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ABSTRACT: The Escherichia coli Rep helicase catalyzes the unwinding of duplex DNA in a reaction that
is coupled to ATP binding and hydrolysis. The Rep protein is a stable monomer in the absence of DNA
but dimerizes upon binding either single-stranded or duplex DNA, and the dimer appears to be the
functionally active form of the Rep helicase. As a first step toward understanding how ATP binding and
hydrolysis are coupled energetically to DNA unwinding, we have investigated the kinetic mechanism of
nucleotide binding to the Rep monomer (P) using stopped-flow techniques and the fluorescent ATP
analogue, 2'(3")-0-(N-methylanthraniloyl-ATP (mantATP). The fluorescence of mantATP is enhanced
upon Rep binding due to energy transfer from tryptophan. The results are consistent with the following

two-step mechanism, in which the bimolecular association step is followed by a conformational change
k

+1 +2
in the P—mantATP complex: P + mantATP < P—mantATP k<-> (P—mantATP)*. The following rate

-1 -2
and equilibrium constants were determined at 4 °C in 20 mM Tris'HCl (pH 7.5), 6 mM NaCl, 5 mM
MgCl,, and 10% (v/v) glycerol: ky; = (1.1 £ 0.2) x 107" M1 571 koy = 3.2 (£0.5) s7%; k42 = 2.9
(£0.5) s71; k-2 = 0.04 (£0.005) s71; Ky = kyr/k—1 = (3.4 £ 0.8) x 106 M~L; K, = kyofk—p = 73 (£10);
Koverat = KiK> = (2.30 £ 0.6) x 10® M~!. Similar rate and equilibrium constants are obtained with
mantATPyS, whereas the apparent rate constant for mantAMPPNP binding is 15-fold lower than for
mantATP and equilibrium binding is weaker (Koveran ~ 10 M™1). Rep monomer does bind mantATP in
the absence of Mg?* (Koveran ~ 5 X 10° M™1), although the four rate constants in the above reaction
increase by at least 8-fold (k-1 and k-, increase by ~100- and ~1000-fold, respectively). The affinities
of Mg?* for P-mantATP and (P—mantATP)* are 10- and 1000-fold higher than those for nucleotide-
free Rep monomer, indicating that the second step in the reaction is associated with a marked increase in
Mg?t affinity. The bound Mg?* in a (P—mantATP)*~Mg?* complex dissociates at a rate that is
comparable to the rate of mantATP release. Single-turnover kinetic studies with the Rep monomer indicate
a low, but significant, DNA-independent ATPase activity, with a first-order cleavage rate constant of
~1073 s~ at 4 °C, which increases with temperature (Ea;; = 18 % 2 kcal mol™!). These results indicate
that Rep is a DNA-stimulated ATPase rather than a DNA-dependent ATPase. The absence of a burst of
ADP formation in a multiple ATP turnover experiment suggests that product release is not rate-limiting
under these conditions. The approaches described here and in the accompanying paper (Moore & Lohman,
1994) will be useful for subsequent studies of the more complex Rep dimeric species and of other helicases.

DNA helicases are essential enzymes that function in DNA
replication, recombination, and repair to catalyze the un-
winding of double-stranded DNA (ds-DNAY) to yield the
single-stranded DNA (ss-DNA) intermediates that are re-
quired during these processes [for reviews, see Matson and
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! Abbreviations: mantATP, 2'(3")-O-(N-methylanthraniloyl)-adenos-
ine §'-triphosphate; 3’-mant-dATP, 3’-O-(N-methylanthraniloyl)-2’-
deoxyadenosine 5’-triphosphate; other mant-substituted nucleotides and
deoxyribonucleotides are abbreviated similarly; AMPPNP, imidoad-
enosine 5'-triphosphate; ATPyS, adenosine 5’-thiotriphosphate; HPLC,
high-performance liquid chromatography; EDTA, ethylenediamine-
N,N,N' N'-tetraacetic acid; TEAB, triethylammonium bicarbonate; TLC,
thin-layer chromatography; ds-DNA, double-stranded DNA; ss-DNA,
single-stranded DNA.

Kaiser-Rogers (1990), Matson (1991), Lohman (1992, 1993),
and Thommes and Hubscher (1992)]. These enzymes
function at the junction between ss-DNA and ds-DNA (e.g.,
at a replication fork) in reactions that require the binding
and subsequent hydrolysis of nucleoside 5'-triphosphates
(e.g., ATP). Although a large number of these important
enzymes have been and continue to be identified, much
remains to be uncovered about their mechanisms of action
(Lohman, 1992, 1993). In general, helicases that unwind
DNA processively must disrupt one or more base pairs within
the duplex and then translocate to the next duplex region to
repeat the process. This requires that the helicase cycle,
vectorially, through a number of energetic (conformational)
states in which the affinity for ss-DNA vs ds-DNA is altered
(Wong & Lohman, 1992). Although it is clear that the
coupling of ATP binding and hydrolysis drives the protein
through these states in a concerted manner (Hill & Tsuchiya,
1981; Yarranton & Gefter, 1979; Arai et al., 1981a; Wong
& Lohman, 1992; Lohman, 1992, 1993), the details of these
reactions have yet to be understood.
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An understanding of the mechanism by which a helicase
unwinds duplex DNA requires information on the active form
(oligomeric state) of the helicase, as well as a quantitative
understanding of the energetics and kinetics of its binding
to DNA and its interaction with nucleotide cofactors. In this
regard, we note that all helicases that have been characterized
in any detail appear to function as oligomeric assemblies,
some as hexamers and others as dimers. These oligomeric
assembly states likely reflect a requirement that the function-
ally active helicase possesses multiple DNA binding sites
(Lohman, 1992, 1993).

We have been studying the Escherichia coli Rep helicase
in order to understand its mechanism of DNA unwinding.
Rep was one of the first enzymes to be identified as a helicase
(Scott et al.,, 1997, Yarranton & Gefter, 1979; Arai &
Komberg, 1981) and has been characterized extensively. Rep
is required for DNA unwinding during the replication of
several bacteriophages, including ¢X174 (Denhardt et al.,
1967; Lane & Denhardt, 1975). Rep appears to function in
DNA replication since rep mutants show a 50% reduction
in the rate of replication fork movement (Lane & Denhardt,
1974, 1975). Although neither Rep nor helicase II (uvrD
gene product) is an essential E. coli gene, rep/uvrD double
mutants are lethal, indicating that either Rep or helicase II
is required for some essential function (Washbum & Kush-
ner, 1991). In this regard, it is interesting that Rep and UvrD
can form heterodimers in vitro (Wong et al., 1993).

Although Rep remains monomeric (M; = 76 740)? up to
at least 12 #M in the absence of DNA (Arai et al., 1981a;
Lohman et al., 1989; I. Wong, unpublished data), it forms a
homodimer upon binding either ss- or ds-DNA, and the dimer
appears to be the active form of the helicase (Chao &
Lohman, 1991; Wong et al., 1992; Amaratunga & Lohman,
1993). Determination of the equilibrium constants for DNA
binding and Rep dimerization indicates that both subunits
of the dimer can bind either ss- or ds-DNA competitively
(Wong et al., 1992). ADP and the nonhydrolyzable ATP
analogue, imidoadenosine 5’-triphosphate (AMPPNP), affect
DNA binding allosterically, such that ADP favors binding
of ss-DNA to both subunits, whereas AMPPNP favors
simultaneous binding of ss-DNA and ds-DNA to individual
subunits of the dimer to form a P,SD complex (Wong &
Lohman, 1992). These experiments and direct unwinding
studies (Amaratunga & Lohman, 1993) suggest that the
dimeric Rep helicase unwinds DNA by an “active rolling”
mechanism in which Rep translocation along DNA is coupled
to ATP binding and DNA unwinding is coupled to ATP
hydrolysis and that a P,SD complex is an essential interme-
diate in the unwinding reaction (Lohman, 1992, 1993; Wong
& Lohman, 1992).

Preliminary studies of ATP binding to the Rep monomer,
performed by nitrocellulose filter binding in the absence of
DNA, indicate that there is one site for ATP per Rep
monomer (Arai et al., 1981a), which is consistent with the
presence of a putative ATP consensus binding sequence
(Walker et al., 1982; Hodgman, 1988). The ATPase activity
of Rep protein in the presence of DNA has been examined
using steady-state kinetic approaches (Kornberg et al., 1978;

2 The molecular mass of the Rep monomer was calculated from the
amino acid sequence of the protein as predicted from the DNA sequence
of the rep gene (Gilchrist & Denhardt, 1987), as revised by Daniels et
al. (1992).
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Arai et al., 1981a). However, these studies were performed
before it was recognized that DNA binding induces Rep
dimerization (Chao & Lohman, 1991), and it is clear that
dimerization stimulates the steady-state ATPase activity of
the Rep protein (Wong et al., 1993).

In order to understand the coupling of ATP binding and
hydrolysis to Rep-catalyzed DNA unwinding, we have
initiated studies of the kinetics and energetics of nucleotide
binding and hydrolysis by the Rep monomer, as well as by
the different DNA-ligated Rep dimers. In this report, we
have used stopped-flow fluorescence techniques to examine
the kinetics and mechanism of nucleotide binding to the Rep
monomer, which is present exclusively in the absence of
DNA. Since there is no significant change in the intrinsic
(tryptophan) fluorescence of Rep monomer upon binding
ATP, we have studied the binding of the fluorescent
N-methylanthraniloyl (mant) derivatives of adenine nucle-
otides (Hiratsuka, 1983) because there is a substantial
increase in mant nucleotide fluorescence upon binding Rep.
In the accompanying paper (Moore & Lohman, 1994), we
use the fluorescence changes associated with mantATP
binding to monitor the kinetics of ATP and ADP binding to
Rep by kinetic competition methods. These studies with the
Rep monomer provide the basis for future investigations of
how the binding of nucleotides (ATP and ADP) is coupled
to Rep-catalyzed DNA unwinding.

