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ABSTRACT: We have used the intrinsic tryptophan fluorescence of the EcoRV restriction endonuclease to
monitor changes in protein conformation during binding and cleavage of a duplex oligodeoxynucleotide
substrate. Appropriate conditions for single-turnover reactions were first determined by steady-state kinetics.
When single turnovers were monitored by stopped-flow fluorescence, the mixing together of EcoRYV,
oligonucleotide and MgCl, resulted in a rapid increase in tryptophan fluorescence followed by a slow
decrease. Further analysis by order-of-mixing and quench experiments showed that the transient increase
in fluorescence was due to a conformational change coupled to DNA binding, while the subsequent decay
was concomitant with phosphodiester hydrolysis. The rate of the latter step varied with the concentration
of Mg?" ions, but another Mg?*-dependent transition was observed upon the addition of MgCl, to a
preformed enzyme—DNA complex. These results lead to a reaction scheme in which one Mg?* binds to
the active site prior to phosphodiester hydrolysis but a second Mg?* is then needed to carry out the
hydrolytic reaction. This scheme is correlated to the crystal structures of the EcoRV endonuclease and
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its complexes with DNA and Mg?* ions.

The two preceding papers (Kostrewa & Winkler, 1995;
Vipond et al.,, 1995) present new data on the structure of
the EcoRV restriction endonuclease and on its interactions
with the divalent metal ions that it needs for DNA cleavage.
These reports were preceded by a number of earlier studies
on this enzyme [reviewed by Halford et al. (1993) and by
Vipond and Halford (1993)]: X-ray crystallography on the
free protein and its complexes with either specific or
nonspecific DNA in the absence of Mg?* (Winkler, 1992;
Winkler et al., 1993); DNA binding equilibria (Taylor et al.,
1991; Thielking et al., 1992); DNA cleavage specificity
(Taylor & Halford, 1989, 1992; Vermote & Halford, 1992);
nucleotide and phosphate analogs (Newman et al., 1990a,b;
Grasby & Connolly, 1992; Jeltsch et al., 1993; Waters &
Connolly, 1994); site-directed mutagenesis (Thielking et al.,
1991; Vermote et al., 1992; Selent et al., 1992). However,
almost all previous measurements of DNA cleavage by
EcoRV were made under steady-state conditions and thus
yielded comparatively little information about the intermedi-
ates in the reaction pathway. We describe here an analysis
of the catalytic cycle of EcoRV by rapid-reaction techniques.

The substrate for stopped-flow experiments was a 12 bp!
DNA duplex made from a palindromic oligodeoxynucleotide,
GACGATATCGTC. It contains the EcoRV recognition site,
GATIATC, where | marks the point of cleavage (Schildkraut
et al., 1984; D’ Arcy et al., 1985). This particular substrate
was chosen because it has already been tested with EcoRV

* This work was supported by the Science and Engineering Research
Council and the Wellcome Trust.

* The submissions to the Brookhaven Protein Data Bank, SRVE,
6RVE, and 7RVE, have been renamed by the Protein Data Bank as
1IRVA, 1RVB, and IRVC, respectively.

* Correspondence to this author. Phone: —+44-(0)117-9-287429.
Fax: +44-(0)117-9-288274.

® Abstract published in Advance ACS Abstracts, December 1, 1994,

! Abbreviations: bp, base pair(s); HPLC, high-performance liquid
chromatography; Kp, equilibrium dissociation constant; PDB,
(Brookhaven) Protein Data Base; T, melting temperature.

0006-2960/95/0434-705$09.00/0

(Newman et al., 1990a,b; Waters & Connolly, 1992, 1994).
It has a T, of 53 °C (Newman et al., 1990a) and is thus
double-stranded under all conditions used here. Cleavage
of this DNA can be detected by quenching samples taken
from the reaction at timed intervals and then separating the
hexanucleotide products from the dodecanucleotide substrate
by HPLC (Newman et al., 1990a). Its cleavage can also be
monitored in a UV spectrophotometer by the hyperchromic
shift assay (Waters & Connolly, 1992). The latter stems
from the 6 bp products melting to single strands at temp-
eratures where the 12 bp substrate remains double-stranded.
We have used the resultant change in UV absorbance to
follow the progress of both steady-state and single-turnover
reactions. But our principal means for observing rapid
reactions has been from changes in the tryptophan fluores-
cence of EcoRV (Baldwin & Halford, 1994).

In the complexes of EcoRV with either cognate or
noncognate DNA, the DNA is held in a deep cleft between
the two subunits of the dimeric protein (Winkler et al., 1993;
Kostrewa & Winkler, 1995). EcoRV has four tryptophan
residues per subunit, but none of these are on the DNA—
protein interface nor are any near the active site. Instead,
they are located either in the interior of the protein or on the
external surface diametrically opposite the DNA-binding
cleft. Consequently, any change in the intrinsic fluorescence
of EcoRV upon binding or cleaving DNA is likely to be
due to a conformational change in the protein that alters the
environment of one or more of these distant tryptophans.
The structure of the free EcoRV protein differs from that
bound to nonspecific DNA, and it differs again when bound
to specific DNA (Winkler et al., 1993). The EcoRV protein
thus has several distinct conformations, but, as yet, nothing
is known about the interconversions of these states. Hence,
one purpose of the stopped-flow studies described here was
to utilize the tryptophan fluorescence of EcoRV to report
on the conformational changes during the course of the
reaction.

© 1995 American Chemical Society
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EXPERIMENTAL PROCEDURES

Enzyme Purification. The EcoRV restriction endonuclease
was purified as described previously (Luke et al., 1987)
except that the =90% pure enzyme was now stored at 4 °C
as a slurry in ammonium sulphate (80% saturated). Prior to
each set of experiments, the enzyme was recovered from
the slurry by centrifugation, dissolved in 50 mM Tris-HCI
(pH 7.5), 100 mM NaCl, and 0.1 mM spermine, and dialyzed
overnight against the same buffer. Protein concentrations
were determined by ODag with an extinction coefficient of
1.04 x 10° M~ ecm™! (D’ Arcy et al., 1985) where M refers
to the molarity of the dimeric protein.

