending on the length of the ssDNA effector. on the intrinsics, s value of the NTP being hydrolyzed. The
Dissociation may be less favored when a longer ssDNA is proposed correlation between tl&s value and ssDNA
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effector length is further supported by preliminary studies cofactor for the strand exchange reaction, whereas & (
in which we examined the effect of pH on the kinetics of = 1200uM) is inactive as a strand exchange cofact®r (
the NTP hydrolysis reaction. We have shown previously that Thus, the pronounced difference in the minimal length of

the § s value of a given NTP can decrease as much-a3-2

the ssDNA effector that is required for the GTP hydrolysis

fold when the pH of the reaction solution is reduced from reaction compared to those required for the ATP and dATP

pH 7.5 (standard conditions) to pH 6.5 (L1). Accordingly,

hydrolysis reactions may not be due simply to the higher

although GTP is not hydrolyzed by the RecA protein in the & svalue of GTP, but also to an inability of GTP to support

presence of dibo at pH 7.5 (Figure 4), we have found that
it is hydrolyzed with a maximal rate of 20 mihin the
presence of dippat pH 6.5 (unpublished results). Similarly,

the isomerization of the RecAssDNA complex to a more
stable strand exchange-active conformational state. Studies
to further define the relationship between tBgs of an

although ATP is not hydrolyzed by the RecA protein in the NTP and the conformational state and stability of the

presence of d at pH 7.5 (Figure 3), we have found that it
is hydrolyzed in the presence of giat pH 6.5 (unpublished

RecA—ssDNA complex are in progress.

results). We are currently exploring the effect of pH on the NOTE ADDED AFTER ASAP POSTING

RecA protein-catalyzed NTP hydrolysis reaction in more
detail to more clearly elucidate the nature of the correlation
between the&s s value and filament stability. Interestingly,
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