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ABSTRACT: The complete catalytic cycle of EcoRV endonuclease has been observed by combining
fluorescence anisotropy with fluorescence resonance energy transfer (FRET) measurements. Binding,
bending, and cleavage of substrate oligonucleotides were monitored in real time by rhodamine-x anisotropy
and by FRET between rhodamine and fluorescein dyes attached to opposite ends of a 14-mer DNA duplex.
For the cognate GATATC site binding and bending are found to be nearly simultaneous, with association
and bending rate constants of (1:4B6) x 108 M1 s1, On the basis of the measurementkgf by a
substrate-trapping approach, the equilibrium dissociation constant of the enDN#ecomplex in the
presence of inhibitory calcium ions was calculated asx310 12 M from the kinetic constants. Further,

the entire DNA cleavage reaction can be observed in the presence of catalyticibhg. These
measurements reveal that the binding and bending steps occur at equivalent rates in the presence of either
Mg?" or C&*, while a slow decrease in fluorescence intensity following bending corresporidg, to

which is limited by the cleavage and product dissociation steps. Measuremgnaotiky: in the absence

of divalent metals shows that the DNA binding affinity is decreased by 5000-fold te 1.8-8 M, and

no bending could be detected in this case. Together with crystallographic studies, these data suggest a
model for the induced-fit conformational change in which the role of divalent metal ions is to stabilize
the sharply bent DNA in an orientation suitable for accessing the catalytic transition state.

Enzyme-nucleic acid complexes often undergo significant among specific, noncognate, and nonspecific comple&es (
rearrangement prior to attaining the specific conformation 7) and the structural pathway by which the specific complex
required to initiate catalysis. Although this induced-fit process is attained §). However, understanding the mechanistic
necessarily incurs an entropic penalty relative to preformed importance of these conformational changes also requires
and rigid macromolecular partners, the built-in flexibility may determination of the temporal correlation between the initial
nonetheless increase the kinetic association rate, thus lowerbinding of the restriction enzyme to the DNA and the
ing the free energy barrier for complex formatiof).( subsequent rearrangements en route to the transition state.
Induced fit in enzymes also represents an underlying mech- A further important feature of the conformational re-
anism capable of providing substrate specificig). (For arrangements is that they bring about the formation of
example, binding of a nucleic acid-modifying enzyme to a divalent metal binding sites at the interface between the
noncognate sequence may generate a different set of conenzyme and DNA. For example, in EcoRV endonuclease
formational changes than is brought about in the specific four distinct metal sites per subunit have been located at the
complex B). As a consequence, the catalytic groups of DNA interface, three of which are directly adjacent to the
noncognate substrates in the final quaternary complex couldscissile phosphat®¢11). Divalent metals (Mg", Mn2*, or
be misaligned with respect to each other, resulting in Co?") are required to generate high binding affinity, to
decreased rates for the chemical steps of the reaction.  provide for much of the sequence specificity of binding, and

Restriction endonucleases have provided outstandingto promote the phosphoryl transfer reactid2{19). Ca&*
model systems to explore the role of induced fit in generating allows EcoRV binding to DNA with high specificity but
specificity for their target sequences. In vivo, these ho- blocks the cleavage reactioh4 18, 19). This ion is thus a
modimeric enzymes are capable of selecting their dyad- useful analogue to isolate the binding and conformational
symmetric cognate sites despite the presence of an enormoushange steps of the pathway and to trap the complex prior
molar excess of nonspecific DNA, with specificities of at to cleavage for X-ray studie&@). High-resolution structures
least 16-fold in kea/Km (4, 5). Crystallographic studies have of the trapped complex reveal that EcCoRV bends the DNA
offered much insight into both the conformational differences sharply by 50 at the center TA step of the GATATC target

sequence, opening up the minor groove for protein interaction
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nonetheless showed an initial very rapid fluorescence increaseénto 50% (v/v) glycerol, 0.2 M NaCl, 20 mM potassium
of approximately 200 & attributable to binding, followed  phosphate (pH 7.3), and 10 mBAmercaptoethanol. The two
by a slow decrease on the order of the reaction steady-state@reparations gave identical results.