HPLC. Reverse-phase HPLC was performed on a Spectra
Physics P4000 system fitted with a UV1000 detector set at
254 nm, a SP4290 peak integrator and a Hichrom NC300-
5C18-250A octadecyl column thermostatted at 50 °C.
Gradients were developed using 0.1 M triethylammonium
acetate (pH 6.5) with 5% acetonitrile (buffer A) and 0.1 M
triethylammonium acetate (pH 6.5) with 65% acetonitrile
(buffer B), at a flow rate of 1 mL/min.

Oligodeoxynucleotide Synthesis and Purification. The
oligodeoxynucleotide GACGATATCGTC was synthesized
on a Du Pont CODER 300 DNA synthesizer with reagents
from Cruachem. After deblocking with ammonia, the
dimethyltrityl oligonucleotide was purified by reverse-
phase HPLC using a 20—50% gradient of buffer B over 15
min. Solvents were removed from the pooled frac-
tions by evaporation and the trityl group released by stirring
with 80% acetic acid for 30 min. The acetic acid was
removed by coevaporation with water, and the oligonucle-
otide was then dialyzed against 20 mM Tris-HCl (pH 7.5)
and 100 mM NaCl, using Spectra Por cellulose ester
membrane (2000 MW cut-off). The substrate was annealed
by heating to 70 °C followed by cooling to 20 °C overnight.
Concentrations were determined by OD»s4 with an extinction
coefficient of 1.66 x 10° M~! cm™! for the duplex (Newman
et al., 1990a).

Steady-State Kinetics. Reactions were generally carried
out in 1-mL cuvettes at 25 °C in TN buffer (50 mM Tris-
HCl, pH 7.5, 100 mM NaCl) containing the indicated
concentrations of MgCl,. Concentrations of the duplex
oligodeoxynucleotide were varied from 0.05 to 5 4uM. The
reactions were initiated by adding 2 uL of the enzyme
solution to give a final concentration of 1 or 2 nM EcoRYV.
The progress of the reaction was measured by following the
increase in OD,g (Waters & Connolly, 1992) with a Perkin
Elmer A2 spectrophotometer. Reaction velocities were
determined by computer-fitting to the initial linear portion
of the increase in OD,g with time and were normalized for
the variations in enzyme concentration.

Stopped Flow. Stopped-flow reactions were done in TN
buffer, supplemented with MgCl, as required, at 25 °C
(unless noted otherwise) in a Hi-Tech Scientific SF-51
apparatus. This device holds the two solutions of reactants
in separate syringes: we will call “mixing” the intermingling
of equal volumes of the two solutions in the flow cell, which
is completed in about 2 ms; “premixing” will refer to the
composition of the solutions in each syringe. The concentra-
tions of the reactants are given after mixing. The apparatus
was equipped with a 100-W mercury—xenon light source
and a variable wavelength monochromator. Tryptophan
fluorescence was excited at 290 nm and 90° emission
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observed through a Schott-Jena WG 320 cut-off filter, a set-
up that excludes virtually all tyrosine fluorescence. Changes
in absorbance were recorded with the same instrument but
with the photomultiplier positioned at 180° to the light
source. Both fluorescence and absorbance readings recorded
with this instrument are given as relative values against an
arbitrary offset of 1 V. Data were collected and analyzed
with the Hi-Tech Scientific IS-1 software. The records
shown are the averages from 3—12 consecutive repeats of
each reaction.

At high light intensities, the EcoRV protein was found to
undergo some photobleaching. This resulted in a small but
progressive decrease in fluorescence intensity that continued
for a much longer time than any of the reactions described
here. The records from the reactions over long time bases
(>1 s) have been corrected for this linear deviation: over
short time bases (<1 s), the decrease in signal due to
photobleaching was too small to detect.

Quench Assay. A reaction containing EcoRV (4 uM),
oligodeoxynucleotide (2 uM), and MgCl, (1 mM) in 400
#L of TN buffer at 15 °C was initiated by the addition of
the MgCl,. Aliquots (20 uL) were removed from the
reaction at 5 s intervals and mixed immediately with an equal
volume of 0.5 M NaOH (Newman et al.,, 1990a). The
quenched aliquots were stored on ice and analyzed as quickly
as possible thereafter (to minimize degradation of the
oligonucleotide). Analysis was by reverse-phase HPLC
using a 5—15% gradient of buffer B over 15 min: the two
hexanucleotide products eluted together, before the intact
dodecanucleotide. The ODjss peaks from substrate and
products, both single-stranded under the HPLC conditions,
were integrated, and percent cleavage was determined from
the ratio of the individual peaks to the total area.

Data Analysis. Data analyses and curve fitting for both
steady-state and single-turnover experiments were by non-
linear regression using GRAFIT (Erithacus Software, Slough,
U.K.). The errors quoted are the standard deviations from
the fitting procedures.

RESULTS AND DISCUSSION

Steady-State Analysis. The EcoRV restriction enzyme
cleaves the duplex form of GACGATATCGTC, but, com-
pared to plasmid substrates such as pAT153 (Taylor &
Halford, 1989), this 12 bp DNA gives higher values for both
ke and K (Newman et al., 1990b; Waters & Connolly,
1994). Single-turnover experiments demand that essentially
all of the substrate present in the reaction mixture is bound
to the enzyme, even when the concentration of the enzyme
is only slightly higher than that of the substrate. Suitable
conditions for single-turnover reactions, where the K, for
this substrate is sufficiently low to meet this requirement,
were found by steady-state kinetics. The hyperchromic shift
assay (Waters & Connolly, 1992) was used to provide a
continuous spectrophotometric record of the cleavage of this
oligonucleotide. At 25 °C, the substrate is double stranded
while the products dissociate to single strands, thus leading
to a measurable increase in ODyg. Steady-state rates were
determined from the initial slope of OD,e against time. For
each set of reaction conditions, the steady-state velocities
were measured across a range of oligonucleotide concentra-
tions. In all cases, the velocities showed a clean hyperbolic
dependence on the concentration of the oligonucleotide (data



Rapid Reactions of EcoRV

Table 1: Steady-State Kinetics?

MgCl, (mM)  NaCl (mM) Kn (M) Ko (571)
1 100 0124+£002 0134001
2 100 0.07+001  0.28 +0.02
4 100 014+002  043+0.04
10 100 058 £ 006  0.70 +£0.03
10 70 006 £001  0.66+0.05

% Reactions were at 25 °C in 50 mM Tris-HCl (pH 7.5) with the
concentrations of MgCl, and NaCl as indicated.

not shown), and values for K, and k. were obtained by
nonlinear regression fits to the Michaelis—Menten equation
(Table 1).