MATERIALS AND METHODS

Buffers and Rep Protein. Buffers were made with reagent-
grade chemicals using distilled H,O that was deionized using
a Milli-Q system (Millipore Corp., Bedford, MA). Unless
otherwise stated, all experiments were performed at 4 °C
under conditions identical to those used in previous DNA
binding studies (Wong et al., 1992; Wong & Lohman, 1992),
i.e.,, 20 mM Tris*HCI (pH 7.5 at 4 °C), 6 mM NaCl, 5 mM
MgCl,, and 10% (v/v) glycerol (buffer A). For experiments
performed at higher temperatures (e.g., Figure 7), buffer A
was titrated to pH 7.5 at each temperature using NaOH.
Buffer AE is 20 mM Tris*HCl1 (pH 7.5 at 4 °C), 6 mM NaCl,
2 mM EDTA, and 10% (v/v) glycerol and was used for
experiments conducted in the absence of Mg?*. Rep protein
was purified to >99% homogeneity from E. coli MZ-1/
pRepO (Colasanti & Denhardt, 1987) as described (Lohman
et al., 1989; Chao & Lohman, 1991). The Rep concentration
was determined spectrophotometrically using €230 = 7.68 x
10*M™! cm™! (Amaratunga & Lohman, 1993). Purified Rep
protein was stored at —70 °C in 50 mM Tris"HCI (pH 7.5),
0.1 M NaCl, 1 mM EDTA, and 50% (v/v) glycerol, and
experiments were initiated within 1 h after removal of the
protein from —70 °C. The use of protein that is thawed and
stored at —20 °C for reuse, even in 50% glycerol, leads to
minor variations in the kinetic rate constants. The results
presented here are from experiments performed on three
preparations of Rep. Essentially identical rate constants
(differing by <15%) were obtained with each preparation.

Nucleotides. The N-methylanthraniloyl derivatives of
adenine nucleotides (Hiratsuka, 1983) were synthesized and
characterized essentially as described (Woodward et al.,
1991; Moore et al., 1993). Parent (nonfluorescent) nucle-
otides were purchased from Sigma (St. Louis, MO). Im-
mediately after synthesis, mant nucleotides were >98% pure,
as determined by analytical strong anion exchange (SAX)
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HPLC (Neal et al., 1990; Woodward et al., 1991; Moore et
al., 1993). All mant nucleotides were checked for the
presence of parent nucleotides by SAX HPLC using a linear
gradient system (Moore et al., 1993). Immediately after
synthesis, the mant derivatives typically contained <1%
parent nucleotide and were repurified when they became
<95% pure (typically after ~6 months storage at —70 °C
in buffer A). Thio-substituted nucleotides were stored at —70
°C in buffer A containing 50 mM 2-mercaptoethanol.
Nucleotide analogues containing a mant fluorophore attached
to both the 2’- and 3’-hydroxyl groups (bis-mant derivatives)
were obtained as byproducts of the synthesis of the mono-
substituted ribonucleotides. They eluted from the preparative
DE-52 bicarbonate column (Moore et al., 1993) at ~0.8—
0.9 M TEAB, eluted from the isocratic HPLC system at 14
min, and had an Ajs¢/Asss ratio of 2.7 (€3¢ = 11.6 mM™!
cm™!), compared to 4.0 for the singly substituted derivatives.
The structure was confirmed by an ion exchange HPLC
analysis of samples from a base hydrolysis experiment
[analogous to that described by Woodward et al. (1991) with
mantATP].

DNA-Independent ATPase Activity of the Rep Monomer.
Equal volumes (1 mL) of Rep monomer and [o-?P]ATP in
buffer A (final conditions: 0.1—1 uM [a-3?P]ATP, 8000 cpm
uL™1, 0.2 uM Rep monomer) were mixed manually at 4 °C.
After various reaction times, a sample (50 uL) of the reaction
mixture was quenched by mixing with 50 4L of 10% (v/v)
HCI10,4 and immediately brought to pH 4 by adding 25 uL
of 4 M NaCH3CO,. Aliquots (1 L) were subjected to TLC
on PEI cellulose and analyzed for ADP as described (Wong
et al., 1993). Multiple turnover of mantATP was monitored
by HPLC as described (Moore et al., 1993; Woodward et
al., 1991).

Fluorescence Measurements. Fluorescence spectra were
determined using an SLM 8000C spectrofluorometer (SLM
Aminco, Urbana, IL). For rapid kinetics measurements, a
Model !SX17MV stopped-flow spectrophotometer (Applied
Photophysics Ltd., Leatherhead, U.K.) fitted with a 150 W
Xe arc lamp was used with excitation at 290 nm (0.1-2
mm slits). Fluorescence emission from Trp residues was
observed through a Corion 51660 (UG-1) band pass filter,
while sensitized mant nucleotide fluorescence was observed
through a Corion 51280 cuton filter. The UG-1 filter was
used in the high-sensitivity port of the spectrophotometer.
All reactions were performed at 4 °C, and the reported
concentrations of reactants are those in the reaction chamber.
The dead time of the !SX17MYV instrument was determined
to be 1.5 (£0.2) ms (Moore, 1992), and it had a mixing
efficiency of >99% (Bagshaw et al., 1974). Typically, each
trace shown is the average of 4—6 individual experiments,
and the observed rate constants reported represent the mean
and standard deviation of that data set. An instrumental time
constant, which was maintained at <1% of the exponential
half-time of the fastest reaction of interest, was used.
Identical data were obtained using a KinTek SF-2001
stopped-flow instrument (KinTek Instruments, University
Park, PA).

Kinetic Data Analysis. Stopped-flow kinetic time courses
were analyzed using the nonlinear least-squares fitting
routines supplied by Applied Photophysics. Kinetic simula-
tion and analysis were performed with KSIM and KFIT (Dr.
N. Millar, Kings College, London), while for the analysis
of experimental data by computer simulation, the PC versions
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of KINSIM and FITSIM (from Dr. C. Frieden, this depart-
ment) were used (Barshop et al., 1983; Zimmerle et al., 1987;
Zimmerle & Frieden, 1989). The FITSIM analysis is
described in more detail in the accompanying paper (Moore
& Lohman, 1994). All programs were run on an IBM 486
PC. Rate and equilibrium constants reported in the text
represent the resolved values and associated errors from fits
of the data to eqs 1—4, accounting for the propagation of
errors. Tables 1—3 report the mean values of the rate and
equilibrium parameters determined from multiple experi-
ments, along with an estimate of the range of values obtained
in these studies.

RESULTS

We have observed that the steady-state rate of ATP
hydrolysis by the Rep monomer (in the absence of added
DNA) at 4 °C in buffer A varied from 0.003 to 0.011 s™!
(0.002—0.006 s~! for mantATP hydrolysis) among different
Rep preparations. However, the ss-DNA-stimulated ATPase
activity of each preparation (assayed with poly(dT)) is
invariant (within 10%) among these same preparations
(Lohman et al., 1989). The variability in the DNA-
independent ATPase activities most likely reflects the
presence of low, but variable, amounts of contaminating
DNA in each Rep preparation (see below). Assuming that
this ATPase activity is comparable to that measured in the
presence of dTs, we estimate that <0.1% of the Rep protein
used in these experiments is bound to DNA (K.JMM,,
unpublished results). The intrinsic hydrolysis of mantATP
by Rep does not influence the predicted time courses of the
fluorescence changes described here and is neglected in our
analysis of the data. However, we note that this ATPase
activity precludes the study of mantATP binding to Rep by
equilibrium titration methods.

Fluorescence Changes Associated with mantATP Binding
to Rep Monomer. The binding of ATP or ADP does not
induce a significant change in the intrinsic tryptophan
fluorescence of the Rep monomer. Therefore, we have used
the fluorescent nucleotide analogue, 2'(3")-O-(N-methylan-
thraniloyl)-ATP (mantATP, Figure 1A), to monitor nucle-
otide binding to the Rep monomer. The spectral properties
of the mant fluorophore (Figure 1B) are ideally suited to
monitor binding by changes in fluorescence resonance energy
transfer (FRET) from Trp residues in Rep to the mant
fluorophore bound at the ATP binding site. Figure 1C shows
a stopped-flow recording when 5 4uM mantATP is rapidly
mixed with 0.2 4uM Rep in buffer A at 4 °C. The 12%
decrease in tryptophan fluorescence occurred exponentially
with an observed rate constant (kons) of 59 (£0.6) s™L. A
20-fold enhancement in the sensitized emission of the mant
fluorophore (emission at >410 nm) also occurs upon binding
to Rep (excitation = 290 nm) with keps = 61 (£0.2) s7!
(Figure 1C), which is consistent with the presence of FRET.
Identical values of ks are determined by monitoring either
protein or mant nucleotide fluorescence (see Figure 1C). In
general, however, the enhancement of mant fluorescence has
a significantly higher signal-to-noise ratio than the protein
fluorescence signal and is routinely plotted in the figures
presented here. The extremely low fluorescence intensity
of mant nucleotides in solution at 290 nm, combined with
the large fluorescence change, allows nucleotide binding to
be monitored even in the presence of a large excess of
nucleotide (e.g., see Figure 5B). Although a small increase
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FIGURE 1: (A) Structure of 2’(3")-O-(N-methylanthraniloyl)-ATP
{mantATP). The 2’ and 3’ isomers of mant nucleotides exist as an
equilibrium mixture (60% 3’ isomer) in slow exchange (t;, = 10
min at pH 7.5, 25 °C). (B) Fluorescence overlap between the Rep
monomer emission spectrum and the mant nucleotide excitation
spectrum (1ex = 290 nm). (C) Change in fluorescence intensity
(Aex = 290 nm, Aem1rp = 300400 nm, Aemmane > 400 nm) when
0.2 uM Rep monomer in buffer A at 4 °C was rapidly mixed with
5 uM mantATP in the same buffer (reaction chamber concentra-
tions). Solid lines represent the best fit of the data to a single
exponential: (i) mantATP, keps = 61 571, A = 29%; (ii) Trp, kobs
=59 s L A=12%.

