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The transfer of recA protein from a fluorescently
modified single-stranded DNA, containing 1,N°%-eth-
enoadenosine and 3,N*-ethenocytosine, to polydeoxy-
thymidylic acid (poly(dT)) was shown to occur by a
complex mechanism in both the absence and presence
of ADP (Menetski, J. P., and Kowalczykowski, S. C.
(1987) J. Biol. Chem. 262, 2085-2092). A part of the
mechanism involves the formation of a kinetic ternary
intermediate. Since the binding and hydrolysis of ATP
by recA protein is involved in many of the recA protein
in vitro activities, we have analyzed the effect of ATP
on the transfer reaction. In the presence of ATP, the
transfer reaction is dependent on the concentration of
the competitor single-stranded DNA, poly(dT). This
result suggests that transfer does not occur by a simple
dissociation mechanism. The reaction occurs via two
kinetically distinct species of proteine DNA complexes
with properties that are similar to those characterized
for the transfer reaction in the absence of ATP. There
is a complicated effect of nucleotide concentration on
the rate of transfer. At low concentrations of ATP (<50
uM), increasing nucleotide concentration increases the
rate of transfer; this is similar to the effect of ADP.
However, at high concentrations of ATP (>50 um),
increasing ATP concentration decreases the rate of
transfer. Finally, the processivity of ATP hydrolysis
during transfer was found to increase with increases
in ATP concentration. Less than one ATP molecule
was hydrolyzed per transfer event at low ATP concen-
trations (<20 uM) while greater than 50 molecules were
hydrolyzed at high ATP concentration (>250 um).
These data suggest that the rate of transfer is not
directly coupled to the rate of hydrolysis.

In the accompanying paper, we have shown that the transfer
of recA protein from one polynucleotide to another occurs via
a complex kinetic mechanism. Transfer involves the forma-
tion of a ternary intermediate which includes recA protein,
the initial DNA, and the final DNA. The formation of product
molecules from this intermediate proceeds by an isomeriza-
tion reaction or an exchange of the DNA molecules within
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the intermediate. Under certain conditions the transfer reac-
tion can occur by two kinetically distinct species. The inter-
conversion between these species of protein- DNA complexes
is related through an apparent aggregation equilibrium con-
stant and is greatly influenced by magnesium concentration.

The binding affinity of the recA protein for single-stranded
DNA is influenced by the presence of NaCl, ADP, and ATP
(Menetski and Kowalczykowski, 1985a). NaCl and ADP de-
crease, while ATP increases the affinity of recA protein for
single-stranded DNA. In agreement with equilibrium results,
the transfer of recA protein between polynucleotides was
found to be influenced by NaCl and ADP concentration. An
increase in either the salt or ADP concentration resulted in
an increase in the observed rate of transfer.

recA protein can catalyze the hydrolysis of ATP in the
presence of single-stranded DNA (Weinstock et al, 1979,
1981a). Hydrolysis of ATP has also been shown to stimulate
recA protein-mediated renaturation (Bryant and Lehman,
1985; McEntee, 1985) and is necessary to catalyze strand
exchange (McEntee et al, 1979; Cox and Lehman, 1981).
Therefore, in this report, we focus on the effect of ATP on
the transfer reaction and the manner in which this reaction
may give insight to other recA protein-catalyzed reactions.

Silver and Fersht (1982) measured the affect of ATP on the
transfer reaction and found that the transfer rate decreased
in its presence. Bryant et al. (1985) report, however, that ATP
increases the transfer rate. In this paper we report that the
effect of ATP on the transfer of recA protein from etheno
M13 DNA' to poly(dT) is dependent on the concentration of
ATP. At low ATP concentrations, the rate is increased rela-
tive to the transfer rate observed in its absence. However, at
high ATP concentrations, the rate is decreased relative to the
rate observed in the absence of cofactor. In addition, the rate
of transfer is influenced by the concentration of the competing
DNA, poly(dT). These data suggest that, in the presence of
ATP, transfer does not occur by a simple dissociation mech-
anism. Thus, the data can be interpreted to suggest that
transfer, in the presence of ATP, may occur by a mechanism
similar to that determined for transfer in the absence of
cofactor. Finally, the processivity of hydrolysis during the
transfer reaction was determined. The number of ATP mol-
ecules hydrolyzed per recA protein transferred varies from
fewer than one, at low ATP concentrations, to over 50, at
ATP concentrations above 100 uM.

MATERIALS AND METHODS

All materials and methods are identical to those described in the
accompanying paper (Menetski and Kowalczykowski, 1987) except
those listed below.