Both k. and K, for the oligonucleotide were evaluated
at varied MgCl, concentrations in the presence of 100 mM
NaCl. The values for k. increased with increasing concen-
trations of MgCl, while the values for K,, remained more or
less constant at 0.1 = 0.04 uM from 1 to 4 mM MgCl, (Table
1). At 10 mM MgCl,, the K, increased significantly, but
this can be accounted for by the increased ionic strength from
this amount of MgCl,. When the NaCl concentration was
reduced to 70 mM, to compensate for the ionic strength of
10 mM MgCl,, the Ky, returned to a lower value (Table 1).
However, the ionic strength effects of Nat and Mg?* on
DNA—protein interactions differ from each other (Lohman,
1986), so all of the experiments described below were
performed at low MgCl, concentrations (<6 mM) with a
constant level of 100 mM NaCl.

Our values for k., and K, in 10 mM MgCl, and 100 mM
NaCl agree closely with previous measurements under
comparable conditions (Waters & Connolly, 1994).2 They
confirm the differences between this oligonucleotide and
plasmid substrates. The reaction at the EcoRV site on
pAT153 has a k. of about 0.015 s™! at all concentrations of
MgCl, tested (1—10 mM; Halford & Goodall, 1988), i.e.,
10—50 times lower than those for the 12 bp substrate (Table
1). For the plasmid, the lack of variation in k. denotes
saturation of the system with Mg?*. For the oligonucleotide,
the increase in k. with increasing levels of Mg?* implies
that the steady-state rate is coupled to the binding of Mg?*
and is limited by the fractional saturation with Mg?". The
optimal K, for this oligonucleotide is >100 times higher
than that for pAT153 (Taylor & Halford, 1989), but its value
of about 0.1 uM, at low concentrations of MgClL, is
sufficiently small to ensure that essentially all of the substrate
in single-turnover reactions with =2 uM EcoRV will be
bound to the enzyme.

Stopped-Flow Fluorescence. The intrinsic tryptophan
fluorescence of EcoRV was utilized in stopped-flow experi-
ments to study DNA binding and DNA cleavage. The
reactions were carried out with dimeric enzyme in excess
of duplex oligonucleotide and with both reagents at concen-
trations that were at least 10 times higher than the K. The
changes in fluorescence were monitored over a range of time
bases, from 0.1 to 20 s, so that the formation and decay of
the transient intermediates could be resolved (Figure 1).

2 Some previous studies with GACGATATCGTC as the substrate
for EcoRV had used the 5’-phosphorylated form of the oligodeoxy-
nucleotide and these gave higher K., values of about 3 M, on account
of the double negative charge on the 5’-phosphate (Newman et al.,
1990b; Waters & Connolly, 1994). Only the unphosphorylated form
was used here.
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Ficure 1: Stopped-flow fluorescence from EcoRV mixed with
oligodeoxynucleotide. (Panel A) EcoRV in TN buffer at 25 °C was
mixed by stopped-flow with oligodeoxynucleotide in the same
buffer to give final concentrations of 4 uM EcoRV (dimer) and 2
#M oligonucleotide (duplex). The subsequent change in fluores-
cence was monitored for 0.1 s. The fluorescence record was fitted
to an exponential increase, and the optimal fit, shown as a solid
line through the data, was with ¥ = 176 £ 19 s’1. (Panels B—D)
The reactions were identical to A except that both EcoRV and
oligodeoxynucleotide solutions contained 1 mM MgCl,. The record
in B is over a 0.1 s time base, and the solid line is the optimal fit
to an exponential increase in fluorescence (k = 244 + 20 s71)
followed by a linear decrease with time. The record in C is over a
2 s time base and was fitted to a linear decrease in fluorescence
with time. The record in D is over a 20 s time base, and the solid
line is the optimal fit to an exponential decrease in fluorescence (k
=026 £ 0.02 7).

Following the mixing of the EcoRV enzyme with the 12
bp duplex in the absence of Mg?*, an increase in the
tryptophan fluorescence of the protein was observed (Figure
1A). At the concentrations of enzyme and DNA used here,
the enhancement was complete within 20 ms, and no further
changes in fluorescence were observed when the reaction
was monitored over longer time bases (data not shown).
However, the degree of enhancement was small compared
to the overall fluorescence signal from the protein. The
mixing of EcoRV and oligonucleotide in the absence of Mgt
produced only a 0.5% enhancement in protein fluorescence.
Consequently, the signal-to-noise ratios in the stopped-flow
records from these binding reactions were too small for
detailed kinetic analysis. [It was also too small for the
equilibrium binding of the duplex to be measured by
tryptophan fluorescence.]

Larger fluorescence signals were obtained during the
catalytic cycle of EcoRV in the presence of Mg?* (Figure
1B—D). The single-turnover reactions were carried out by
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using the stopped-flow machine to mix (i) a solution
containing both EcoRV and Mg?* against a second contain-
ing both DNA and Mg?*, (ii) EcoRV and Mg?* against DNA,
(iii) EcoRV against DNA and Mg, and (iv) EcoRV
premixed with DNA against Mg?*.

Procedure (i) encompasses any effect that premixing with
Mg might have on either the enzyme or the oligonucleotide
alone, but the results from procedures (ii) and (iii) were
identical to (i), and only (i) is shown here (Figure 1B—D).
However, the results from procedure (iv), with premixed
EcoRV and DNA, were different and will be described later
in this report (see below, Figure 4).

As with binding in the absence of Mg?* (Figure 1A), the
stopped-flow mixing of EcoRV, oligodeoxynucleotide, and
Mg?* generated a rapid increase in fluorescence over the
first 20 ms of the reaction (Figure 1B), but this was now
followed by a slow decay in the fluorescence signal over a
20 s time base (Figure 1D). No other process was observed
at intermediate time scales (Figure 1C: the linear decrease
in fluorescence shown in Figure 1C is simply the first 2 s of
the process shown in full in Figure 1D). The rapid
enhancement and the slow decay thus constitute all of the
changes in protein fluorescence that occur during a single
turnover of EcoRV, following the mixing of DNA and
protein in the presence of Mg?*.