in mant nucleotide fluorescence (~20%) is observed upon
binding Rep when the mant fluorophore is excited directly
at 364 nm, the high background fluorescence of the mant
nucleotides at this wavelength limits the concentration range
over which nucleotide binding can be observed. We have
therefore used an excitation wavelength of 290 nm to monitor
the kinetics of mant nucleotide binding in these studies.
Biphasic Kinetics of mantATP Binding to Rep Monomer.
The kinetics of mantATP binding to Rep at [mantATP] < 5
uM clearly is biphasic and requires the sum of two
exponentials to describe the time course adequately. Figure
2A shows the increase in mant nucleotide fluorescence when
2 uM mantATP is mixed with 0.2 uM Rep. A fast phase,
with observed rate constant kebs; = 24 s and amplitude A,
~ 0.85, was followed by a slower phase (kobs2 = 2.8 571, A
~ 0.15). Over the [mantATP] range of 1—15 uM, kobs
varies linearly with [mantATP], yielding an apparent bimo-
lecular association rate constant of (1.1 £ 0.02) x 10” M~!
s7! and an intercept of 5.9 (+1.3) s7! (Figure 2B). The
amplitude of the slow phase decreases at higher concentra-
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FIGURE 2: Kinetics of mantATP binding to 0.2 4uM Rep monomer.
(A) 0.2 uM Rep monomer in buffer A at 4 °C was rapidly mixed
with 2 4M mantATP in the same buffer, and the increase in
mantATP fluorescence was monitored with time. The solid line
(superimposed) is a best fit of the data to the sum of two
exponentials, with kops1 = 24 571, kobs2 = 2.8 571, A; = 26%, and
A; = 5%. Inset: As in A, except the reactions were monitored
over 200 ms. (B) Dependence of kus; on [mantATP] from
experiments such as those in A. Above 4 uM mantATP, the data
were fit to a single exponential (see Figure 1C). The best fit of
the data to a line yields a gradient = 1.1 x 107 M~! s! and an
intercept = 5.9 s~\.

tions of mantATP, becoming negligible above 5 uM.

Similar experiments at a final Rep concentration of 30 nM
were performed to define the [mantATP] dependence of the
slow phase, while maintaining pseudo-first-order conditions
(Figure 3A,B). A biphasic fluorescence increase was
observed that was well described by the sum of two
exponentials, although the amplitude of the fast process
became too small to measure accurately below 10 nM
mantATP. The total amplitude of the fluorescence change
(A1 + Ay) as a function of [mantATP] can be used to estimate
the overall equilibrium constant for mantATP binding to Rep.
A fit of this data to a 1:1 isotherm yields a value of Koveran
= 170 (£30) uM~! (Figure 3B). The rate constant of the
fast phase ([mantATP] = 90 nM) increased linearly with
[mantATP] [k4+; = (1.4 % 0.2) x 107 M~ s71) with an
intercept of 6.1 (£0.2) s~!, data not shown], in agreement
with the data in Figure 2B obtained at 0.2 uM Rep. The
rate constant for the slow phase, kops2, showed a hyperbolic
dependence on [mantATP], with a plateau at 2.9 (+0.05)
s~! and an intercept of <«0.2 s~! (Figure 4A).

The data presented in Figures 2—4 indicate that the

association of mantATP with Rep monomer is more complex
than a simple bimolecular association reaction. The simplest
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FIGURE 3: Kinetics of mantATP binding to 30 nM Rep monomer.
(A) 30 nM Rep monomer in buffer A at 4 °C was rapidly mixed
with 2—1000 nM mantATP. Representative traces are shown from
30 to 1000 nM mantATP. Each reaction was monitored for >6
half-times of the slowest phase, and the data are plotted on this
scale for clarity. The solid lines represent the best fit of each curve
to the sum of two exponentials. (B) Dependence of the exponential
amplitudes of the fast and slow phases from the data in A on the
total concentration of mantATP. Below 10 nM mantATP, the
amplitude of the fast phase was too small to measure accurately.
The solid lines for A and A; are best fits of the data to Langmuir
isotherms, with apparent association constants of 167 (£33) and
3.7 (£0.4) uM~1, respectively. The data for A, are connected by
a smooth line, which extrapolates to zero at [mantATP] > 5 uM.

Scheme 1

Ka K2 *
P + mantATP <— P-mantATP (P—-mantATP)

k-1 k-2
interpretation of these results is that nucleotide binding occurs
in two sequential steps, as depicted in Scheme 1, where P
represents the Rep monomer (for alternative interpretations,
see the Discussion). On the basis of the observation that
A, decreases to zero as [mantATP] increases (Figure 3B),
we infer that the fluorescence intensities of P—mantATP and
(P—mantATP)* are identical, and thus the observed fluo-
rescence enhancement reflects the sum of the concentrations
of these two species ([P—mantATP] + [(P—mantATP)*]).
The values of the four rate constants in Scheme 1 were
obtained as will be described here and are summarized in
Table 1. The equilibrium association constants for each step
in Scheme 1 are K; (=k+1/k-1) and K; (=k4/k-5).

The fast phase of the fluorescence change reflects the
binding of mantATP to P, while the slow phase reflects an
isomerization of the P—mantATP complex. Under condi-
tions that are pseudo-first-order in mantATP, and applying
the square root approximation, the dependencies of kg, and
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FIGURE 4: Dependence of kobs2 on [mantATP]. (A) Dependence
of the observed rate constant of the slow phase (kops,) from the
data in Figure 3A on [mantATP] > 0.06 uM (@). The solid line
is the best fit of the data to a simple hyperbola, with a plateau =
2.9 (£0.05) s7! and Ky, = 2.5 (£0.4) uM~1. The intercept was
fixed at 0.02 s7! (O, see B). (B) Curve a: 0.2 uM Rep monomer
in buffer A containing 3 M mantATP was rapidly mixed at 4 °C
with 1 mM ATP in the same buffer. The solid line is the best fit
of the data to a single-exponential decay: ko = 0.021 s™1. Curve
b: Same as curve a, except that the Rep—mantATP complex was
in buffer A + 50 uM MgCl, and the 1 mM ATP chase was in
buffer AE + 10 mM EDTA (ks = 0.055 s™1),

kobs2 are given by eqs 1 and 2, respectively (Johnson, 1992;
Bernasconi, 1976):

k

0

bs.1 ~ ki [mantATP] +k_; + ki, + k_, ¢}

) ky,[mantATPI(k_, + k) + k_jk_,
obs2 ™ k. [mantATP] + k_, + k., + k_,

2

Analysis of Figure 2B according to eq 1 yields k+; = (1.1
+0.02) x 10°M s land k- + kp + k-, = 6 (£0.2) s7L.
According to eq 2, the plateau value for k. at high
[mantATP] (2.9 (+0.05) s™!) equals k4> + k—,, and therefore
we can calculate k-; = 3.1 (+0.2) s~1. The intercept of
Figure 4A defines the net dissociation rate (ko) of mantATP
from the (P—mantATP)* complex and is related to the
elementary rate constants in Scheme 1 by

k_ok_,

= 3
Kott ko tko,tk, )
The value of k. was determined independently from a
cold chase displacement experiment in which a preformed
Rep—mantATP complex in buffer A (0.2 uM Rep, 3 uM
mantATP) was mixed with 1 mM ATP (to prevent rebinding
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Table 1: Rate and Equilibrium Constants for the Interaction of the Rep Monomer with mantNucleotides at 4 °C?

ke kyp
P+ A< P—A < (PA)*
Koapp® K app”
k1 k-1 K ko k-2 kott Koveratt (calcd) (obs)
nucleotide WM™1sh (s™H M (s7hH (s™hH K (™Y M WM™ @M
mantATP 11 32 34 2.9 0.04 73 0.021 228 231 167
(£2) (£0.5) (£0.8) (£0.2) (£0.005) (£10) (£0.002) (x62) (£62) (£23)
mantATP? (—Mg?*) 80 240 0.33 32 38 0.84 29 0.28 0.61 0.53
(£10) (£24) (£0.05) (£2) (£3) (£0.07) (£2) (£0.05) (£0.07) (£0.06)
mantATPyS 20 11 1.8 19 0.69 28 0.23 51 53 >40
(£2) (£3) (£0.38) (£3) (£0.07) (£+0.99) (£0.02) (£2) (£2)
mantAMPPNP 0.66¢ ND 0.015 41 0.61 67 0.61 - 1.0 1.0 1.0
(£0.04) (£0.002) (£2) (£0.05) (£6) (£0.05) (£0.16) (£0.16) (£0.06)

¢ Conditions: 20 mM TrissHCl (pH 7.5 at 4 °C), 6 mM NaCl, 5 mM MgCl,, and 10% (v/v) glycerol (buffer A). ? Conditions: 20 mM TrissHCl"
(pH 7.5 at 4 °C), 6 mM NaCl, 2 mM EDTA, and 10% (v/v) glycerol (buffer AE). Koveran = K1Ka. © Apparent overall affinity = K; + KKy,
calculated from estimates of K and K,. ¢ Apparent overall affinity determined from fits of AFio on [nucleotide] to a Langmuir isotherm. ¢ Apparent
association rate constant for mantAMPPNP = Kik+,. kot is the observed rate of nucleotide dissociation from a Rep—nucleotide complex (see eq
3). Ki = kyi/k-1; Ko = ksofk—;. ND:k_; cannot be determined from these experiments, but is likely to be ~700 s™! [see Moore and Lohman

(1994), accompanying paper].

of mantATP after dissociation). The majority of the
fluorescence amplitude could be described by a single-
exponential decay [curve a in Figure 4B; ko = 0.021
(£0.001) s7'], which was independent of [ATP] from 0.2 to
1 mM. In addition, there was evidence of a faster process
occurring at ~5 s7! and comprising 1—2% of the total
fluorescence change, which we attribute to the dissociation
of mantATP from the small fraction of Rep in the P—mant-
ATP complex. Simulation of the mechanism shown in
Scheme 1 predicts such a process occurring at 5.2 s7!. On
the basis of the results of this experiment, the intercept in
Figure 4A was fixed at 0.021 s7!. From eq 3, and a
knowledge of kog, k-1, and (k-1 + k42 + k-»), we calculate
ki = 2.86 (£0.2) s7! and k—, = 0.04 (£0.005) s~L.