! The abbreviations used are: etheno M13 DNA, modified single-
stranded M13 DNA containing 1,N%-ethenoadenosine, and 3,N*-
ethenocytosine; ATP+vS, adenosine-5'-Q’-(3-thiotriphosphate);
poly(dT), polydeoxythymidylic acid.
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Transfer Reaction—ATP was purchased from P-L Biochemicals
and dissolved as a concentrated stock solution at pH 7.0. The transfer
reactions were conducted by forming recA protein-etheno M13 DNA
complexes in the presence of ATP at 25 °C. Reactions were then
initiated by the addition of excess poly(dT) (generally 5-fold excess
relative to the etheno M13 DNA concentration). Reaction buffer
contained 20 mM Tris-HCl, 4 mM MgCls, 0.1 mM dithiothreitol, and
10 mM NaCl. Changes in the magnesium and NaCl concentrations
are indicated where applicable. An ATP-regenerating system was
used in all reactions containing ATP. The system consisted of 2
units/ml of pyruvate kinase and 2 mM phosphoenolpyruvate (Sigma),
except at low ATP concentrations when 1 mM phosphoenolpyruvate
was used. This concentration of phosphoenolpyruvate did not effect
the rate of transfer when added in the absence of ATP. The regen-
erating system was sufficient to maintain a constant ATP concentra-
tion for approximately 1 h. ATPyS was purchased from Boehringer-
Mannheim and was used either without further purification or after
purification using a Pharmacia Mono-Q fast protein liquid chroma-
tography column with no difference in results.

ATPase Assay—recA protein ATPase activity was measured by the
method described by Kreuzer and Jongeneel (1983) as adapted by
Kowalczykowski and Krupp (1986). In this assay the steady-state
oxidation of NADH to NAD" is coupled to the regeneration of ATP
from ADP. The change in absorbance at 340 nm, due to the oxidation
reaction, can be measured spectrophotometrically. Thus, the rate of
ATP hydrolysis can be determined from the rate of NADH oxidation.

RESULTS

Comparison of Transfer in the Absence and Presence of
Nucleotides—The transfer reaction was conducted in the pres-
ence of 250 uM ATP to determine the affect of this cofactor
on the transer rate. recA protein-etheno M13 DNA complexes
were formed, then excess poly(dT) was added to initiate the
transfer reaction. In the presence of ATP, the transfer reac-
tion is qualitatively similar to that observed in the absence of
cofactor (not shown). The time course can be separated into
two kinetically distinct exponential decay processes, or trans-
ferring species. As shown previously, the transfer reaction in
the absence of cofactor also occurs by two species (Menetski
and Kowalczykowski, 1987). The apparent rate constants
obtained for the two components in the presence of ATP are
shown in Table I. For comparison, the apparent rate constants
obtained in the absence and presence of ADP are also shown.
Under these conditions, the observed rate constant for trans-
fer of the protein-DNA complex follows the trend, ADP >
No Cofactor > ATP. Since the recA protein-DNA complex is
known to be stabilized by ATP and destabilized by ADP
(Menetski and Kowalczykowski, 1985a), these data suggest
that some part of the transfer reaction must be influenced by
the equilibrium-binding properties of the recA protein-nu-
cleotide-DNA complex.

The nonhydrolyzable ATP analogue, ATP~S, has been
shown to bind to the recA protein-single-stranded DNA com-

TABLE I
Effect of cofactors on the transfer reaction

All reactions were carried out in standard buffer containing 4 mM
MgCl; and 10 mM NaCl. The reactions contained 0.56 uM recA
protein, 4.3 uM etheno M13 DNA, and 25 uM poly(dT).

Percentage of

Rate

component
Fast Slow Fast Slow
s—l
No cofactor® 015 9.5x1073 64 36
250 uM ADP* >0.4 3.0 x 1072 52 48
250 uM ATP 6.1 X 1072 4.3 x 1072 35 65
250 uM ATPyS® 0.13 3.2x 107 65 35

¢ From Menetski and Kowalczykowski, 1987.
® Total amplitude observed represents only 31% of the total ex-
pected transition.

‘Effect of ATP on recA Protein Transfer

plex and induce a high affinity state that is stable in 2.5 M
NaCl (Menetski and Kowalezykowski, 1985a). We were inter-
ested in determining whether the transfer reaction would be
inhibited by this analogue. In the presence of ATP~S, ap-
proximately 30% of the total transfer expected actually oc-
curs. The relative proportions of the two components observed
in that 30% are similar to those in the absence of cofactor.
Also, the rate of the fast component is similar to that observed
in the absence of cofactor. However, the rate of the slow
component appears to be more similar to that in the presence
of ATP. Thus, the data suggest that a portion of recA protein-
etheno M13 DNA molecules are always available for transfer,
even in the presence of ATP+S.