When measured at the same concentrations of enzyme and
DNA, the rate constant for the rapid increase in fluorescence
in the presence of Mg?* (Figure 1B) was similar to that from
binding in the absence of Mg?* (Figure 1A). This phase is
thus likely to be associated with the binding of the enzyme
to the DNA rather than any catalytic process. The apparent
(first-order) rate constant for the formation of the high
fluorescence transient was measured from single-turnover
reactions at 2, 4, and 6 uM EcoRV: it increased progres-
sively as the enzyme concentration was raised (data not
shown). The pseudo-first-order rate constants measured over
this range of enzyme concentrations yielded an average value
of 5 x 107 M™! s7! for the second-order rate constant.
Hence, this might appear to be a one-step binding process,
occurring at a rate that is close to the diffusion-controlled
limit for the association of a protein with a ligand (Fersht,
1985). However, since none of the tryptophans in EcoRV
contact the DNA (Winkler et al., 1993), the enhancement in
fluorescence may not be a direct consequence of DNA
binding, and, instead, it could come from a conformational
change linked to DNA binding.

Two sets of experiments were carried out in an attempt to
establish whether the rapid increase in fluorescence was due
to the bimolecular association with DNA or to a unimolecular
rearrangement. First, the reactions were carried out at higher
enzyme concentrations than those used above. A unimo-
lecular step would have given a rate that showed a hyperbolic
dependence on the concentrations of the reagents, while a
bimolecular step would have given a rate that increased
linearly with reagent concentration (Gutfreund, 1972). But
it turned out to be impossible to extend these measurements
to higher concentrations of EcoRV because the process was
then too rapid to measure by stopped-flow. Second, the
reactions at fixed concentrations of EcoRV, DNA, and MgCl,
were studied at varied temperatures: the rate of the fluo-
rescence enhancement doubled from 5 to 15 °C and doubled
again from 15 to 25 °C. [It was impossible to extend these
measurements to higher temperatures because the rates again
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FIGURE 2: Single-turnover quench assay. Reactions at 15 °C
contained EcoRV (4 uM), oligodeoxynucleotide (2 uM), and MgCl,
(1 mM) in TN buffer. The reactions were initiated by the addition
of MgCl,. The progress of the reaction was monitored by either
stopped-flow fluorescence (left-hand scale) or by the quench assay
described in Experimental Procedures (right-hand scale). For the
latter, aliquots were removed from the reaction at the times indicated
and then quenched immediately in NaOH prior to analysis by
HPLC. Product formation (% total DNA) at each time point is given
as a diamond, and the solid line through this data is the optimal fit
to a single-exponential increase (k = 0.076 £ 0.005 s~1). The solid
line through the fluorescence data is the optimal fit to a single-
exponential decrease (k = 0.080 % 0.003 s™1).

became too fast to measure by stopped-flow.] The doubling
in rates for 10 °C rises in temperature corresponds to an
Arrenhius activation energy of about 12 kcal/mol. This
contrasts with the activation energies that are generally found
for diffusion-controlled bimolecular reactions, which are
usually <3 kcal/mol (Gutfreund, 1972). We therefore
tentatively assign the rapid increase in fluorescence to a
unimolecular conformational change.

Once formed, the high fluorescence transient decayed as
a single-exponential (Figure 1D). The rate constant for the
decay, 0.26 s™!, was double the value of k., determined from
the steady-state reactions at the same concentration of MgCl,,
0.13 s7! (Table 1). The turnover number of EcoRV must
therefore be limited to some extent by the process that gives
rise to the decay phase. The fluorescence decay is unlikely
to be directly due to either phosphodiester hydrolysis or
product release, since none of the tryptophans in EcoRV are
near the active site (Winkler et al., 1993), but it could be
due to a conformational change in the protein that is
concomitant with either of these processes.

Phosphodiester Hydrolysis. In order to determine whether
the decay phase in the stopped-flow fluorescence (Figure
1D) corresponds to DNA cleavage or to product release, a
direct comparison was made between the fluorescence data
and the conversion of the dodecanucleotide substrate into
hexanucleotide products (Figure 2). The latter was measured
by using NaOH to quench samples taken from a single-
turnover reaction. The reaction was performed at 15 °C and
1 mM MgCl,, so that the rate of cleavage was slow enough
for the sampling to be done manually at § s intervals.
Percentage product in each sample was determined by HPLC
(Experimental Procedures). By denaturing EcoRV with
NaOH (Newman et al., 1990a), the quench assay yields the
rate of phosphodiester hydrolysis independently of product
dissociation.

The quench assay gave an exponential curve for the
increase in product, from which a first-order rate constant
was calculated (Figure 2). Stopped-flow fluorescence ex-
periments were performed under identical reaction condi-
tions. The high fluorescence transient decayed exponentially
with the same rate constant as that observed for the formation
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FIGURE 3: Absorbance and fluorescence from a single turnover.
The stopped-flow device was used to mix EcoRV and MgCl, with
oligodeoxynucleotide and MgCl,, to give reaction mixtures contain-
ing 4 uM EcoRV, 2 uM duplex oligonucleotide, and 1 mM MgCl,
in TN buffer at 25 °C. The progress of the reactions were monitored
by either fluorescence (left-hand scale) or absorbance at 260 nm
(right-hand scale). The solid line through the fluorescence data is
the optimal fit to a single-exponential decay (k = 0.26 £ 0.004
s71), and the solid line through the absorbance data is the fit to [C]
in the two-step consecutive pathway, A — B — C: the optimal fit
was obtained with values of 0.38 £ 0.04 and 0.39 + 0.04 s! for
the two rate constants.

of the hexanucleotide product (Figure 2). The decay of the
high fluorescence transient thus occurs simultaneously with
the hydrolysis of the phosphodiester backbone and is thus a
signal for the formation of enzyme-bound product as opposed
to product release.