We have also analyzed the kinetics of mantATP binding
by numerical integration of the data using the program
FITSIM (Zimmerle & Frieden, 1987; Barshop et al., 1983),
which makes no simplifying assumptions and uses both the
rate and amplitude dependence of the fluorescence changes
[see Johnson (1992)]. The same rate constants (to within
10%) are obtained by using either the analytical approxima-
tion (eqs 1—3) or FITSIM. The fluorescence time courses
over a wide range of [mantATP] could be described by
kinetic simulation of Scheme 1 using the rate constants in
Table 1 [see also Moore and Lohman (1994), accompanying
paper]. These data are therefore consistent with a mechanism
in which the initial binding of mantATP (K; ~ 3.5 uM™1) is
followed by a first-order process (K> ~ 70), which may be
a protein conformational change, leading to overall tight
binding of mantATP (Koverm = K1K> ~ 200 uM™!). The
initial binding step does not appear to be rapidly reversible
since k—y ~ k+ia.

Kinetics of mantATPyS and mantAMPPNP Binding to the
Rep Monomer. We have investigated the interaction of Rep
with the mant derivatives of AMPPNP and ATPyS to
determine their suitability as analogues of ATP in future
kinetic studies of the Rep ATPase. The biphasic fluorescence
change observed upon mixing 1 uM mantATPyS with 0.2
UM Rep (Figure 5A) is similar to that observed with
mantATP. The exponential rates of the two phases, Kobs.1

and kobs 2, increased with [mantATPyS] linearly and hyper-
bolically, respectively (data not shown). In order to extract
elementary rate constants, we used the analysis described
by Bernasconi (1976) since the square root approximation
is not valid for mantATPyS. From knowledge of k. = 0.23
(£0.01) s71, determined from a cold chase displacement
experiment, we obtain the rate constants shown in Table 1,
which are consistent with the [mantATPyS] dependence of
the fluorescence amplitudes. All four rate constants for
mantATPyS are faster than those for mantATP, most notably
the two reverse rate constants. However, the equilibrium
constants K; and Kyveran are not dissimilar from those obtained
with mantATP (Table 1).

The binding of mantAMPPNP to Rep is (macroscopically)
slow compared with either mantATP or mantATPyS and is
characterized by only a single-exponential increase in nucle-
otide fluorescence (Figure 5B) over a wide range of
[mantAMPPNP] (0.05—160 #M) and times (0.1—500 s). The
observed rate constant, ko, increases hyperbolically with
[mantAMPPNP] (Figure 5B, inset; Table 1), while the total
amplitude of the fluorescence change (0.2 uM Rep, 0.05—
100 uM mantAMPPNP) could be fit to a 1:1 binding
isotherm with Koveran = 0.98 uM™!, which is nearly identical
to the value obtained from an equilibrium fluorescence
titration (1.1 uM™). In a cold chase displacement experi-
ment with a Rep—mantAMPPNP complex, the majority of
the fluorescence change (>90%) occurred with a rate
constant of 0.61 (£0.02) s~! (data not shown), which
provides a more accurate estimate of the intercept in Figure
5B (inset). The simplest interpretation of these data is the
two-step mechanism shown in Scheme 1, where the initial
binding step is assumed to be rapidly reversible [see Moore
and Lohman (1994), accompanying paper], and the rate and
equilibrium constants shown in Table 1 were determined
using this model. We have observed no curvature in plots
of kes vs [mantATP] up to ~400 s~! (the fastest rate
measured).

These data suggest that any steps subsequent to the
fluorescence change observed in the transient kinetic experi-
ments do not produce a measurable increase in the overall
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FIGURE 5: Kinetics of mantATPyS and mantAMPPNP binding to
the Rep monomer. (A) 0.2 4M Rep monomer in buffer A at 4 °C
was rapidly mixed with 1 4M mantATPyS. The solid line is a
best fit of the data to the sum of two exponentials, with kgus,1 = 43
871, kops2 = 5.2 571, and Ay/A; = 0.7. Inset: As for A, except the
reaction was monitored over 100 ms. (B) As for A, except 1 uM
mantATPyS was replaced with 1 4uM mantAMPPNP. The solid
line is the best fit of the data to a single exponential, with kg, =
2.0 s71. The deviation of the data from the best fit is shown in the
bottom panel. Inset: Dependence of kos from experiments such
as those in B on [mantAMPPNP]. The solid line is the best fit to
a hyperbola, with a plateau = 42 5!, K, = 0.016 (£0.001) uM 1,
and intercept = 1.3 s7L

binding affinity. However, in the cold chase displacement
experiment, there was clear evidence for a slower phase
occurring at ~0.05 s™! with <10% of the signal, which may
represent the dissociation of mantAMPPNP from a more
tightly bound complex present at low concentrations. Kinetic
studies of AMPPNP binding to the Rep monomer (Moore
& Lohman, 1994) provide direct evidence for such an
additional species.

Binding of mant Deoxyribonucleotides to the Rep Mono-
mer. It is well documented that mant nucleotides exist in
solution as an equilibrium mixture of both the 2’ and 3’
isomers, which are in slow base-catalyzed exchange (21, ~
10 min, pH 7.5, 25 °C) (Cremo et al., 1990; Eccleston et
al.,, 1991; Woodward et al., 1991; Moore et al.,, 1993,
Rensland et al., 1991; Moore, 1992). The two isomers can
be separated by reverse phase HPLC (Moore et al., 1993)
and are present in approximately equal concentrations (60%
3’ isomer). The 3’ isomers of mant nucleotides have twice
the fluorescence intensity (Eccleston et al., 1991; Moore et
al., 1993; Rensland et al., 1991) of the 2’ isomers, and this

Moore and Lohman
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FIGURE 6: Binding of 3’-mant-dATP and mantADP to the Rep
monomer. (A) 0.2 uM Rep monomer in buffer A at 4 °C was
rapidly mixed with 3 or 5 uM 3’-mant-dATP as indicated. The
solid lines (superimposed) are the best fits of each trace to the sum
of two exponentials as follows: (i) 3 uM 3-mant-dATP, kgps1 =
33 57, kopso = 10.5 571, A = 0.85, A, = 0.15; (i) 5 uM 3’-mant-
AATP, kobs) = 49 571, kops2 = 11.3 571, A; = 0.94, A; = 0.06. (B
and C) Deviations of the experimental data from the best fit to
single- (B) and double- (C) exponential functions. Residuals from
both the 3 and 5 yM data are superimposed. (D) 0.2 uM Rep
monomer in buffer A at 4 °C was rapidly mixed with 4 uM
mantADP. The solid line is the best fit of the data to the sum of

two exponentials, where kops) = 148 s71, kops2 = 5.1 871, A; =
11%, A; = 5%. Inset: As for D, except the reaction was monitored
over 50 ms. The arrow indicates the time at which flow stopped.

difference is directly reflected in their fluorescence lifetimes
(Moore, 1992). Since acyl migration potentially may be
responsible for either of the fluorescence changes observed
here, we investigated the interaction of Rep with two
additional classes of mant nucleotides, where the fluorophore
is specifically attached to one (3’-mant-2’-deoxy) or two
(2’,3’-bismant) sites on the ribose sugar. In both cases, acyl
migration and preferential isomer binding cannot occur, and
thus any biphasicity that is observed with these nucleotides
must reflect an intrinsic property of the Rep—nucleotide
complex.

The kinetics of 3’-mant-dATP binding to Rep are quali-
tatively similar to those observed with 2°(3')-mantATP,
although the biphasicity in the time course of 3’-mant-dATP
binding to Rep was less pronounced than that observed with
mantATP. The sum of two exponentials is required to
describe the reaction of 3 and 5 4uM 3’-mant-dATP with 0.2
uM Rep (Figure 6A—C). However, only the time courses
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determined at 3’-mant-dATP concentrations between ~2 and
5 uM could be resolved into the sum of two exponentials;
above 5 uM, the amplitude of the second phase became <5%
of the total amplitude (although ko> appeared to plateau at
~12 571, while below 2 uM 3’-mant-dATP, the rates and
amplitudes of the two phases became too similar to resolve
with confidence. The concentration dependence of the total
amplitude yields an apparent equilibrium constant Koverans =
1.8 (£0.2) uM~!, compared to ~200 uM~! with mantATP.
The time course of dissociation of 3’-mant-dATP from a
Rep—3’-mant-dATP complex is characterized by a double-
exponential process (kobs1 = 4.5 871, kopsp = 0.2 571, A1/Az
~ 10), consistent with the presence of a small fraction of
(P—3’-mant-dATP)* at equilibrium. Therefore, the binding
of Rep monomer to both mantATP and 3’-mant-dATP
requires a minimum of a two-step binding reaction (see later),
as does the binding of nucleotides without the fluorescent
modification (Moore & Lohman, 1994).