Dependence of Transfer Rate on Competitor Concentra-
tion—Both in the absence and presence of ADP, we have
shown that the rate of transfer is dependent on the concen-
tration of competitor, indicating that the transfer mechanism
involves a ternary intermediate (Menetski and Kowalezy-
kowski, 1987). The observed rates of transfer for both the fast
and slow components obtained in the presence of ATP are
shown in Fig. 1. The rates of both the fast and slow compo-
nents are influenced by changing the poly(dT) concentration;
however, the effect is different than observed in the absence
and presence of ADP. The rate of the fast component appears
to decrease slightly as poly(dT) concentration increases from
15 to 55 uM (Fig. 1A). The rate of the slow component is
relatively unaffected up to 35 uM poly(dT), but then decreases
by almost 2-fold, as poly(dT) concentration is increased fur-
ther (Fig. 1B). The observed decrease in rate for both the fast
and slow components is slight but is within the experimental
uncertainty and, therefore, can be considered significant. Al-
though the rate change is opposite to what is expected, the
fact that the competitor concentration has an affect on the
rate of transfer implies that the transfer reaction in the
presence of ATP cannot occur by a simple dissociation mech-
anism. Since, this behavior can not be explained by the
bimolecular mechanism described previously (Menetski and
Kowalczykowski, 1987), the mechanism of transfer in the
presence of ATP must be more complex than that in the
presence and absence of ADP. Yet, as it will be demonstrated
more clearly below, the transfer reaction in the presence of
ATP bears considerable similarities to the reaction in the
absence of ATP.

Effect of recA Protein Concentration on Transfer in the
Presence of ATP—The transfer reaction, in the presence and
absence of ADP, possesses several characteristic properties
with respect to protein concentration (Menetski and Kowal-
czykowski, 1987). Changes in the relative amounts of the two
kinetic components are witnessed when the recA protein
concentration is increased while the etheno M13 DNA and
poly(dT) concentrations are held constant. Increasing the
recA protein concentration first shows an increase in the slow
kinetic component followed by an increase in the fast com-
ponent. Thus, the fast transferring species appears to be an
aggregate of the slow component. Fig. 2 shows the relative
proportion of the two components as a function of protein
concentration in the presence of ATP. These data show that
the slow component is present at all protein concentrations
and that the fast component appears only at protein concen-
trations greater than 0.3 uM. This trend is very similar to that
seen in the absence of ATP (Menetski and Kowalczykowski,
1987). However, in the presence of ATP, the proportion of
the fast component is less than that observed in the absence
of this cofactor. This result suggests that ATP disrupts the
formation of recA protein aggregates and is consistent with
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FI1G. 2. recA protein concentration dependence of the am-
plitude of the slow and fast component (arbitrary units).
Reactions were conducted in standard with 250 um ATP, 4.2 uM
etheno M13 DNA, and 25 uM poly(dT). recA protein was added to
the concentration indicated from a concentrated stock solution. The
amplitudes of the fast component (triangles) and slow component
(circles) are shown.

the studies of Cotterill and Fersht (1983) and Roman and
Kowalczykowski (1986).

Effect of Magnesium Chloride Concentration on Transfer in
the Presence of ATP—The transfer reaction in the absence of
nucleotide cofactor was shown to be greatly influenced by
MgCl, concentration. The proportion of fast component in-
creases with increasing MgCl,; concentration. Also, the rates
of both the fast and slow component increase as MgCl,
concentration increases. The rate of transfer was determined
in the presence of ATP at various MgCl; concentrations and
is shown in Fig. 3. The observed rate constants appear to
increase as MgCl, concentration is increased. However, this
increase is much less pronounced in the presence of ATP
than in the absence of cofactor. Thus, the qualitative effect
of MgCl, concentration on the rate of transfer is similar in
the presence of ATP, as well as in its absence; however, the
extent of the MgCl, concentration effect is smaller.

The relative proportions of the two transferring species
have also been shown to be influenced by MgCl,; concentration

0.12,

[poly(dTY, uM

in the absence of nucleotide cofactor. Fig. 4 shows the effect
of MgCl, concentration on the proportion of the two compo-
nents in the presence of ATP. The proportion of the two
transferring species is not significantly affected by MgCl,
concentration. Furthermore, the amount of fast component
in these reactions is greatly reduced compared to reactions in
the absence of ATP. Therefore, the data suggest that ATP
inhibits the aggregation of the slow component to fast com-
ponent.

Effect of NaCl Concentration on Transfer in the Presence of
ATP-—In both the absence and presence of ADP, salt concen-
tration has been shown to affect the transfer rate of the recA
protein (Menetski and Kowalczykowski, 1987). The rate was
shown to be independent of NaCl concentration between 10
and 100 mM NaCl. Above 100 mM NaCl, the rate of transfer
increased with salt concentration. The effect of increasing the
salt concentration on the rate of transfer in the presence of
ATP is shown in Fig. 5A. The data are presented as a log &
versus log [NaCl] plot so that the slow and fast components
data can be easily compared. A decrease in the observed rate
constant for the transfer reaction is observed for both the fast
and slow component. Note that the observed fast component
rate constant decreases approximately 10-fold from 50 to 100
mM NaCl. Also, the observed slow component rate constant
decreases approximately 5-fold over this range. This result is
opposite to that found in the absence of ATP.