The application of the quench assay to single turnovers
of EcoRV also demonstrates that the only detectable product
is DNA cleaved in both strands. If the reaction had
proceeded by first cutting one strand to generate a nicked
intermediate and only later the second strand, the quench
assay would have given a biphasic record. Instead of one
rate constant for the complete reaction (Figure 2), the rate
constant for the first 50% would have been higher than that
for the second 50%. Moreover, if nicked DNA had dissoci-
ated from the enzyme, the hexanucleotide products would
separate from the intact dodecanucleotide strands and the
latter would reanneal to regenerate the substrate, thus making
the single-turnover kinetics much more complicated than the
fluorescence records reported here. Our data on EcoRV
contrast with the multiphasic kinetics observed by stopped-
flow fluorescence on EcoRI, where single-turnover reactions
produce initially a nicked intermediate that dissociates from
the protein and which then gives rise to fresh substrate by
the reannealing of intact strands (Alves et al., 1989). Our
failure to detect nicked intermediates implies that EcoRV
hydrolyzes the second strand of this 12 bp substrate at a faster
rate than the first strand and that only the latter is measured
here. This concurs with previous studies on the cleavage of
supercoiled plasmids by EcoRV under similar reaction
conditions, where no open circle DNA was detected (Halford
& Goodall, 1988).

Product Dissociation. The hyperchromic shift assay
(Waters & Connolly, 1992) used in the steady-state analysis
was also employed for single-turnover reactions in a stopped-
flow spectrophotometer (Figure 3). In single-turnovers, the
hyperchromic shift should provide a direct signal for product
release as opposed to product formation. Qur rationale for
this view is that, since the EcoRV endonuclease completely
surrounds the DNA to which it is bound (Winkler et al.,
1993), the 6 bp products formed from the 12 bp substrate
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would be unable to dissociate to single strands without first
dissociating from the protein. Moreover, the crystal structure
of the enzyme—product complex for EcoRV shows that 5
bp products remain double-stranded when bound to the
enzyme, even though the co-crystallization was at 20 °C
(Kostrewa & Winkler, 1995). Melting of 6 bp duplexes,
the lengths of the products of this reaction, occurs in <1 ms
under the conditions used here [by extrapolation from the
data of Craig et al. (1971)]. Consequently, the increase in
OD3s0 upon DNA melting should occur immediately after
product dissociation.

When the same reaction of EcoRV and oligodeoxynucle-
otide was monitored in the stopped-flow at 25 °C by either
OD¢ or tryptophan fluorescence, an increase in OD,gy was
observed, over a similar time scale to the decay of the high
fluorescence transient (Figure 3). However, a pronounced
lag phase was observed at the start of the OD4 record: no
equivalent lag phase was observed in the fluorescence record.
[When the comparison between the OD,gp and the fluores-
cence records was made with identical reactions at 15 °C
rather than at 25 °C, the fluorescence signal was as shown
in Figure 2 but no increase in OD,s was observed. The 6
bp products presumably remain double-stranded at 15 °C.
The fluorescence signal therefore cannot be an artifact
stemming from a change in the UV absorption of the reaction
mixture.]

Since the fluorescence decay and the quench assay yield
the same exponential (Figure 2), the rate of formation of
the enzyme-bound product must be limited by just one step
in the reaction mechanism and the rate constant for that step
must be smaller than any other step in the pathway prior to
the enzyme—product complex, i.e.,

kb kh
E+S—ES—EP 1)

where k;, the apparent rate constant for phosphodiester
hydrolysis, is much smaller than k;, the rate constant for the
formation of ES. [For the reasons given above, ES and EP
refer respectively to the DNA—protein complexes where
neither or both strands have been cut, and &, is the apparent
constant for cutting the first strand: the rate constant for
cutting the second strand is larger than &, and cannot limit
the formation of EP.] In contrast, the hyperchromic shift
signals the dissociation of the product from the enzyme—
product complex, i.e.,

kh kr
ES—EP—E+P 2

where £; is the rate constant for product release. If ky and &,
have similar values, then the formation of free product from
this consecutive pathway will involve a lag phase. The
assignments of the fluorescence decay to the formation of
the enzyme—product complex and the kinetically distinct
hyperchromicity to the formation of free product imply that
the tryptophan fluorescence of the enzyme—product complex
must be very similar to that from the free enzyme and that
only the enzyme—substrate complexes have significantly
enhanced fluorescence.

The rate equation for a two-step consecutive reaction
(Fersht, 1985)° was fitted to the time course for the
hyperchromic shift in Figure 3. The rate equation for a two-
step pathway yields two rate constants, but it cannot
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distinguish which constant refers to the first step and which
to the second (Fersht, 1985). However, the fitting procedure
gave similar values for the two constants, 0.38 and 0.39 57},
both of which were fairly close to the value for k;, determined
from the same reaction by fluorescence, 0.26 s™!. These
values account quantitatively for the k. of EcoRV. If the
turnover number is determined by the rate constants for both
phosphodiester hydrolysis (k) and product release (k;), then

kcat = (khkr)/ (kh + kr) (3)

so that, when ky, = ki, keae = kn/2. The latter agrees with the
experimental value for k., under the same reaction condi-
tions, 0.13 s~! (Table 1). Under these conditions (1 mM
MgCly,), the steady-state rate for cleaving this oligonucleotide
is determined by the rate constants for both product formation
and product release. In contrast, the steady-state rate of
EcoRV on plasmid substrates is not only much slower than
that on the oligonucleotide, it is also limited solely by product
release (Halford & Goodall, 1988). The lower value of k¢
with plasmids may be due to initial transfer to nonspecific
DNA prior to dissociation, as has been suggested for EcoRI
(Terry et al., 1987).

Premixed Enzyme—DNA Complex. Stopped-flow experi-
ments were also carried out to observe the changes in
tryptophan fluorescence following the addition of Mg?* to
a premixed solution of EcoRV enzyme and oligodeoxy-
nucleotide (Figure 4). This mixing procedure (noted above
as iv) produced a different response from the fluorescence
signal compared to procedures i—iii, where separate solutions
of EcoRV and oligonucleotide were mixed together in the
presence of MgCl, (Figure 1). The rapid increase in
fluorescence that had been observed over the first 20 ms of
the reaction (Figure 1B) was no longer detected (Figure 4A).
But an intermediate (2 s) time scale revealed an increase in
fluorescence (Figure 4B) that had no counterpart in the
reactions starting from the separate components (Figure 1C).
The subsequent decay of fluorescence (Figure 4C) was
unchanged from that observed previously (Figure 1D): it
had the same rate constant regardless of the mixing proce-
dure.