We have also investigated the interaction of Rep with
bismant nucleotide derivatives, which contain a fluorophore
on both hydroxyl residues. The fluorescence change fol-
lowing the reaction of Rep with both bismantATP and
bismantATPyS is clearly biphasic over a range of nucleotide
concentrations with observed rate constants similar to those
observed with isomeric mixtures (data not shown). We
therefore conclude that the biphasic time courses observed
in these kinetics experiments are unrelated to acyl migration
of the fluorophore or preferential isomer binding. Finally,
we note that both isomers of mantATP are hydrolyzed by
Rep in the presence of ss-DNA at comparable rates (KJM.M.,
unpublished data).

Kinetics of mantADP Binding to the Rep Monomer. The
binding of mantADP to Rep is also associated with a biphasic
fluorescence change (Figure 6D). The pseudo-first-order rate
constant of the fast phase increases linearly with [mantADP]
[k+1 = (7.1 £ 0.2) x 10®* M™! 57!, intercept = 106 (£7)
s™1, Ky =0.071 (£0.011) uM~1]. The amplitude of the fast
phase increases with {mantADP] over the range 1—15 uM,
consistent with the weaker initial binding of mantADP vs
mantATP. The rate of the slow phase increases with
increasing [mantADP] and is comparable to that observed
with mantATP under similar conditions. We have not
characterized the slow phase of the fluorescence change
quantitatively due to its small amplitude and the fast rate of
the first process. Nevertheless, these data suggest that
Scheme 1 can also describe the kinetics of mantADP binding,
which is consistent with our conclusions based on kinetic
studies of ADP binding (Moore & Lohman, 1994). Con-
sistent with the presence of a tightly bound Rep—mantADP
complex, the dissociation of mantADP is characterized by
at least two exponential processes occurring with observed
rate constants of k. = 100 (£10) s™! and ke = 0.45
(£0.03) s”!. The slow phase of the fluorescence change
presumably represents the dissociation of mantADP from a
(P—mantADP)* complex. Similar results are obtained with
3’-mant-dADP [ky; = (7.2 £ 0.3) x 10 M~ 571, intercept
= 70 (£5) 571, kogry = 60 (£5) 571, kg2 = 1.2 (£0.1) s71].

Temperature Dependence of mantATP Binding to the Rep
Monomer. The experiments described earlier were per-
formed at 4 °C mainly to enable comparisons with our
previous Rep—DNA binding studies, which were also
performed at 4 °C. We have, however, examined the
temperature dependence of the kinetics of 3"-mant-dATP and
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FIGURE 7: Temperature dependence of mantATP and 3’-mant-dATP
binding to the Rep monomer. (A) Arrhenius plots of the apparent
association rate constant, kg, for 3’-mantATP (@) and of the
bimolecular association rate constant, k4, for mantATP (O). (B
and C) Arrhenius plots of the first-order rate constants from Scheme
1. (B) (@) ko for 3’-mant-dATP; (O) k-, for mantATP; (M) k4,
for mantATP. (C) (@) k—; for mantATP; (A) ko for mantATP;
(O) mantATP cleavage rate constant (Table 3).

i

mantATP binding from 4 to 25 °C (Figure 7, Table 2), since
duplex DNA unwinding studies generally have been per-
formed at higher temperatures (Amaratunga & Lohman,
1993). At higher temperatures, the binding of both nucle-
otides to Rep is faster, although weaker, while the maximal
fluorescence amplitudes decrease.

With mantATP, estimates of all four rate constants could
be obtained at 15 and 25 °C, although at 25 °C the
uncertainties in the individual rate constants increase to
~25%. All four rate constants for mantATP binding to Rep,
in addition to the net dissociation rate constant (k.¢), increase
with increasing temperature (Figure 7, Table 2). The
equilibrium constant for the first step, K;, decreases with
increasing temperature, which is consistent with the [mant-
ATP] dependence of the fluorescence amplitudes at higher
temperatures. The equilibrium constant for the second step,
K5 (70 % 10), does not appear to be sensitive to temperature.
The reduction in the overall equilibrium association constant
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Moore and Lohman

Table 2: Temperature Dependence of the Binding of mant Nucleotides to the Rep Monomer?

ki ki2
P+ A < PA < (PA)*
k- k_a
temperature (°C) ki (x10) M™1s7h k-y (57 kia (s7H) koo (s7H kotr (s71) K (uM™ K, KK, (uM™)
4 1.1 3.2 2.9 0.04 0.02 34 73 230
(0.92)* 4.5) (2.04)
10 (1.4) 9.1) (1.50)
15 2.0 16 16 0.20 0.10 1.3 80 100
(1.6) 0) (0.82)
20 2.4) (38) (0.62)
25¢ ~4 ~70 ~60 ~1 0.56 ~0.5 ~60 ~30
3.4 (73) (0.46)

@ Conditions: 20 mM Tris*HCI (pH 7.5 at the indicated temperature), 6 mM NaCl, 5 mM MgCl,, and 10% (v/v) glycerol (buffer A). ® Data in
parentheses are for 3’-mant-dATP. All other data are for 2’(3")-mantATP. ¢ Data at 25 °C are subject to larger error (*25%) than those at 4 and
15 °C, but are consistent with the [mantATP] dependence of the fluorescence amplitudes, A, Az, and Al

(Koverat = K1K>) with increasing temperature therefore reflects
changes primarily in X,.

The kinetic time courses for 3’-mant-dATP binding were
generally of insufficient quality to extract two rate constants
with confidence and therefore were fit to a single-exponential
function. Thus, for 3’-mant-dATP all four rate constants
could not be resolved, and we report only the apparent
association and dissociation rate constants, ko, and kogr. With
3’-mant-dATP, both k,, and k. increase with increasing
temperature (Figure 7, Table 2), as determined from the
slopes and intercepts, respectively, of plots of kops vs [3-
mant-dATP]. The intercept value is essentially identical
within experimental error to the dissociation rate constant
measured from a cold chase displacement experiment with
excess ATP. The apparent equilibrium constant, Kapp (=kon/
kotr) decreases ~5-fold from 4 to 25 °C, indicating that AH®
< 0. The apparent activation energies for the association
and dissociation steps with 3’-mant-dATP are +10.0 (£0.6)
and +18.9 (£1.8) kcal mol™!, respectively (Figure 7A, Table
2). The limited size of the data set with mantATP precludes
an accurate estimation of the activation energies for the
individual steps in the binding mechanism. However, the
association and dissociation rate constants observed with
mantATP are comparable to those observed with 3’-mant-
dATP at the same temperature (Table 2).

Effects of Mg?* on mantATP Binding to the Rep Monomer.
All of the experiments described above were performed in
the presence of 5 mM MgCl,. Using a protease digestion
assay, Chao and Lohman (1990) reported evidence that ATP
can bind to Rep in the absence of Mg?*; however, Mg?™* is
required to detect ATP binding to Rep by nitroceliulose filter
binding (Arai et al.,, 1981a). To investigate this apparent
discrepancy, we examined the effects of Mg?" concentration
on the kinetics of nucleotide binding to the Rep monomer.
Mg?* binding to Rep could not be monitored directly since
the binding of Mg?* does not change the intrinsic tryptophan
fluorescence of Rep.

We initially performed experiments to determine whether
mantATP could bind to Rep in the absence of Mg?*. These
experiments were performed in buffer AE, without added
Mg?*, and in the presence of 2 mM EDTA. A biphasic
increase in mant nucleotide fluorescence was observed when
0.2 uM Rep (in buffer AE) was mixed with 2 4uM mantATP
in the same buffer (Figure 8A). The exponential rate

constants of both phases (kobs1 = 450 7!, kops2 = 47 s71)
were much faster than those observed in the presence of 5
mM MgCl; (buffer A, Figure 2A). Increasing the EDTA
concentration to 20 mM had no further influence on the
observed rate constants. The fluorescence change observed
when excess (5 mM) MgCl, was added to the mantATP
solution in Figure 8A was indistinguishable from that
observed in Figure 2A (data not shown). These results
indicate that mantATP can bind to Rep even in the absence
of Mg?* (<1071 M Mg?"), thus ruling out the possibility
that Rep binds mantATP only as the Mg?*—mantATP
complex. The following experiments provide estimates of
the elementary rate constants for mantATP binding to the
Rep monomer in the absence of Mg?*.