keat (0.2 s%), corresponding to DNA cleavage and product — DNA Synthesis and Dye CouplifdNA oligonucleotides
release. Fluorescence anisotropy and fluorescence resonanGgere synthesized at the UCSF Biomolecular Resources
energy transfer (FRET)studies on ECORV have also been Center and by Integrated DNA Technologies, Inc. (IDT). 5-
performed using DNA singly end-labeled with a fluorescent (and 6-) Carboxyfluorescein succinimidyl ester (Fl), tetra-
probe @1, 22). These experiments provided further evidence methylrhodamine 5- (and 6-) isothiocyanate (Rh), and
that specific binding to DNA is highly dependent upon rhodamine-x 5- (and 6-) isothiocyanate (RhX) were pur-
divalent metal ions. chased from Molecular Probes, Inc. Oligonucleotides were
In this work, we sought to further expand the use of synthesized with a primary amino group connected by a six-
fluorescence techniques as applied to EcoRV by developingmethylene spacer (either C6 amino linker, Glen Research
new approaches to characterize the DNA bending andNo. 10-1916-02, or Amino Modifier C6, IDT). DNA was
concomitant induced-fit transitions. Stopped-flow anisotropy precipitated with ethanol, and the recovered pellets were
measurements using an enhanced light source and rhodamineesuspended at a concentration of 2% uL ™! in 0.1 M
x- (RhX-) labeled duplex oligonucleotide substrates were sodium tetraborate (pH 8.5). Fl and either Rh or RhX were
used to determine the on and off rates for DNA binding, dissolved in DMSO to~20ug uL 1. These dyes were added
thereby yielding the equilibriunky via the ratio of the rate  dropwise to the appropriate oligonucleotide (at 10-fold final
constants. In this manner thermodynamic equilibrium con- molar dye excess), and the reactions were stirred overnight
stants can be calculated directly from the kinetic data, in the dark at 25°C with gentle vortexing every half hour
allowing determination of picomolar DNA-binding affinities for the first 2 h. The reaction products were ethanol
in solution. This approach provides an alternative to the precipitated to remove excess dye. The DNA pellets were
laborious and often ambiguous equilibrium measurementsresuspended in TE buffer (10 mM Tris, 1 mM EDTA, pH
performed via gel shift or filter binding techniques, each of 8.0), combined with an equal volume of formamide, heated
which are prone to artifacts arising from macromolecular for 3 min at 90°C, and loaded onto two prerunning 20%
interactions with the physical matrix. Separately, stopped- native polyacrylamide gels (gel dimensions 31.0 xr38.5
flow FRET was carried out using an optimized doubly cm x 1.4 mm), followed by electrophoresis for-3 h at
labeled DNA substrate in which fluorescein (FI) and 400 V. The labeled DNAs migrated as visible bands and
rhodamine (Rh) were employed as the donor and acceptorwere run near to the bottom of the gel. Unlabeled DNA was
fluorophores, respectively. In contrast to previous EcoRV visualized by UV shadowing and ran as a discrete band
fluorescence studies which provided only a general binding below the labeled DNA. The labeled DNA was eluted into
signal, these FRET experiments now allow for direct TE buffer from gel slices overnight in the dark. The eluted
monitoring of the DNA bending rate. By these approaches DNA was reprecipitated with ethanol and resuspended in
we have determined that for specific sites the rate of DNA TE buffer.