The EcoRV endonuclease binds DNA in the absence of
Mg?*' (Taylor et al., 1991), so the reaction of premixed
enzyme and DNA will start from the DNA —protein complex.
This explains the absence of the rapid (20 ms) enhancement
in fluorescence from the premixed solution (Figure 4A). This
process has already been linked to the binding of the protein
to DNA. But the addition of Mg?" to the DNA—protein
complex resulted in a distinct fluorescence enhancement on
a 2 s time scale (Figure 4B). At the millimolar concentra-
tions of MgCl, used here, the bimolecular step in binding
Mg?* will be complete within <0.1 ms (assuming a second-
order rate constant of =1 x 10”7 M~! s™!), so this process is
likely to reflect a comparatively slow Mg?*-dependent
conformational change in the enzyme—DNA complex prior
to phosphodiester hydrolysis. In the structure of the enzyme—
DNA complex in the absence of Mg?* (Winkler et al., 1993),

¥ The fit to a two-step consecutive reaction deviated slightly from
the experimental record at the very start of the record (Figure 3). A
possible explanation for this deviation is that the two-step scheme in
eq 2 is an oversimplification and that the rate of formation of free
product is limited by three or more steps with similar rate constants
(Halford & Johnson, 1983).
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FIGURE 4: Stopped-flow fluorescence from EcoRV premixed with
oligodeoxynucleotide. A solution of EcoRV and oligodeoxy-
nucleotide in TN buffer at 25 °C was mixed by stopped-flow with
MgCl, in the same buffer to give final concentrations of 4 uM
EcoRV, 2 uM duplex oligonucleotide, and 1 mM MgCl,. The
subsequent changes in fluorescence was monitored over the time
bases as indicated. The record in A is over a 0.1 s time base, and
the solid line is the optimal fit to an linear increase in fluorescence
(i.e., the first 0.1 s of the reaction in B). The record in B is over a
2 s time base and was fitted to an exponential increase in
fluorescence (k = 7.3 + 0.3 s7') followed by a linear decrease.
The record in C is over a 20 s time base, and the solid line is the
optimal fit to an exponential decrease in fluorescence (k = 0.28 £
0.02 s71).

the binding sites for Mg?* lie underneath the DNA and the
DNA hinders access to these sites from bulk solution.
Hence, it is reasonable to suggest that the EcoRV—-DNA
complex has to undergo a structural rearrangement to allow
Mg?* to bind. However, the absence of this phase when
EcoRV binds to DNA in the presence of Mg?* (Figure 1C)
indicates that this particular Mg?* ion is usually incorporated
into the enzyme—DNA complex concurrently with DNA
binding, possibly by prior coordination to the DNA phos-
phates.

The stable complex formed between EcoRV and DNA in
the absence of Mg?* is therefore not an obligatory intermedi-
ate in the direct pathway for a reaction starting with enzyme,
substrate, and cofactor separate from each other. However,
the 2 s fluorescence signal (Figure 4B) shows that the
nonproductive enzyme—DNA complex formed in the ab-
sence of Mg?* can join the reaction pathway by an alternative
route. Moreover, the additional fluorescence enhancement,
upon the incorporation of Mg?* into the nonproductive
enzyme—DNA complex (Figure 4B), explains why the
fluorescence change observed on binding EcoRV to DNA
in the absence of Mg?* (Figure 1A) is less than that in the
presence of Mg?* (Figure 1B): the increase in Figure 1B is
mechanistically equivalent to the sum of the increases in
Figures 1A and 4B. The maximal enhancement of EcoRV
fluorescence is obtained only when both DNA and Mg?t
are bound.
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FIGURE 5: Mg?* dependencies of the fluorescence transitions. (A)
The rate constants for the intermediate phase of fluorescence
enhancement, observed when the enzyme—oligodeoxynucleotide
complex was mixed with Mg?* (Figure 4B), were measured from
reactions at 25 °C in TN buffer with 4 uM EcoRV, 2 uM duplex
oligonucleotide, and at varied concentrations of MgCl; as shown.
The line is drawn simply to connect the data points. (B) The rate
constants from the fluorescence decay were measured from reactions
containing the same concentrations of reagents as above. The dashed
line connects the data points while the solid line is the optimal fit
for a linear increase in rate with increasing concentrations of MgCl,.
In both panels, the error bars on all data points indicate the range
of values from repeat experiments.

Mg** Dependencies. Our stopped-flow fluorescence stud-
ies have revealed three conformational changes in the EcoRV
protein during its reactions with an oligodeoxynucleotide:
one causing an increase in fluorescence upon DNA binding
in either the absence or presence of Mg?* (Figure 1A,B); a
second, again increasing the fluorescence, upon the binding
of Mg?* to the preformed enzyme—DNA complex (Figure
4B); a third, resulting in a decrease in fluorescence,
concomitant with phosphodiester hydrolysis (Figures 1D and
4C). The rates of all three of these processes were measured
by stopped-flow fluorescence across a range of concentra-
tions of MgCl,, from 0.25 to 6 mM. The rate constants for
the first process were found to be invariant with the
concentration of MgCl, (data not shown), but the rates for
both the second and third varied with the concentration of
MgCl, (Figure 5).

The intermediate rate of fluorescence enhancement, ob-
served only after the addition of Mg?t to a preformed
enzyme—DNA complex (Figure 4B), showed a complicated
dependence on concentration of MgCl, (Figure 5A). We
can account for the decrease in this rate as the concentration
of Mg?* ions is raised from 0.25 to 2.0 mM on a reaction
scheme with a slow unimolecular step followed by a rapid
bimolecular step:

k
ESt o= ES} = EMS§ )

where 1 and i represent states with partial and full enhance-
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ments of protein fluorescence, respectively, and M the Mgt
ion. On this scheme, the apparent rate constant for the
formation of EMS? falls from k; + k_; at low Mg?* levels
to just k; at high levels (Halford, 1971; Fersht, 1985). We
can also account for the increase in rate at MgCl, concentra-
tions >2 mM on a reaction scheme with a fast bimolecular
step followed by a slow unimolecular step:

k
ESt + M == EMS: k=_22=EMS:t )

On this second scheme, the apparent rate constant for EMS#}
formation rises from k—, to k> + k-, as the level of Mg?* is
increased (Halford, 1971; Gutfreund, 1972). However, we
have been unable to find a single scheme that can account
for the complete Mg?* profile. Perhaps the Mg?*-induced
conversion of the nonproductive enzyme—DNA complex to
the productive complex can proceed by two or more
alternative pathways, with the major routes being eq 4 at
low Mg?* levels and eq 5 at high Mg2* levels.