The effect of salt concentration on the relative amounts of
the fast and slow components is shown in Fig. 5B. In the
presence of ATP, increasing salt concentration increases the
observed proportion of the fast component. This increase
coincides exactly with a decrease in the relative proportion of
the slow component. It is possible that, in the presence of
ATP, increasing the salt concentration causes a change in the
rate-determining step of the reaction. For example, since the
apparent rates of transfer decrease as NaCl concentration is
increased, it is possible that the rate of the fast and slow
species approaches the rate of interconversion between the
two species. The slow component could be converted to fast
component, resulting in an increase in the amount of the fast
transferring species observed. Note that the range of salt

A

Fic. 3. Magnesium chloride con-
centration dependence of the rate of
transfer. The reactions were conducted
in standard buffer containing 250 uM
ATP, 0.56 uM recA protein, 4.2 uM eth-
eno M13 DNA, and 25 uM poly(dT). The
rates of the fast component (A) and slow 4
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Fic. 4. Magnesium concentration dependence of the ampli-
tude of the fast and slow components. Reactions were carried out
in standard buffer containing 0.56 uM recA protein, 4.2 uM etheno
M13, and 25 uM poly(dT), except that concentrated magnesium
chloride stock was added to attain the final magnesium concentration.
The amplitudes of the fast component (triangles) and the slow com-
ponent (circles) are shown.

concentration that decreases the rate of transfer drastically,
also coincides with the switching in the proportion of fast and
slow component.

Effect of Nucleotide Concentration on Transfer Rate—The
binding of ATP to recA protein has been shown to be non-
cooperative (Kowalczykowski, 1986). However, the rate of
ATP hydrolysis catalyzed by recA protein has been shown to
be cooperative with respect to ATP concentration (Weinstock
et al., 1981b). We have found that ATP concentration affects
the rate of the transfer reaction in a complex manner. The
observed rate of transfer as a function of ATP concentration
is shown in Fig. 6. Surprisingly, at low concentrations of ATP
(0-50 uM), the rate of transfer increases with increasing ATP
concentration. This behavior is most easily seen in the appar-
ent rate constant of the slow component. However, between
75 and 100 uM ATP, the rate of transfer decreases with ATP
concentration. Above approximately 200 umM ATP, the rate of
transfer is insensitive to ATP concentration.

Experiments substituting ADP for ATP were conducted in
an attempt to better understand the ATP concentration ef-
fect. Increasing ADP concentration increased the rate of
transfer in an hyperbolic manner (Fig. 6B). For these data,
only the observed rate constant for the slow component are
presented because the rate of the fast component is too rapid
to measure accurately. The ADP concentration at the half-
maximal rate is about 130 uM; this is similar to the value of
the binding constant of ADP to recA protein in the presence
of single-stranded DNA (72-90 uM; Cotterill et al., 1982). The
kinetic data demonstrate that at low ATP concentrations
(below 50 uM), ATP has a destabilizing effect on the lifetime
of the recA protein-etheno M13 DNA complex that is quali-
tatively similar to the effect of ADP. However, ATP concen-
trations above 75 puM induce a state of recA protein that
transfers more slowly.

Effect of ATP on recA Protein Transfer

Effect of Nucleotide Concentration on the Fluorescence of
the recA Protein-etheno M13 DNA Complex—The binding of
ATP and ATP~S to the recA protein-etheno M13 DNA
complex results in an increased fluorescent intensity of this
complex over that of the no cofactor complex (Silver and
Fersht, 1982; Menetski and Kowalczykowski, 1985a). This is
apparently due to a further disruption of the etheno M13
DNA base-stacking interactions through a change in confor-
mation of the recA protein-DNA complex. To quantify the
effect of ATP concentration on this structural change, the
fluorescence of the recA protein-etheno M13 DNA complex
measured at different ATP concentrations was divided by the
fluorescence measured in the absence of ATP. The depend-
ence of the magnitude of this relative fluorescence increase
on ATP concentration is shown in Fig. 7. As the ATP con-
centration increases to approximately 150-200 uM ATP, the
magnitude of the relative fluorescence becomes larger. Above
approximately 200 uM ATP, the effect of ATP concentration
on the relative fluorescence increase appears to saturate. As
seen in Fig. 6, the rate of transfer decreases to its slowest rate
at 200 uM ATP (this is most easily observed in the slow
component). Thus, the ATP-induced conformation change of
recA protein-etheno M13 DNA complex may be related to the
induction of a high affinity state that causes a decrease in the
rate of the fast and slow component Fig. 6. To investigate the
relationship of this conformation change to ATPase activity,
the rate of hydrolysis was determined at increasing ATP
concentrations (Fig. 8). The data show that the rate of hy-
drolysis appears to plateau at about 75 uM ATP, well below
the ATP concentration necessary to induce the full relative
fluorescence increase. Therefore, the conformation change
does not appear to be directly related to ATP hydrolysis
activity.