binding is essentially synchronous with the rate of bending;  DNA concentrations were determined spectrophotometri-
thus, these two processes occur in a single effectively cally at 260 nm with extinction coefficients calculated using
concerted step. Interestingly, while the association rate is software based upon the reported pairwise extinction data.
very high in the absence of metal ions, no DNA bending To verify complete labeling, Rh, RhX, and Fl concentrations
can be detected in this case. Together with the detailedwere also determined spectrophotometrically for the labeled
structural descriptions available in multiple conformational pNA at the following wavelengths: Rh, 555 nm; RhX, 585
states, these kinetic methods open new possibilities for nm: FI, 494 nm. These concentrations were compared to
characterizing the induced-fit pathway of this enzyme those determined at 260 nm, and the DNA substrates were
nucleic acid complex at an extremely detailed level. This thus found to bex 90% labeled. Complementary strands were
may be ultimately crucial for our ability to rationally  annealed at an equimolar ratio in a buffer containing 10 mM
manipulate the specificities of ECORV and other restriction Tris (pH 8.0), 1 mM EDTA, and 100 mM NaCl by heating
endonucleases. to 90 °C for 10 min followed by a slow decrease to 256

over at least 3 h.
MATERIALS AND METHODS The DNA sequences used were as follows: FI-TAtop,

Enzyme Purification.EcoRV endonuclease was over- FI-d(AGAAGATATCTTGA); FI-GCtop, FI-d(GGCGGAT-
expressed from the plasmid pBSRVHEscherichia colstrain ATCGCGG); Rh-TAbot, Rh-d(TCAAGATATCTTCT); RhX-
MM294 and purified to better than 99% homogeneity by GCbot, RnX-d(CCGCGATATCCGCC); GCtop, d(GGCG-
column chromatography, as previously describ2@ 23— GATATCGCGG); TAbot, d(TCAAGATATCTTCT); GCbot,
25). Enzyme preparations were dialyzed into 10% (v/v) d(CCGCGATATCCGCC). The designations “GC” and “TA

glycerol, 0.4 M NaCl, 20 mM potassium phosphate (pH 7.3) refer to the identity of the terminal base pair. Binding studies
and 1 mM dithiothreitol and were concentrated to 2.6 mg by fluorescence anisotropy utlll_zed duplex_es FI-GCtop/GChbot
mL~! [¢ = 1.8 mL (mg cm)* at 280 nm]. Aliquots were and GCtop/RhX-GCbot. Studies of bending rates by FRET
flash-frozen and stored at70 °C. Alternatively, enzyme  Utilized duplexes FI-TAtop/Rh-TAbot or FI-GCtop/RhX-
was stored at 5.9 mg mit at —20 °C following dialysis GChbot; these two duplex substrates, which differ in the
sequence flanking the target site, gave identical rates.
FI Ani -

1 Abbreviations: FIl, 5- (and 6-) carboxyfluorescein succinimidyl Co”eucc:reedszenncae Sgé(;(tri%%aealgﬁs:;f msea(f;rr%??fgrtgr;vg:r

ester; RhX, rhodamine-x 5- (and 6-) isothiocyanate; Rh, tetramethyl- g sp

rhodamine 5- (and 6-) isothiocyanate; DMSO, dimethyl sulfoxide; (Edison, NJ) at 22C. RhX anisotropy was determined by
FRET, fluorescence resonance energy transfer. collecting emission spectra withex = 580 nm. Aem was