The apparent rate constants for the fluorescence decay
increased linearly with the concentration of MgCl, (Figure
5B). The decay phase has been correlated to phosphodiester
hydrolysis (Figure 2) at a rate defined by ky (eq 1). But the
difference between the Mg dependencies for phosphodi-
ester hydrolysis (Figure 5B) and for the generation of the
enzyme—Mg?*—DNA complex (Figure 5A) demonstrates
that the formation of the latter complex is not by itself
sufficient to allow for DNA cleavage: the enzyme—Mg?t—
DNA complex still needs to bind additional Mg?* before it
can cleave DNA. The Mg?* dependency for the fluorescence
decay (Figure 5B) can be accounted for by proposing that
the initial enzyme—Mg?*—DNA complex, EMS#, binds the
Mg?* ion that is required for phosphodiester hydrolysis (thus
forming an intermediate containing Mg?* at two separate
sites, denoted as EMSM3%) with a Kp value that is much
higher than the highest concentration of Mg?* used here.
From the reaction scheme

K k.
EMSi + M == EMSM3} — EPM (6)

it follows that, provided the initial equilibration governed
by Kp is faster than the cleavage step and that the concentra-
tion of M is higher than the EMS$ complex, then

ky = ky(IMJA{[M] + Kp}) )

Thus, whenever Kp > [M], ky will increase linearly with
increasing [M].

Significantly, there are two Mg?*-dependent steps in the
EcoRV reaction. The first involves the incorporation of
Mg?* into the enzyme—DNA complex to form the precata-
lytic ternary complex, the species with the maximally
enhanced fluorescence. The second is phosphodiester hy-
drolysis. The two Mg?t-dependent steps are, however,
distinct from each other both kinetically, in that they occur
over different time scales (Figure 4, panels B and C), and
thermodynamically, in that they have different Mg?* de-
pendencies (Figure SA,B). This eliminates the possibility
that both processes are controlled by the same Mg?* ion at
the same location in the active site of EcoRV. Instead, they
must be due to different Mg?" ions at different locations.
These results are consistent with the proposal in the preceding
paper (Vipond et al., 1995) for two metal ions at each active
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FIGURE 6: Structure—function correlation for EcoRV. The left-
hand column lists the principal intermediates proposed here for the
reaction mechanism of the EcoRV restriction endonuclease. This
scheme reflects the catalytic events at one out of the two active
sites in the dimeric protein, each of which cleaves one strand of
the DNA (Winkler, 1992). The DNA contains both nonspecific
sequences (DNAys) and an EcoRV recognition site (S) that is
cleaved to product (P). The EcoRV enzyme (E) contains two
binding sites for Mg?* ions: one between Asp90 and Asp74 (Moors)
and one between Asp74 and Glu45 (M74s). The right-hand column
lists the PDB file names for the structures that have been determined
for the EcoRV endonuclease, with and without DNA (Winkler et
al., 1993) and also with and without divalent metal ions (Kostrewa
& Winkler, 1995). Each structure has been aligned with a particular
intermediate in the reaction pathway.

site, both participating in the catalytic reaction. By itself,
the kinetic analysis in this study would also be consistent
with the first Mg?* that binds to the EcoRV-DNA complex,
to form the EMS# intermediate, having purely a structural
role. But the synergistic effects of metal ion combinations
on EcoRV activity (Vipond et al., 1994) suggest that both
metals have catalytic roles.

CONCLUSIONS

In this study, the application of rapid reaction techniques
has resolved many of the individual steps in the reaction of
the EcoRV endonuclease on a 12 bp oligodeoxynucleotide.
The minimal reaction scheme that can account for both these
observations, and also earlier studies on the kinetics of
plasmid DNA cleavage by EcoRV (Halford et al., 1993;
Vipond et al., 1995), is the pathway shown in Figure 6. Can
we relate this mechanism to the structural data now available
on the EcoRV restriction enzyme? To date, structures for
the following states of EcoRV have been determined by
X-ray crystallography (Winkler et al., 1993; Kostrewa &
Winkler, 1995):
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(a) The free protein in the absence of DNA and Mg?* ions
(Brookhaven PDB file 1RVE). In this state, the cleft
between the two subunits of the dimer, where the DNA is
located in the complex, is too narrow to accommodate DNA.
In addition, the two peptide loops that form the principal
contacts to the DNA in the complexes (the R- and Q-loops;
Winkler et al., 1993) are disordered and appear to occupy
the space that is eventually occupied by DNA.

(b) The protein bound to nonspecific DNA (2RVE). This
structure contains two 8 bp DNA duplexes with sequences
unrelated to the EcoRYV site, stacked end-to-end in the cleft
between the subunits. The conformation of the protein
differs from that in the free protein while the DNA is close
to B-form (Winkler et al., 1993).

(c) The protein bound to its recognition site in the absence
of Mg?* ions (BRVE, 4RVE, and 5RVE).* These again
display a novel protein conformation with the R-loops
wrapping over the DNA, thus surrounding the DNA with
protein. They also display highly distorted DNA conforma-
tions. In the nonspecific complex, the B-DNA lies distant
from the active site while the DNA distortion in the specific
complex places the phosphate at the scissile bond close to
Asp74 and Asp90 (Winkler et al., 1993; Kostrewa &
Winkler, 1995).

(d) The protein bound to its recognition site in the presence
of Mg?* (6RVE). The metal ion is liganded to the phosphate
at the scissile bond in the DNA and to the carboxylates from
Asp90 and Asp74 (the 90/74 site). Even so, the cognate
DNA remains intact: no DNA cleavage occurs in these co-
crystals (Kostrewa & Winkler, 1995).

(e) An enzyme—product complex (7RVE). This was
formed by crystallizing EcoRV after a DNA cleavage
reaction in the presence of Mg?" (Kostrewa & Winkler,
1995). The 5’-phosphate generated by DNA cleavage is
positioned differently from the equivalent phosphodiester in
the enzyme~substrate complex, and the 90/74 site for Mg?*
is no longer occupied by the metal ion. Instead, a Mg?*
between Asp74 and Glud5 (the 74/45 site) is liganded to
one of the phosphoryl oxygens.