Processivity of ATP Hydrolysis during Transfer—The num-
ber of ATP hydrolytic events that occur during the transfer
of recA protein from one polynucleotide to another may give
insight into the function of ATP hydrolysis during recA
protein-catalyzed reactions. This quantity will be referred to
as the processivity of ATP hydrolysis during transfer (N ne)
and will be defined as the number of ATP molecules hydro-
lyzed during one transfer event. The value of Ny, can be
obtained from the ratio of the number of ATP hydrolytic
events that occur over a given time interval, the turnover
number Or k.., to the observed rate constant of transfer at
the same ATP concentration, Ry.... The value of k., was
determined from ATPase assays conducted at conditions
identical to the transfer experiments. Although turnover num-
ber normally is used to describe the maximal ATP hydrolysis
rate of the enzyme, the value can be determined at submaxi-
mal rates in order to compare kea: t0 Rirans.

The value of k., for ATP hydrolysis as a function of ATP
concentrations is shown in Fig. 8. The values for Ny, shown
in Fig. 8 were calculated using the rate constant for the fast
component as well as the slow component; thus, there are two
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FiGc. 6. Nucleotide concentration
dependence of the rate of transfer.
Reactions were conducted in stand-
ard buffer containing 0.56 uM recA
protein, 4.2 uM etheno M13, and 25
uM poly(dT). A, the fast component in
the presence of ATP (triangles). B, the
slow component in the presence of ATP
(circles) and ADP (squares).
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Fi6. 7. ATP concentration-dependent change in the fluo-
rescence of the recA protein-etheno M13 DNA complex. recA
protein-etheno M13 DNA complexes (0.56 uM recA protein; 4.2 uM
etheno M13 DNA) were formed in standard buffer containing 3 units/
ml of pyruvate kinase and 1 mM phosphoenolpyruvate. A concen-
trated stock of ATP was then titrated into the complex and the
increase in fluorescence was recorded after attaining a stable fluores-
cence value. The increase in fluorescence plotted is relative to the
fluorescence of the recA protein-etheno M13 DNA complex observed
in the absence of ATP.
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Fic. 8. ATP concentration dependence of the processivity
of ATP hydrolysis during the transfer reaction. The reactions
were carried out in standard buffer containing 0.56 uM recA protein,
4.2 uM etheno M13 DNA, and 25 uM poly(dT). The ATP hydrolysis
rate, under identical conditions, is also plotted as a function of ATP
concentration (squares). Values of Ny, were obtained from the ratio
Of Kear tO Ryans and were determined for the fast (triangles) and slow
(circles) components of the transfer reaction.

values of Ny for each ATP concentration. The data show
that the number of ATP molecules hydrolyzed for each trans-
fer event changes with ATP concentration. At low ATP
concentration (below 20 uM), the ratio of k. t0 Rirans 1S Very
low (less than or equal to one) for both the fast and slow
component. This is because little ATP hydrolysis occurs at
low ATP concentrations, whereas transfer can proceed in the
absence of ATP hydrolysis. The processivity of ATP hydrol-
ysis during transfer for the slow component increases up to a
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maximum of approximately 50,% between 30 and 250 uM; above
250 uM, Ny, for the slow component remains relatively
constant. The value of processivity for the fast component
increases from 0.1 ATP per transfer at 10 uM ATP to approx-
imately 8 ATP molecules per transfer at 500 uM ATP. The
actual values for the observed processivity can differ by as
much as 10-fold for the fast and slow component. This differ-
ence is solely due to the differences in the transfer rate
constant for each of the two components. If the rate of transfer
were directly coupled to the rate of hydrolysis, then we would
expect the ratio of ke to Ryans to be constant. However, since
Niran, varies with ATP concentration, these data suggest that
the transfer process is not directly coupled to the rate of ATP
hydrolysis.

DISCUSSION

It has been shown that recA protein transfers from etheno
M13 DNA to poly(dT) via a complex kinetic mechanism
(Menetski and Kowalczykowski, 1987). The proposed mech-
anism involves the formation of a ternary intermediate that
includes etheno M13 DNA, recA protein, and poly(dT). This
reaction was also shown to occur by two kinetically distinct
components that are thought to be influenced by the aggre-
gation state of recA protein. Because ATP binding and hy-
drolysis stimulates the renaturation reaction (McEntee, 1985)
and are required during the strand exchange reaction (Cox
and Lehman, 1981), we have analyzed the effect of ATP on
the transfer reaction. In this study we have found that the
rate of transfer is influenced by poly(dT), MgCl,, NaCl, and
nucleotide concentrations.