Stopped-Flow Fluorescence Study of EcoRV Biochemistry, Vol. 42, No. 49, 20034377

collected from 585 to 700 nm through vertical and horizontal ~ For steady-state titrations, scans of 20 nM DNA were
polarization filters in the two detection monochromators. The repeated until consecutive scans were equivalent. Then
excitation and emission bandwidths were 5 nm for all of the aliquots of enzyme were added and allowed to equilibrate
spectra. Slit widths were 2 mm/2 mm for excitation/emission for at least 30 s. Scans of donor and acceptor excitation were
unless otherwise specified. The anisotropyt at 0 was taken, and the process was repeated until the signal is
determined by monitoring the duplex GCtop/RhX-GCbot for saturated. Plots of energy transfer as determined above
at least 30 s. Protein was then added, and the anisotropyagainst enzyme concentration were then fit to a quadratic
was monitored over time at 615 nm. For measurements of binding equation:
kot In the steady-state instrument, Fl-labeled DNA was
excited at 460 nm, emission was measured at 520 nm in ap — AF[(FEy+ S + Ky — (FE,+ S + Kd)2 _
time-based scan with a measurement made every 0.5 s, and 1/
slit widths were decreased to 1 mm/1 mm. EcoRYV (110 nM) 4 EpS) 2]/233 +Fy (2)
and FI-GCtop/GCbot (100 nM) were preequilibrated, the
unlabeled competitor DNA GCtop/GCbot M) was added  where & is the original DNA concentrationKy is the
att = 0, and the reaction was monitored over time until the equilibrium dissociation constarf, is the energy transfer
anisotropy reached the free DNA value. for unbound DNA, andAF is the total change in energy
Stopped-flow anisotropy measurements were performedtransfer upon complete binding. The facfoaccounts for
with an SFM-3 stopped-flow unit containing three indepen- the actual concentration of active enzymi&E;) being
dent stepper-motor driven syringes (Molecular Kinetics, different from that determined from absorban&g)( This
Pullman, WA) with an FC.15 cuvette (50 volume) and a equation is derived directly from the expression for the
hard stop shutter. Fluorescence detection utilized a home-equilibrium dissociation constant and from conservation of
built single photon detector unit consisting of the follow- mass with no assumptions.

ing: a Hamamatsu R928 photomultiplier, ax5300 MHz Stopped-Flow FRET ExperimenExperiments were per-
amplifier (Stanford Research SR445, Sunnyvale, CA), a formed using the apparatus described above for the aniso-
discriminator (Stanford Research SR400), and two multi- tropy measurements. A T-format detection scheme was used
channel scaler cards (Tennelec Model MCS-II, Oak Ridge, with the polarizers removedie, = 485 nm, andien Was
TN), interfaced to two microcomputers (Intel 486). The collected through a 515 nm cutoff filter (to measure the
detection system was activated by an external synch-out puls&iuorescein emission) from one detection channel and through
from a Molecular Kinetics stepper-motor controlling unit. a 610 nm cutoff filter (to measure rhodamine-x emission)
Data acquisition began at least 100 ms before sample mixing.from the other detection channel. The data from 4 to 15
Data were collected using-115 ms dwell times in 8000 total FRET time courses were summed to achieve an adequate
channels. A 250 W xenon arc lamp (SPEX Fluorolog Model signal to noise ratio. Dead time values were calibrated as
1681) with fiber-optic output directed into the 3@ cell described 27). Energy transfer was measured both as the
was used for excitation at various wavelengths. A T-format quench in donor emission (energy transfer) and as the
anisotropy detection scheme was used wiigh= 580 nm,  increase in acceptor emission (sensitized acceptor). The
and Aem was collected through 610 nm cutoff filters. The sensitized acceptor data were corrected for variations in the
data from 15 to 20 anisotropy time courses was summed tototal intensity of RhX emission by normalizing both the
achieve an adequate signal to noise ratio. sensitized acceptor data and the total intensity data and then
Steady-State FRET Experimen&teady-state emission dividing the sensitized acceptor data by the total intensity
scans were made on a Perkin-Elmer luminescence spectromdata. Plots of the total intensity data for all reactions showed
eter (LS50B) at 22C. To excite the donor (fluorescein),  only minor variations which had virtually no effect on the
Aex Was set to 485 nm, ankkm, was collected from 500 to  sensitized acceptor data.
650 nm. To directly excite the acceptor (thodamitig)was Stopped-flow FRET experiments yielding identical rate