One could argue that the crystal structures of the enzyme—
substrate—Mg?* and enzyme—product—Mg?** complexes are
not true reflections of reaction intermediates since the former
(6RVE) failed to cleave the DNA while the latter (7TRVE)
was generated by crystallization after the cleavage reaction
so the positions of the reacting groups may not be the same
as those following DNA cleavage in situ. But the following
proposals permit the alignment of all five of these crystal
structures with intermediates in the kinetic pathway (Figure
6).

First, the endonuclease must bind to DNA. The 12 bp
DNA substrate used here is too short to allow for binding
other than at the EcoRV recognition sequence. Our stopped-
flow experiments therefore cannot provide any information
about the role of nonspecific DNA in these reactions. From
earlier studies with longer DNA molecules (Vipond &
Halford, 1993), the initial binding will be almost certainly
be at nonspecific DNA sequences. In the absence of Mg?*,

4 The initial 3.0-A model, 3RVE (Winkler et al., 1993), was further
refined to yield the current Brookhaven entry, 4RVE (F. K. Winkler,
personal communication), but a subsequent study with a DNA where
the recognition site was flanked with a different sequence gave a
structure at 2.0-A resolution, SRVE (Kostrewa & Winkler, 1995).
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EcoRYV binds DNA without any preference for its recognition
site and specific binding is only observed in the presence of
Mg?* (Taylor et al., 1991; Thielking et al., 1992). On a
long DNA, EcoRV can translocate from nonspecific to
specific sites without dissociating from the DNA. The
absence of facilitated diffusion on a 12 bp DNA is likely to
be one of the reasons why this oligonucleotide is cleaved
by EcoRV with different kinetics from plasmids, though a
substrate with only 3 bp of DNA either side of the
recognition site is also too short to meet all of the DNA
binding functions in the protein. The activity of EcoRYV is
influenced by flanking sequences 4 bp away from the
recognition site (Taylor & Halford, 1992).

DNA binding in the absence of Mg?* can thus be described
by IRVE — 2RVE — SRVE (Figure 6). Each of these states
have altered protein structures (Winkler et al., 1993).
However, we were unable to separate the kinetics of the
bimolecular association of EcoRV with DNA from the
conformational change that appears to be responsible for the
enhanced tryptophan fluorescence. In other systems such
as DNA polymerase I, conformational changes in DNA-
protein complexes are often comparatively slow and well-
separated from the bimolecular steps (Eger & Benkovic,
1992) For EcoRV, the initial conformational change is
extremely rapid, even though it involves large alterations to
both protein and DNA structures: opening the cleft between
the subunits by altering the relative positions of domains in
each polypeptide; repositioning and ordering the R- and
Q-loops that contact the DNA; distorting the DNA from
B-form (Winkler et al., 1993). Moreover, the specific
complex formed in the absence of Mg?™ (SRVE) has to
undergo an additional rearrangement on binding Mgt
(Figure 4B). Strikingly, the latter rearrangement is absent
from the reaction when DNA binds to EcoRV in the presence
of Mg?* (Figure 1C). Instead of generating the high
fluorescence transient by DNA binding followed by Mg?*
binding, the reaction can proceed directly to the high
fluorescence state. The stable EcoRV—DNA complexes
formed in the absence of Mg?" are therefore not on the main
reaction pathway, though they can rejoin the pathway by an
alternative route.

We suggest that the precatalytic ternary complex with
maximally enhanced fluorescence, EMS% (eqs 4 and 5), is
directly equivalent to 6RVE, i.e., the specific complex with
Mg?** at the 90/74 site but which fails to cleave DNA
(Kostrewa & Winkler, 1995). We also suggest that the
additional Mg?* that must bind to this complex for phos-
phodiester hydrolysis is located at the 74/45 site (Vipond et
al., 1995), i.e., at one of the positions for Mg?* observed in
the enzyme—product complex, 7RVE (Kostrewa & Winkler,
1995). In the enzyme—substrate complex, the 90/74 site is
likely to have a high affinity for Mg?*, since the ion is
liganded by two aspartates and by the phosphodiester, leaving
only three water molecules to complete the octahedral
coordination. In contrast, the 74/45 site may have a low
affinity: if a divalent metal ion is placed at this site in 6RVE,
it would be liganded by only two fixed groups, the carboxy-
lates from Asp74 and Glu45, and it would need four water
molecules for octahedral geometry. This proposal can
account for why the precatalytic ternary complex, EMSZ,
can be formed with a low concentration of Mg?* (Figure
5A) while the formation of the catalytically competent
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complex, EMSM{, requires higher concentrations of Mg?*
(Figure 5B).

The relative affinities of the 90/74 and the 74/45 sites for
Mg?* will, however, be reversed in the enzyme—product
complex. In 7RVE, the 5'-phosphate at the site of cleavage
lies over the 74/45 site instead of the 90/74 site (Kostrewa
& Winkler, 1995). Consequently, following both the hy-
drolytic reaction that converts the phosphodiester to a
phosphomonoester and the associated movement of that
phosphate, a Mg?* at the 90/74 site would be free to
dissociate from the protein. This scheme provides an
explanation for why the crystals of EcoRV have a metal ion
at the 90/74 site in the enzyme—substrate complex and at
the 74/45 site in the enzyme—product complex. Hence, it
can account for the conversion of 6RVE to 7RVE.

All five of the states of the EcoRV restriction enzyme that
have been characterized by X-ray crystallography can thus
be correlated with an intermediate in the reaction path-
way (Figure 6). Moreover, the minimal reaction pathway
for EcoRV requires only one intermediate for which a crys-
tal structure has yet to be determined. In order to accom-
modate both the kinetic analysis in this report and the
synergism between different metal ions described in the
previous paper (Vipond et al, 1995), we propose an
additional intermediate in which metal ions are bound
simultaneously to both the 90/74 and the 74/45 sites at the
catalytic center of EcoRV (Figure 6). The additional
intermediate appears to be responsible for phosphodiester
hydrolysis, presumably by a two-metal mechanism of the
type proposed by Steitz (1993).
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