Previously it was found that, in the absence of ATP, the
transfer rate increased with increasing competitor concentra-
tion. This result suggested that the mechanism of transfer did
not occur by a simple dissociation process (Menetski and
Kowalczykowski, 1987). Here we have shown that, in the
presence of ATP, the apparent rate constant of transfer is
dependent on poly(dT) concentration. These data, obtained
in the presence of ATP, are also inconsistent with transfer
occurring by a simple dissociation mechanism. However, in
contrast to the result in the absence of ATP, high concentra-
tions of poly(dT) have a slight but experimentally significant
inhibitory effect on the rate of transfer (see Fig. 1). This
observation does not fit the two-step mechanism that we have
proposed for the transfer reaction in the absence of ATP.
Thus, transfer in the presence of ATP must occur by a
mechanism that is more complex than either a simple disso-

2 The processivity of ATP hydrolysis by recA protein has been
determined by an alternative method in this laboratory (S. C. Ko-
walczykowski and R. Krupp, manuscript in preparation). The proces-
sivity measured by that method may be more directly related to the
number of ATP molecules hydrolyzed per dissociation event. Al-
though, the values for processivity, as determined by that method,
are approximately 5-fold less than those described here, the general
effects of ATP concentration appear to be consistent with the effect
of ATP concentration during the transfer reaction.
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ciation or the two-step mechanism previously described. The
reason for inhibition of the rate at high poly(dT) concentra-
tion and the details of the kinetic mechanism are unknown
at this point.

Despite the fact that the transfer reaction is more compli-
cated in the presence of ATP, many similarities to the transfer
reaction in the absence of ATP can be observed. In the
absence of cofactor, the fast and slow components have been
shown to be affected by recA protein concentration (Menetski
and Kowalczykowski, 1987). Increasing the concentration of
recA protein first increased the amount of the slow transfer-
ring component then, as the formation of the slow transferring
species saturated, the amount of the fast transferring com-
ponent increased. In the presence of ATP, the proportion of
fast and slow component was also affected by recA protein
concentration in the same qualitative manner as in the ab-
sence and presence of ADP (see Fig. 2). Thus, the fast and
slow components in the presence of ATP appear to represent
kinetic species similar to those found in the absence of ATP.

In the absence of ATP, increasing MgCl; concentration was
shown to increase the proportion of the fast component at
the expense of the slow component (Menetski and Kowalczy-
kowski, 1987). The amount of fast component is smaller, in
the presence of ATP, than that observed in the absence of
ATP (see Table I). Also, increasing MgCl; concentration had
little affect on the relative amounts of the two components in
the presence of ATP. Various studies on the aggregation
properties of recA protein have demonstrated that ATP has
an inhibitory effect on the formation of recA protein, or recA
protein-DNA aggregates (Cotterill and Fersht, 1983; Tsang
et al., 1985; Roman and Kowalczykowski, 1986). Therefore,
the results for the transfer reaction are in qualitative agree-
ment with other aggregation processes and are consistent with
our previous conclusion that the fast component is an aggre-
gated form of the slow component (Menetski and Kowalczy-
kowski, 1987).

Another similarity of the transfer reactions in either the
presence or the absence of ATP is observed in the effect of
magnesium concentration on the rate of transfer. In the
absence of ATP, the rate of transfer for both the fast and
slow component was shown to increase as magnesium concen-
tration increased. This is the same qualitative behavior ob-
served in the presence of ATP. However, the observed rate
constant in the presence of ATP is affected less by magnesium
concentration than it is in the absence of ATP.

Increasing the salt concentration was found to have two
unexpected effects on the transfer reaction in the presence of
ATP. First, in the presence of ATP the rate of the transfer
reaction decreased by 5- and 10-fold for the fast and slow
component, respectively, as the concentration of NaCl in-
creased from 50 to 100 mM (see Fig. 54). This result was
surprising because the rate of transfer was observed to in-
crease with increasing salt concentration in the absence or
presence of ADP (Menetski and Kowalczykowski, 1987). The
data in the absence of cofactor are consistent with the general
expectation that the rate of dissociation of a protein from a
nucleic acid would increase as salt concentration is increased
(Lohman et al., 1978). This behavior is observed for the
dissociation of gene 32 protein from polynucleotides (Kowal-
czykowski et al., 1980; Lohman, 1984a and 1984b). Thus, the
observed decrease in the apparent transfer rate in the presence
of ATP with increasing NaCl concentration seems anomalous.
However, it is known that the rate of ATP hydrolysis de-
creases as salt concentration increases (Roman and Kowal-
czykowski, 1986; Kowalczykowski and Krupp, 1986). Since,
the rate of transfer is not directly coupled to the rate of
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hydrolysis (see below), the decrease in transfer rate is proba-
bly not a direct consequence of the decrease in ATP hydrolysis
rate. However, it may be due to the following indirect effect.
A decrease in hydrolysis rate may result in an increase in the
lifetime of the ATP.recA protein-DNA complex. Since the
ATP bound form of recA protein has a higher affinity for
single-stranded DNA (Menetski and Kowalczykowski, 1985a),
then the observed transfer rate would actually decrease due
to the expected greater kinetic stability of the high DNA-
binding affinity state of recA protein. Thus, the decrease in
the rate of transfer as NaCl concentration increases may arise
indirectly from a decrease in the rate of hydrolysis.