Experiments analogous to those shown in Figure 8A were
performed with a range of [mantATP] of 0.5—25 uM in
buffer AE at 4 °C. The observed rate constant of the fast
phase, kg1, increased linearly with [mantATP] [k+; = (8
+ 1) x 107 M1 571, intercept = 300 (£20) s™!], while the
total fluorescence amplitude increased hyperbolically with
an apparent Koyeran = 0.53 (0.05) uM L. The observed rate
constant for the slow phase, kobs2, increased hyperbolically
with [mantATP], as shown in Figure 8B, with an intercept
= 29 (£2) s7! and a plateau = 69 (£2) s™! [Kyp = 0.38
(£0.04) uM™!]. Dissociation of mantATP from a Rep—
mantATP complex (0.2 uM Rep + 10 M mantATP) in the
presence of 1 mM ATP (Figure 8C) displayed a biphasic
decrease in fluorescence intensity [kopns1 = 240 (£24) s7},
kobs2 = 29 (£0.5) s7']. We attribute the fast phase of this
process to the dissociation of mantATP from P—mantATP
(kobs1 ~ k-1), while the slow phase monitors the slower
dissociation of mantATP from (P—mantATP)* (kobs2 = Koft
~ k-3). The observed rate constant of the slower process
observed in Figure 8C (kor = 29 s7!) is in excellent
agreement with the intercept of Figure 8B (29 s~!), which
should also define ko (eq 3) under these conditions. Fitting
the data in Figure 8 to Scheme 1 and eqs 1—3 yields
estimates of all four rate constants for the binding of
mantATP in the absence of Mg?* (Table 1). All four rate
constants are larger than those determined in the presence
of excess (5 mM) Mg?*. In the absence of Mg?*, k-; and
kose increase ~100-fold and ~1500-fold, respectively, indi-
cating that Mg?* has a major stabilizing influence on the
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FIGURE 8: Kinetics of mantATP binding to the Rep monomer in
the absence of Mg?*. (A) 0.2 4M Rep monomer in buffer A minus
MgCl; + 2 mM EDTA (buffer AE) was rapidly mixed with 2 uM
mantATP in the same buffer at 4 °C. The solid line (superimposed)
is the best fit of the data to the sum of two exponentials, where
kovs1 = 454 571, kopsp = 47 s71, AYA; = 1.2, Inset: As for A,
except the reaction was monitored over 20 ms. (B) Dependence
of kqps2 from the experiments shown in A on [mantATP]. The
solid line is the best fit to a hyperbola, with intercept = 29 s~1,
plateau = 69 s~1, and Ky, = 0.38 (£0.04) uM. (C) 0.2 uM Rep
+ 10 uM mantATP in buffer AE was rapidly mixed with 1 mM
ATP in the same buffer at 4 °C. The solid line (superimposed) is
the best fit to two exponentials, with ks = 240 871, kgpsa = 29
s~1, and Ai/A; ~ 0.5. Inset: The residuals from a best fit of the
data in C to a single-exponential decay.

0.15 0.20

formation of the P—mantATP and (P—mantATP)* com-
plexes.

Kinetics of Mg** Dissociation from Rep—mantATP Com-
plexes. The presence of Mg?* greatly increases the kinetic
and thermodynamic stability of the P—mantATP and (P—
mantATP)* complexes, probably due to the formation of
P—Mg?*—mantATP and (P—Mg?"—mantATP)* ternary
complexes. Since both Mg?* and free mantATP can bind
to the Rep monomer independently (see preceding sections
and Discussion), it was of interest to determine whether
mantATP and Mg?* can dissociate independently or whether
nucleotides are relased from Rep only as their Mg?*
complexes (or both). These possibilities can be distinguished
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by monitoring the kinetics of mantATP dissociation from
(P—Mg?*—mantATP)* upon the addition of EDTA, which
chelates the free Mg?* [see Bagshaw and Trentham (1974),
Eccleston (1981), and John et al. (1993)]. In the discussion
that follows, we treat the kinetically important site for Mg?*
binding as the ATP binding site by analogy with other
nucleotide binding proteins. However, we cannot exclude
the possibility that Mg?* binding to an additional separate
site on the Rep monomer influences the kinetics of mantATP
binding and dissociation.

Upon mixing a Rep—Mg?"—mantATP complex with
excess EDTA and ATP, the dissociation of mantATP and
Mg?* can, in principle, occur by any of the three mechanisms
in Schemes 2—4. The observed rate of mantATP dissocia-
tion (kaiss) in the presence of excess ATP according to
Schemes 2—4 is then given by

Kgigs = [(hp k)l (kyy + k—l[Mg2+] t k)]t
kiz t ks (4)

Since k+1 < k4, (see below), eq 4 predicts that kg will
decrease approximately hyperbolically from kgiss = kyy +
k+3 + k+s in the presence of excess EDTA to kgiss = k+3 +
k+s in the presence of excess Mg?*. The difference between
these limiting values can be used to estimate k), the rate
constant for the independent dissociation of Mg?* from the
ternary complex (Scheme 2). When a Rep—mantATP
complex in 50 uM MgCl, was mixed with 10 mM EDTA
plus 1 mM ATP, kys was measured to be 0.055 (£0.003)
s~! (Figure 4B, curve b), compared to 0.021 (£0.002) s™!
in the presence of 5 mM MgCl, (Figure 4B, curve a). These
limiting values were unaffected by increasing the [EDTA]
or [Mg?*]. The difference between these values yields k4,
= 0.034 (£0.004) s7!, which indicates that both the
nucleotide and the Mg?* dissociate from the ternary complex
at comparable rates. Similar values for k4, were obtained
with 3’-mant-d ATP, mantAMPPNP, mantADP, and 3’-mant-
dADP. However, a considerably higher value for k4 was
obtained with mantATPyS [k+; = 0.22 (£0.01) s™1].

DNA-Independent Single-Turnover Cleavage of mantATP
and ATP by the Rep Monomer. Rep, along with other
helicases, is often referred to as a DNA-dependent ATPase,
although the true rate of ATP cleavage by DNA-free Rep
has not been measured quantitatively. In fact, all previous
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FIGURE 9: Single-turnover cleavage of mantATP by the Rep
monomer. @®: 0.2 uM Rep monomer in buffer A at 4 °C was
manually mixed with 0.1 4M [a-*?P]ATP in the same buffer. At
the time points indicated, aliquots of the reaction were quenched
into HCIO, and analyzed for [0-3?P]JADP as described under
Materials and Methods. The solid line is the best fit to an
exponential decay in [P—ATP], where ks = 2.1 x 1073 s71
Continuous data: 0.2 4uM Rep (from two preparations) in buffer A
at 4 °C was rapidly mixed with 0.1 uM mantATP. The slow decay
in fluorescence (superimposed) could be described by a single-
exponential decay for both protein preparations (ks = 0.82 x 1072
s™h. O: 0.4 uM Rep + 0.2 uM mantATP in buffer A at 4 °C was
incubated in the drive syringes of the stopped-flow apparatus. After
various incubation times, a sample of the reaction mixture was
rapidly mixed with 1 mM ATP. The amplitude of the observed
fluorescence change in the chase experiment is plotted as a function
of the incubation time. The solid line is the best fit of the data to
a single-exponential decay (kos = 0.80 x 1073 s71).

measurements of Rep ATPase activity (XDNA), as well as
those of other helicases, have been steady-state measurements
performed in excess ATP (Kornberg et al., 1978; Arai et
al., 1981a; Wong et al., 1993), which can be greatly
influenced even by very small amounts of contaminating
DNA contained within the protein stocks.

The high affinity of the Rep monomer for mantATP and
ATP (Moore & Lohman, 1994) suggested that the rate of
nucleotide hydrolysis by DNA-free Rep monomer could be
determined directly by monitoring a single-turnover reaction
in the presence of excess Rep. Three approaches were used
to obtain estimates of the true DNA-independent ATP and
mantATP cleavage rates with the Rep monomer. The first
approach measured the single-turnover rate of ATP cleavage
using radiolabeled ATP. The cleavage of 0.1 uM [0-3?P]-
ATP in the presence of 0.2 uM Rep (>90% ATP bound) at
4 °C is shown in Figure 9 and is described by a single-
exponential decay with ks = 2.1 x 1073 s7!. Further
experiments with a 5-fold excess of ATP (1 uM) showed
no sign of a burst of product formation, suggesting that
product release is not rate-limiting in this reaction.

A continuous fluorescence assay was used to measure the
single-turnover rate of mantATP cleavage. Since mant-
ADP binds weakly to Rep and product release is not rate-
limiting, as discussed earlier (k& for mantADP = 0.45 s™1),
the binding of 0.1 4uM mantATP to 0.2 4uM Rep (which
results in >95% of the mantATP bound to Rep) will be
followed by a decrease in mant nucleotide fluorescence
intensity, which reflects the dissociation of mantADP but
which is limited by the rate of mantATP hydrolysis. The
time course of mantATP hydrolysis determined in this
manner follows a single-exponential decay with kqps = 8.3
x 107* s~! (Figure 9, continuous data). We observe
superimposable time courses for two such experiments
performed with two preparations of Rep, which show a 4-fold

Moore and Lohman

Table 3: Temperature Dependence of the First-Order mantATP
Cleavage Rate Constant®

mantATP cleavage

temperature (°C) rate constant (x 1073 s71)

4 0.83 (£0.04)
10 2.1 (£0.05)
15 3.4 (£0.04)
20 4.8 (£0.06)
25 9.0 (£0.08)

¢ Conditions: 20 mM Tris'HCI (pH 7.5 at the indicated temperature),
6 mM NaCl, 5 mM MgCl;, and 10% (v/v) glycerol (buffer A).

difference in their apparent steady-state DNA-independent
ATPase activities.

An independent estimate of the rate of mantATP cleavage
was obtained using a different approach. The amplitude of
the fluorescence change (AF,) observed in a cold chase
mantATP displacement experiment (e.g., Figure 4B, curve
a) is proportional to ([P—mantATP] + [P—mantATP)*]),
which is dominated by the concentration of (P—mantATP)*
(since K; > 1). Therefore, the rate of mantATP hydrolysis
can also be determined by performing displacement experi-
ments as a function of the incubation time. In the presence
of excess Rep, AFus will decrease exponentially with
incubation time at a rate that defines the first-order rate of
mantATP cleavage. The results of this experiment are shown
in Figure 9, from which we calculate kops = 8.0 x 107471,
This rate constant is essentially identical to that obtained
earlier using the continuous assay (8.3 x 107*s7!).