moved to 555 nm, andey was collected from 570 10 650 ¢ontants were also performed with an Applied Photophysics
nm. The excitation slit width was 8 mm, and the emission gx 1My stopped-flow reaction analyzer. Energy transfer
slit width was 10 mm for all of the spectra. Energy transfer ;- again measured both as the quench in donor emission

was com_puted from the increase in acceptor fluorescence. 44 as the increase in acceptor emission (through a 570 nm
A normalized scan of FI-TAtop/TAbot was subtracted from . ioff filter for rhodamine), though each experiment was

the donor-excited scan to isolate the rhodamine emission.dOne sequentially.
The area under this corrected scan from 575 to 585 nm - I . i luti f f i
divided by the area under the directly excited scan from 575 or all experments solutions of enzyme, luorescent-

; ; o labeled DNA, and buffer alone were loaded into three
to 585 nm gave the value rafioFor the materials utilized separate syringes. The buffer for the?Caeactions contained
50 mM Tris (pH 7.5), 100 mM NacCl, and 10 mM CaCl
The buffer for the M§" reaction was identical to the €a

in this study, a method which best compensates for uncer-

tainties in the degree of labeling of the acceptor, quantum
yield of the acceptor, and concentration of the DNA is a

buffer except that 10 mM Mg@Glreplaced the Cagl The
no-metal buffer was also identical to the®Cauffer, except

for inclusion of 2 mM EDTA and adjustment of the NaCl
concentration to 136 mM to maintain constant ionic strength.
Enzyme and DNA stocks were adjusted to the appropriate
concentrations by dilution in these buffers. Reactions were
initiated by mixing equal volumes (1Qd.) of enzyme and
DNA solutions at flow rates between 4 and 8 mt!.sAll
measurements were made at°Z2

calculated FRET efficiency using the equation:

E = [¢"(555)k°(485)][ratio, — *(485)K"(555)] (1)
where €P(1) and €*(1) are the extinction coefficients at
wavelengthl of the donor and acceptor, respectiveRp)
Calculation of FRET efficiencies from the ratio of donor
fluorescence intensities yielded equivalent results.
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Data Analysis Anisotropy data for association reactions Scheme 1: Kinetic Mechanism of EcCoRV Endonucléase

were fit to the equation: Kq ko Kehem K3
" E + DNA 4—_>E'DNA<__’(E'DNA)*_> E=D1=D2 — E + D1 + D2
A= (A, — AL — APl = DIl + A (3) 1 2

) o ) ) a (E—DNA)* represents the EcoRV complex with bent DNA, and
where [P} is the initial protein concentration, [R]Js the D1 and D2 represent the two product duplexes.

initial DNA concentrationk is the association rate constant,
tis the time,A is the anisotropy value at time A is the calculated Forster distances were then 52.5 A for fluorescein
anisotropy value of unbound DNA, is the anisotropy value  rhodamine and 51.3 A for fluoresceimhodamine-x.

of bound DNA, andA = [P]o — [D]o. Anisotropy data for The program CURVES33) was applied to the cognate
the competition experiments to determine the dissociation crystal structure to determine the direction of the bend
rate were fit to the equation: relative to the location of the'&erminal phosphates. The
plane in which the DNA bends was defined to be ¥
A=(A,— Af)([P—D]Oefkt) + A (4) plane. To estimate the bend angle, the locations of the