The second effect of increasing NaCl concentration is that
the relative proportion of fast component increases. We had
anticipated the amount of fast component to decrease, due to
disruption of recA protein aggregation. However, if the rate-
limiting step for the transfer reaction in the presence of ATP
changes as salt concentration increases, then the change in
the amount of the fast component could be related to the
change in the rate-limiting step. One possible explanation for
this behavior is that at high salt concentations, the rate of
the slow component is decreased to such an extent that it is
similar to the rate of interconversion between the fast and
slow transferring component (see Fig. 10, Menetski and Ko-
walczykowski, 1987). Therefore, as the transfer reaction pro-
ceeded, the slow component would be converted to the fast
component at a similar rate to the transfer of the slow
component. The interconversion equilibrium would be pulled
toward the formation of the fast component because this
kinetic species is more quickly depleted than the slow com-
ponent. Thus, under these conditions, transfer would occur
primarily through the fast transferring pathway. Since in the
presence of ATP the apparent rates of the slow and fast
components decrease significantly as salt concentration in-
creases, it is likely that more interconversion would occur at
higher salt concentration. Note that the increase in the fast
component correlates exactly with the decrease in the rate of
transfer between 50 and 100 mM NaCl.

The concentration of ATP has been shown to have a
complicated effect on the transfer reaction (see Fig. 6). In-
creasing ATP concentration was shown to increase then de-
crease the rate of transfer. Below 50 uM ATP, an increase in
ATP concentration increased the transfer rate (most easily
observed in Fig. 6B). This is similar to the effect observed
when ADP concentration is increased. However, above 75 uM
ATP, increasing the ATP concentration decreases the rate of
transfer. The reason for this biphasic influence of ATP con-
centration on the apparent rate of transfer is unknown. When
the ATP dependence of the transfer reaction is compared to
other ATP-dependent properties of recA protein, it appears
that the effect of low ATP concentrations (below 75 uM ATP)
on the rate of transfer is similar to their effect on the rate of
ATP hydrolysis. At these concentrations, both the rate of
transfer and the rate of hydrolysis increase with ATP concen-
tration. However, above 75 uM ATP, there seems to be no
relationship between the rates of transfer and hydrolysis,
since the hydrolysis rate does not change while the transfer
rate decreases.

At concentrations of ATP above 75 uM, we have shown
that ATP affects the fluorescence properties of the recA
protein-etheno M13 DNA complex. The fluorescence of the
etheno M13 DNA molecule is enhanced upon binding of recA
protein and is further enhanced by the addition of ATP to
this complex. This additional fluorescence increase has been
interpreted to suggest that ATP induces a conformation
change in recA protein-etheno M13 DNA complex (Silver and
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J=recA
A=recA—ADP
W=recA-ATP

F1G. 9. Extended single-stranded
DNA-binding cycle of recA protein.
This cycle incorporates the possibility
for the processive hydrolysis of ATP by
recA protein. The outside pathway on
this cycle is essentially the same as that
described previously. 1, recA protein
binds ATP. The recA protein-ATP com-
plex has a high affinity single-stranded
DNA. 2, this high affinity complex then

binds to single-stranded DNA. 3, ATP is

hydrolyzed to ADP. The resultant recA l
protein- ADP complex has a low affinity + .
for single-stranded DNA, and ¢, disso- l

ciates from the DNA. Finally, 5, ADP
dissociates from recA protein, and the
cycle can be repeated. However, under
some conditions, the recA protein-ADP
complex can remain bound to single-
stranded DNA, and 6, ADP can disso-
ciate from the recA protein. 7, then an- 4
other ATP can bind and undergo an-
other round of hydrolysis, or 8, the recA
protein, with no cofactor bound, can dis-
sociate from the DNA.

Fersht, 1982; Menetski and Kowalczykowski, 1985). In this
paper we have shown that the magnitude of the ATP-induced
fluorescence change increases with ATP concentration in a
hyperbolic manner. The effect of ATP on the fluorescence
appears to saturate at approximately 200 uM ATP. The spe-
cific nature of the ATP-induced conformation on the recA
protein-DNA complex is unknown; however, the saturation
point of the relative fluorescence increase corresponds closely
to the ATP concentration necessary to fully induce the slow
transferring form observed in Fig. 6.