We have measured the first-order rate of mantATP
hydrolysis as a function of temperature (0.03 uM mantATP,
0.4 uM Rep), and the results are given in Table 3. The
cleavage rate increases with increasing temperature, with an
apparent activation energy of 18 (%2) kcal mol™! for the
cleavage step [Figure 7C, kops = (9.0 £ 0.1) x 1073 s7! at
25 °C]. These studies indicate that the rate of mantATP
hydrolysis is >25-fold slower than the slowest rate constant
measured in Figures 1—8, and therefore mantATP hydrolysis
does not interfere with the kinetic measurements for any of
the hydrolyzable nucleotides studied here.

DISCUSSION

Application of Fluorescent Nucleotide Analogues. The
experiments described here focus on the kinetic mechanism
of mant nucleotide binding to the E. coli Rep monomer. The
kinetics and mechanism of Rep binding to ATP, ADP, and
other nonfluorescent ligands are discussed by Moore and
Lohman [1994 (accompanying paper)]. These studies rep-
resent a basic characterization of the nucleotide binding
properties of the Rep monomer, which provides the necessary
background and the approaches for subsequent studies of
the functionally active dimeric Rep helicase that forms upon
binding DNA (Wong et al., 1992; Wong & Lohman, 1992).

mant nucleotides have been used successfully to investi-
gate the kinetic mechanisms of a number of other ATPases
(Hiratsuka, 1983; Cremo et al., 1990; Woodward et al., 1991;
Sadhu & Taylor, 1992) and GTPases (Neal et al.,, 1990;
Moore et al., 1993; Eccleston et al., 1991, 1993; Brownbridge
et al., 1993; John et al., 1990). For our studies with Rep,
mant nucleotides were found to be more useful than 2,4,6-
trinitrophenyl-ATP (TNP-ATP) and 1,N®-ethenoadenosine
triphosphate (¢ATP). The 20-fold increase in sensitized
fluorescence emission observed upon binding mantATP to
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Rep allows the kinetics of nucleotide binding to be examined
over a wide range of nucleotide concentrations. The use of
sensitized emission is likely to be particularly useful in cases
where the fluorescence intensity of the mant fluorophore
itself is not significantly perturbed upon binding to the protein
of interest. The observed fluorescence change occurs upon
the association of mantATP to Rep (step 1 of Scheme 1),
with P—mantATP and (P—mantATP)* possessing equal
fluorescence intensities, indicating that the fluorescence
change monitors only the difference between free and bound
nucleotides. Since both phases of the binding reaction are
observed, all four elementary rate constants can be deter-
mined either analytically or by numerical integration tech-
niques (Barshop et al,, 1983; Zimmerle & Frieden, 1989;
Zimmerle et al., 1987), with identical results.

The kinetics of mant nucleotide binding to the Rep
monomer are similar to those observed with the parent
nucleotides (Moore & Lohman, 1994). Furthermore, both
the Rep monomer (Figure 9) and dimeric Rep—DNA
complexes (K.J. M.M., unpublished data) hydrolyze mantATP
at rates that are comparable to those observed with ATP.
Rep-catalyzed unwinding of duplex DNA is also efficiently
supported by mantATP (K. P. Bjornson, K.JM.M., and
T.M.L., unpublished data), and thus mant nucleotides will
be useful in future studies of the DNA unwinding mechanism
of Rep and other helicases.

mant nucleotides exist as a mixture of 2’ and 3’ isomers
that are present in approximately equal concentrations
(Cremo et al., 1990; Moore et al., 1993), but have differing
fluorescence intensities and lifetimes. As such, a priori it
is preferable to use the mant derivative of 2’-deoxy-ATP,
where the fluorophore is specifically located at the 3’
position. However, while the affinity of the Rep monomer
for 3’-mant-dATP is lower than for 2’(3’)-mantATP, the
kinetic mechanism of binding appears to be the same for
both nucleotides (Figure 6A—C). Furthermore, the observed
biphasic kinetics is not a consequence of the mant isomer-
ization equilibrium. The two phases of the fluorescence
change are more clearly resolved with 2°(3")-mantATP, and
thus use of this analogue allows the elementary rate constants
to be determined with greater precision.

Kinetic Mechanism of mant Nucleotide Binding to the Rep
Monomer. On the basis of the observation that mantATP
binding to Rep shows biphasic kinetics below ~4—5 uM
mantATP, a simple one-step bimolecular interaction of Rep
with mantATP appears unlikely. Biphasicity in the kinetics
of protein—ligand interactions can result from a variety of
kinetic mechanisms, where the first phase reflects the
bimolecular step and the second phase generally reflects first-
order rearrangements of the protein, ligand, or both [see
Johnson (1992), Halford (1971, 1972), and Bagshaw et al.
(1974)]. Whereas mechanisms that involve an isomerization
of the free enzyme (Engelborghs & Eccleston, 1982) or
substrate (Trentham et al., 1969) prior to ligand binding are
inconsistent with our experimental data [see Halford (1971,
1972)], we cannot rigorously exclude a mechanism involving
two distinct binding modes for mantATP [see eq 19 of
Bagshaw et al. (1974)]. However, this alternative mechanism
is unlikely for ADP and AMPPNP binding to Rep, since it
would require these nucleotides to have bimolecular associa-
tion rate constants of ~10° M~! s~! (Moore & Lohman,
1994), which is uncharacteristically low for a bimolecular
association rate constant (typically ~107—108 M~! s~1). As
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a result, Scheme 1 is the simplest mechanism that is
consistent with the kinetic data for all of the nucleotides
studied here and in the accompanying paper (Moore &
Lohman, 1994). The ambiguities noted above in the
interpretation of these data are inherent generally to systems
where mechanisms analogous to Scheme 1 have been
proposed.

As in the case of Rep, previous studies of a number of
ATPases and GTPases have concluded that nucleotide
binding proceeds by a two-step reaction mechanism [see
Eccleston et al. (1992) and references therein]. Most often,
this has been based on the hyperbolic (or at least nonlinear)
dependence of the rate of nucleotide binding on substrate
concentration. In these cases, the weak initial binding step
has been assumed to be rapidly reversible and/or spectro-
scopically silent, such that only the conformational step was
observed. However, with Rep, the initial binding of mant-
ATP (kous,1) is observable on the stopped-flow time scale as
a result of the slow dissociation of mantATP from the initial
binary complex, P—mantATP, and thus we can determine
all four rate constants describing Scheme 1.

Binding of mantATPyS, mantAMPPNP, and mantADP to
the Rep Monomer. In studies of the kinetic mechanism of
many ATPases and GTPases, nonhydrolyzable or slowly
hydrolyzable nucleoside triphosphate analogues, such as
AMPPNP and ATPyS, are commonly used to distinguish
those steps associated with ligand binding from those that
result from cleavage of the y-phosphate. In general, we find
that the kinetics and thermodynamics of mantATPyS binding
to the Rep monomer (Figure 5A) are similar to those
observed with mantATP; modification of the terminal
phosphate leads to only a marginal reduction in overall
binding affinity (Table 1). The ss-DNA-stimulated ATPySase
activity of Rep is ~10%-fold lower than that observed with
ATP under these conditions (K.J.M.M. and T.M.L., unpub-
lished data). Therefore, ATPyS and its derivatives should
be useful analogues of ATP for use in kinetic studies of the
DNA-stimulated ATPase of Rep.

In contrast, the kinetics and thermodynamics of mant-
AMPPNP binding to Rep are very different from those of
mantATP. A two-step binding mechanism for mantAMP-
PNP is inferred from the hyperbolic dependence of the
observed rate constant on [mantAMPPNP] (Figure 5B, inset).
It is unclear whether these two steps are the same as those
observed for mantATP and mantATPyS (with different rates
and equilibrium constants) or whether they have a different
molecular origin. Clearly, a kinetic study cannot make this
distinction unambiguously. Although there is evidence for
a more tightly bound species from cold chase displacement
experiments, apparently it is not highly populated at equi-
librium. In this context, the parent nucleotide analogue,
AMPPNP, which interacts with Rep in a manner very similar
to that observed with mantAMPPNP, shows direct evidence
for an additional bound state, (P— AMPPNP)** (Moore &
Lohman, 1994). Despite the altered kinetics and thermo-
dynamics of mantAMPPNP binding to Rep, the use of
AMPPNP over ATPyS is preferable for equilibrium binding
studies since the latter nucleotide is hydrolyzed at a low,
but significant, rate by Rep. In our previous studies of the
effects of nucleotides on the equilibriurn DNA binding of
Rep, high concentrations of AMPPNP (2 mM) were used
(Wong & Lohman, 1992), so that saturation of the protein
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with AMPPNP was likely to have been achieved despite its
lower overall binding affinity for Rep.

The affinity of the Rep monomer for mantADP is
significantly lower than for mantATP, although the binding
mechanism also appears to be a two-step reaction (Figure
6D). In contrast, the DnaB helicase binds fluorescent
analogues of ATP and ADP with comparable affinity (Biswas
et al., 1986; Bujalowski & Klonowska, 1993). While the
association rate constants are near 10’ M~! s7! for Rep
binding to both mantATP and mantADP, the dissociation
rate constants (k-1 and ko) for mantADP are ~30-fold and
~20-fold higher, respectively. Weaker binding of mantADP
is also evident from the single-turnover hydrolysis of
mantATP to mantADP, which leads to a net dissociation of
nucleotide from Rep and is consistent with an overall affinity
of ~10° M~! for mantADP (see Figure 9). Due to the
smaller fluorescence signals, weak binding, and rapid dis-
sociation of mantADP from Rep, we have found it more
convenient to monitor ADP binding indirectly by kinetic
competition with mantATP (Moore & Lohman, 1994); the
results of these experiments support the major conclusions
discussed above.