fluorophores relative to the helix ends must be estimated.
where [P-D]p is the initial concentration of the protein Fluorescein is negatively charged and has a low anisotropy
DNA complex and the other variables are as described abovewhen covalently linked to DNA Z26), implying that its
For enzyme concentrations in excess of DNA, stopped-flow preferred orientation probably avoids contact with the
fluorescence time courses were fit to a single exponential: phosphate backbone of DNA. Therefore, fluorescein was
assumed to extend out from the DNA, at an anglaith
F=(F,—F)@1— e‘k‘) +F (5) the XY plane. Accumulating evidence indicates that rhodamine
is stacked on the DNA end3{, 35) though the precise
whereF is the fluoresence in arbitrary units and the subscripts location of the fluorophore is unknown. Therefore, a variety
are as above to derive the observed rate constant. For &£f initial rhodamine positions were chosen. These included
second-order event under these pseudo-first-order conditionspositions along the helix axis, above the major groove, and
a plot ofkops at a variety of enzyme concentrations is linear Other positions beyond the helix end. For each assumed
with the slope equal t&, and the intercept equal to; — location, the value oft was varied until the distance between
kor[D] 0 (28). For wild-type EcoRV in the presence of calcium fluorophores in the absence of protein was matched. With
the ko[D] term dominates, andw; is too small to be o fixed, the bend angle was then varied until the distance in
determined by this technique. In this cak,is determined ~ the presence of saturating protein was reached. The range
by addition of excess unlabeled DNA to the prebound labeled of values for the bend angle with different rhodamine
complex, as described above. positions is reported. Similar methods have been used to
To set limits on the relative magnitudes of the binding estimate the bend angles of DNA bound to HMG&)( TBP
and bending rate constants, data were fit to the binding and(37), PAP1 @8), and IHF @4).
bending steps of the reversible mechanism (Scheme 1) usingR
the program Kinteksim29—31). In the first simulations, the ESULTS

reverse rates of binding and bendirlg(andk-», respec- Steady-State Fluorescence Intensity and Resonance Energy
tively) were set to 0.001 and 0.0001*sand both forward  Transfer.Steady-state emission spectra of a 14-mer duplex
ratesk; and k; were allowed to vary. Subsequently, the pNA substrate containing the specific ECORV site GATATC,
forward binding rate was fixed at the value from the first poth alone and bound to protein, are shown in Figure 1.
simulations, and data were then simulated for several compared to singly Fl-labeled duplex DNA, a substantial
specified forward bending rates. Simulated data courses WerecRgT of 40% is observed in the DNA duplex doubly labeled
then fit to a single exponential to determine the deviation jth F| and RhX fluorophores covalently attached at the
caused by each bending rate. The later steps in the reactionespective Stermini. The strongly decreased donor emission
pathway Kenem ks) do not occur with C& or in the absence s expected due to the strong spectral overlap of the Fl
of metal. ) . emission spectrum with the RhX excitation spectrum, which
Bend Angle Calculations*RET efficiency values from  resylts in energy transfer from fluorescein to rhodamine-x.
the titrations in the presence of calcium were used to estimateThe Forster radius is approximately 51 A for this dye pair,
the DNA bend angle in solution. By necessity, these \yhich is comparable to the expected fluorophore to fluoro-
calculations are highly approximate. FRET efficiency was phore distance. Near the Forster radius energy transfer is

converted to distance using the Forster equation: most sensitive to changes in distances, providing a means
61 6 5 to measure even small changes in DNA bending upon protein
E=Ry/(Ry’ +R) (6) binding.

Binding of the singly labeled FI-GCtop/GCbot duplex to

The Forster distance, at which FRET efficiency is 0.5, is EcoRV at saturating levels significantly increased the
calculated from the equatioi32): fluorescein emission at 520 nm (compare green and red
traces, Figure 1a). For this reason, the additional energy

R,° = (8.785x 10 °)®,Kn “J(v) A° 7) transfer from FI to RhX upon the addition of EcoRV to the

doubly labeled FI-GCtop/RhX-GCbot substrate is only

The overlap integral(v) was determined to be 2.24 10 weakly apparent from the uncorrected intensity data alone
for the fluoresceir-rhodamine pair and 1.9& 10 for the (compare black and blue traces, Figure 1a). However, the
fluorescein-rhodamine-x pair. For both dye paii®p, K?, effect of protein binding on fluorescence is presumably

andn were estimated as 0.5, 2/3, and 1.33, respectively. Theidentical on either donor-only DNA or doubly labeled DNA.
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the presence of Gathe increase in FRET efficiency fits well to
the quadratic binding equation (see Materials and Methods). The
concentration of active enzyme determined from this fit is 90% of
that determined by absorbance, and kagis within experimental
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160 mission Wavelength (nm) upon conjugation to DNA is greater for oligonucleotides