There have been conflicting reports on the effect of ATP
on the rate of transfer from one polynucleotide to another.
Silver and Fersht (1982) reported that ATP decreased the
rate of transfer relative to the rate in the absence of cofactor.
However, Bryant et al. (1985) have shown that the rate of
transfer is increased in the presence of ATP. A possible
explanation for these disparate results is found in the ATP
dependence of the transfer rate. Silver and Fersht (1982) used
770 uM ATP in their experiments. This concentration of ATP
is sufficiently high to result in a decrease in the rate of transfer
and, therefore, is consistent with our results. Bryant et al.
(1985) used 200 uM ATP in their studies and, by direct
comparison to our data, should have resulted in a decrease in
the rate of transfer also. However, since they studied transfer
between native ¢$X174 single-stranded DNA molecules and
not between etheno M13 and poly(dT) as we have, a direct
comparison of the data may be inappropriate. Kowalczy-
kowski (1986) has shown that recA protein binds ATP with
a higher affinity in the presence of single-stranded DNA than
in its absence. The ATP-binding data suggest that the binding
affinities of recA protein for ATP and single-stranded DNA
are linked. Since the affinity of recA protein for native single-
stranded DNA is less than that for etheno M13, the binding
affinity of ATP in the presence of these DNA molecules would
be expected to also be lower. Therefore, since the affinity of
recA protein for ATP is expected to be lower in the experi-
ments of Bryant et al. (1985), it is likely that the effects of
ATP that we have described above would have occurred at
higher ATP concentrations. Thus, 200 uM ATP may be in a
region of the curve (in Fig. 6) that would cause an increase in
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the rate of transfer relative to that in the absence of ATP
when ¢X174 DNA substrates are used. Therefore, our data
are consistent with that of Silver and Fersht (1982) and are
likely to be consistent with that of Bryant et al. (1985) as
well.

We have also determined the processivity of ATP hydrol-
ysis during the transfer reaction (Nians), or the number of
ATP molecules hydrolyzed per transfer event, and have found
that Nyane varies with ATP concentration. The value of N an,
appears to change from as little as 0.1 ATP molecules per
transfer event at 10 uM ATP for the fast component, to as
high as 50 ATP molecules per transfer event at 500 uM ATP
for the slow component. Neuendorf and Cox (1986) have
recently reported that the number of ATP molecules hydro-
lyzed during the exchange of recA protein between recA
protein-single-stranded DNA complexes at 4 mM ATP and in
the presence of Escherichia coli single-stranded DNA-binding
protein, is approximately 200. They state, however, that due
to uncertainties associated with their experimental procedure
their value could be in error by a factor of two or three.
Therefore, the data of Neuendorf and Cox (1986) appear to
be in good agreement with that presented here. If the rate of
transfer was directly coupled to the rate of ATP hydrolysis,
then the value of N, should remain constant and equal to
one. Since this is clearly not the experimental result, these
data suggest that the rate of transfer is not directly coupled
to the rate of ATP hydrolysis.

The processivity data, described above, allow us to further
detail the binding cycle proposed in an earlier publication
(Menetski and Kowalczykowski, 1985a). A more comprehen-
sive version of the recA protein-binding cycle is shown in Fig.
9. Based on equilibrium data, we suggested that recA protein
bound ATP and then bound single-stranded DNA (Menetski
and Kowalczykowski, 1987). Upon binding to DNA, ATP was
hydrolyzed. The ADP-recA protein complex could then dis-
sociate from single-stranded DNA, release ADP and start the
cycle again (outer cycle in Fig. 9). However, the equilibrium
data were unable to determine whether only one ATP mole-
cule was hydrolyzed per DNA-binding event or whether many
ATP molecules were hydrolyzed before recA protein disso-
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ciated from the DNA. The kinetic data described above allow
us to further detail the relationship between the single-
stranded DNA-binding cycle and the recA protein-dependent
ATP hydrolytic cycle (although many kinetic details still
remain to be elucidated). Since recA protein binds to single-
stranded DNA in a polar manner (Register and Griffith,
1985), we have included this polar binding in the cycle shown
in Fig. 9. The kinetic data described in this analysis suggest
that the extent of processive ATP hydrolysis can vary signif-
icantly under different conditions. At low ATP concentra-
tions, the hydrolysis cycle appears to follow the outside path-
way on Fig. 9. ATP is bound, hydrolyzed, and then the ADP.
recA protein complex dissociates from the DNA after the
hydrolytic event. However, at high ATP concentrations, a
new cycle must be added to the outer pathway. Under these
conditions, it appears that ADP can dissociate from DNA-
bound recA protein without dissociation of the recA protein.
ATP can then bind to the recA protein- DNA complex. This
effectively results in an exchange of ATP for ADP while recA
protein is bound to DNA. The ADP-ATP exchange portion
of the pathway allows the protein to hydrolyze many ATP
molecules before it dissociates from the DNA molecule. Be-
cause the processivity of hydrolysis is influenced by ATP
concentration (see Fig. 8), the data suggest that the rate-
limiting step of this reaction which determines processivity
involves the binding of ATP to recA protein.
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