Binding of mantATP to Rep at Higher Temperatures. The
majority of the experiments reported here were performed
under the same solution conditions and temperature (4 °C)
used in the previous equilibrium studies of Rep—DNA
binding (Wong et al., 1992; Wong & Lohman, 1992).
However, since the kinetics of duplex DNA unwinding is
generally performed at higher temperatures (Amaratunga &
Lohman, 1993), we also investigated the binding kinetics of
mantATP and 3’-mant-dATP as a function of temperature
from 4 to 25 °C (Table 2). We observe that all four rate
constants increase with increasing temperature. The apparent
activation energy for the association step with rate constant
k+1is ca. + 10 kcal mol ™!, which is larger than that predicted
for a diffusion-controlled reaction in 10% (v/v) glycerol
(~6.5 kcal mol~1).3 At 25 °C in the presence of 5 mM Mg?*,
the bimolecular rate constant k+; = 4 x 107 M~! s™!, which
is comparable to, or higher than, the bimolecular rate
constants for other small ligands binding to proteins (Gut-
freund, 1972; Fersht, 1985; Berg & von Hippel, 1985;
Lohman, 1986); however, k., increases further upon removal
of Mg?*, indicating that these are not diffusion-controlled
reactions.

While the equilibrium constant for the initial binding step,
K, decreases with increasing temperature (AH° < 0), the
equilibrium constant for the second step is relatively
independent of temperature. Therefore, the reduction in the
overall equilibrium binding affinity of mantATP for Rep with
increasing temperature is primarily due to changes in K,
(Table 2). The effective rate of nucleotide dissociation, k.,
is likely to be too fast above 15 °C to permit nucleotide
binding to be determined quantitatively by nonequilibrium
separation methods, such as spin columns [upper limit ~0.2
s~! for the nucleotide dissociation rate (Stitt, 1988)].

Effect of Mg?* on mantATP Binding to the Rep Monomer.
A divalent metal ion (e.g., Mg?") is required for Rep ATPase

3 As calculated from the temperature dependence of the solution
viscosity, a diffusion-controlled reaction in water is predicted to have
an activation energy (Ea.) of 4—5 kcal mol~! (Lohman, 1986), whereas
in 100% glycerol Ey is ~16 kcal mol™! and in 10% glycerol E, is
predicted to be ~6.5 kcal mol™!,

Moore and Lohman

Scheme 5
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activity, although previous studies had not established
whether Mg?* is required for ATP binding per se. The data
presented in Figure 7 indicate that the Rep monomer is able
to bind Mg?*-free mantATP (and also Mg?t-free ATP;
Moore & Lohman, 1994), although all four elementary rate
constants are increased relative to those observed in the
presence of excess [Mg?*]. In particular, we observe that
k+ increases to a value of ~8 x 107 M™! 57! (at 4 °C),
which is approaching that for a diffusion-controlled reaction
(Berg & von Hippel, 1985; Lohman, 1986).

The mechanism of Mg?* release from several protein—
Mg?*—nucleotide complexes has been studied by determin-
ing the effect of EDTA on the rate of nucleotide dissociation.
Mechanisms analogous to Scheme 2 apply for EF-Tu
(Eccleston, 1981) and p21™ (John et al., 1993), while a
mechanism analogous to Schemes 3 and 4 describes the
dissociation of nucleotides from myosin S-1 (Bagshaw &
Trentham, 1974). The data presented here suggest that an
intermediate situation occurs with Rep monomer, such that
both the Mg?* and the nucleotide dissociate from a P*—
Mg?*—mantATP complex at comparable rates. The much
faster rate of Mg?* dissociation from P*—Mg?*—~mantATPyS
suggests that Mg?* exerts its effect at the nucleotide binding
site and may reflect the weaker interaction of sulfur with
Mg?* or possibly a less specific structural modification of
the ATP binding site upon thio substitution.

The overall affinity of Rep for mantATP in the absence
of Mg** (Koverat = K1K> ~ 2.5 x 10° M™1) is ~103-fold
lower than in the presence of Mg?*, due to a ~10- and ~100-
fold reduction in the values of K, and K, respectively. A
thermodynamic cycle showing the interaction of Rep mono-
mer (P) with mantATP (A) and Mg?* (M) is shown in
Scheme 5, where PMA* is equivalent to (P—mantATP)* in
Scheme 1 and X, is the equilbrium association constant for
step n, with K; =34 x 108 M~ K, =73, K; = 3.3 x 10°
M_l, and K; = 0.84. Since K5K, = K3K¢ and K¢K, = K4K7,
then K ~ 10Ks and K7 ~ 80Ks. Thus, the affinity of Mg?*+
for Rep increases in progression from P to P—mantATP to
(P—mantATP)*. The accurate determination of Ks, K¢, and
K7, as well as the rate constants for these steps, will require
more direct approaches to monitor Mg?* binding. Such
studies can also address the issue of whether there are
additional binding sites for Mg?* (or other metal ions) and
help to determine the kinetically preferred path for the
binding of a mixture of Mg?* and ATP to metal-ion-free
Rep.

The 103-fold reduction in the affinity of Rep for mantATP
upon the removal of Mg?* may reflect important interactions
of Mg?* with the triphosphate moiety of mantATP. We note
that Rep—Mg?* binds to inorganic phosphate more tightly
than it does to adenosine (Moore & Lohman, 1994),
suggesting that the interactions of Rep with the base and
the ribose moiety of nucleotides are less important than those
with the phosphate groups. Furthermore, UTP, GTP, and
CTP bind with only 30— 100-fold lower affinities than ATP
(Arai et al., 1981a). The isomerization of P—Mg?"—
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mantATP to (P—Mg?*—mantATP)* is associated with an
~80-fold increase in affinity of the protein for Mg?*. One
possible explanation for these data is that the formation of
the tightly bound complex may involve a relatively slow
conformational change in the phosphate binding loop of Rep.
Upon removal of the metal ion, we note that both forward
rate constants increase. A model in which the binding of
Mg?* by Rep provides structural and conformational con-
straints on the protein (into a more closed conformation?)
would be consistent with a reduction in the rates of all four
rate constants relative to those obtained with Mg?*-free Rep.

Intrinsic ATPase Activity of the Rep Monomer. Single-
turnover kinetic experiments demonstrate that the Rep
monomer possesses a slow, but significant intrinsic (DNA-
independent) ATPase activity, which is independent of the
Rep preparation (Figure 9). As a result, it is more appropri-
ate to refer to the ATPase activity of Rep as DNA-stimulated
rather than DNA-dependent. In fact, similar studies with
other helicases will likely indicate that these NTPase
activities are not strictly dependent upon DNA binding. The
apparent steady-state rate of ATP hydrolysis measured with
Rep in the absence of added DNA is slightly Rep preparation-
dependent and is faster than the true first-order cleavage rate
measured in our single-turnover experiments, and thus it must
represent an overestimation of the true k.. This higher value
for k.. determined from a steady-state ATPase measurement
probably reflects the presence of low, but variable, amounts
of contaminating DNA, which dramatically increases the
apparent steady-state rate of ATP hydrolysis. Since we
observe no burst of product formation in these multiple-
turnover experiments, it is likely that the rate-limiting step
in the Rep monomer ATPase occurs either prior to or at the
chemistry step. Although the intrinsic rate of ATP hydrolysis
by Rep monomer is slow (~0.001 s! at 4 °C, ~0.01 s™! at
25 °C), it is >50-fold faster than the intrinsic GTPase activity
of p21"» (Neal et al., 1988; Moore et al., 1993). The intrinsic
ATPase activity of Rep increases by ~103-fold upon ss-DNA
binding and by an additional ~10-fold upon Rep dimerization
(Wong et al., 1993; K.J.M.M., unpublished experiments). An
understanding of the mechanism by which the binding of
DNA and the subsequent dimerization of Rep increase the
intrinsic ATPase by ~10%fold remains an important goal
for future studies.

Equilibrium binding of nucleotides to Rep (Arai et al.,
1981a) and other helicases has been studied in the absence
of nucleic acids, e.g., E. coli DnaB (Arai et al., 1981b;
Biswas et al., 1986; Bujalowski & Klonowska, 1993) and
E. coli rho protein (Stitt, 1988; Geiselmann & von Hippel,
1992); however, this report is the first to consider the detailed
kinetics of nucleotide binding. Our results also suggest an
explanation for why a Rep—ATP complex was not observed
in the absence of Mg?" by Arai et al. (1981a). Under these
conditions, the rate of nucleotide dissociation from Rep is
rapid (e.g., Figure 8C) on the time scale of the separation
procedure used (filter binding); hence, the inability to observe
nucleotide complex formation is likely to be a kinetic artifact
of the separation technique. A similar explanation likely
applies to the inability to observe the binding of ATP to rho
by ultrafiltration techniques (Stitt, 1988).

In summary, the data presented here are consistent with
the two-step mechanism shown in Scheme 1 for the binding
of mantATP to the Rep monomer. Furthermore, the kinetics
and equilibrium binding properties of the Rep monomer are
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modulated dramatically by Mg?* in ways that suggest
important interactions of the triphosphate moiety of mantATP
with the Mg?* ion. In the Rep system, the mant derivative
of ATPyS appears to be a better kinetic analogue of
mantATP than does mantAMPPNP. The use of mantATP
to determine the kinetic and equilibrium parameters for the
interaction of Rep with nonfluorescent ligands by kinetic
competition methods is described in the accompanying paper
(Moore & Lohman, 1994). Both approaches should prove
useful for subsequent studies of the nucleotide binding and
hydrolysis properties of the different Rep—DNA dimer
species (Wong et al., 1992) and of other helicases.
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