— Fl+EcorRy  © containing GC versus TA terminal base pairs due to a charge
w20 | / Fl -EcoRV transfer mechanisnd9). Because EcoRV contacts DNA only
over 10 base pairs7), it is not immediately apparent how
_ ! binding mitigates this effect, thereby increasing the fluores-
;"" N cence emission. However, charge transfer is dependent on
/ ‘\\ the electron-donating ability of the oligonucleotide, indicating
“1 N that indirect effects could be important. In fact, this
\"'m;“_?:«:_ phenomenon is not observed in the absence of divalent metal
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sensitive to subtle changes in the environment of the
fluorophore. The enhanced intensity upon EcoRV binding
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Ficure 1: Steady-state emission scans. (a) 20 nM singly labeled . :
substrate FI-GCtop/GCbot in the absence (green) and presence (reaﬁ0 Fhe G@ substrate (_Flgure 1A) also provides another probe
of 30 nM EcoRV and 20 nM doubly labeled substrate FI-GCtop/ O investigate formation of the enzymeubstrate complex.
RhX-GCbot in the absence (black) and presence (blue) of 30 nM While in this study we have chosen to examine binding
EcoRV. Scans were performed in the presence of 10 mM £aCl affinity instead by fluorescence anisotropy (see below),
Direct absorption of the 485 nm excitation light gave rise to the c];b:)reliminary results reveal that the fluorescence enhancement

520 nm fluorescein emission peak; this emission was decrease inding signal gives equivalent association and dissociation
by resonance energy transfer to rhodamine-x. The small shoulder

at~600 nm represents the rhodamine-x emission derived from both rates (data not shown)'. . .

direct absorption of the 485 nm excitation light and the energy  The reduced quenching of fluorescein conjugated to DNA
transfer from the donor fluorescein. The solid arrow denotes the sequences terminating with TA pairs was exploited for
extent to which fluorescein emission is decreased by energy transferequilibrium FRET titrations, which utilized the dye pair FI-
in the absence of protein; the dotted arrow corresponds to energyTAtop/Rh-TAbot. The increased signal allows for the

transfer in the presence of protein. The larger magnitude of the i
dotted arrow indicates that FRET is greater in the presence of measurement of FRET from the acceptor emission at low

protein, despite the apparent increase in fluorescein emission of PNA concentrations. These equilibrium titrations were
the doubly labeled substrate. (b) Steady-state emission scangeerformed in either the presence or absence of 10 mMLaCl
performed as in (a) for the substrates FI-TAtop/TAbot and Fl- In both cases, 20 nM DNA was incubated with increasing
TAtop/Rh-TAbot. Donor emission of the singly labeled substrate concentrations of EcoRV, and the FRET efficiency was
does not change upon addition of enzyme, and the increase in FRETonitored through the corrected increase in rhodamine

is apparent from the decrease in doubly labeled donor emission.. . . .
Note that the acceptor, for this substrate, emits-680 nm. (c) intensity. In the presence of &athe increase fits well to

Emission scans as in (a) but performed in the absence of divalentthe quadratic binding equation (Figure 2, open circles). The
metal. The enzyme concentration for the red and black scans wasKp determined from this fit is within experimental error of

adjusted to 200 nM to ensure that the DNA is bound. zero, indicating it is too low to be obtained from this
technique and instead must be determined by calculation
Computation of energy transfer from the equation ETL from the kinetic constants. However, by fixing the substrate

— DA/D (see Materials and Methods) corrects for this concentration the fraction of active enzyme can be left as a
phenomenon, because the effect of protein binding is parameter of the fit. The active fraction of 0.90 obtained
canceled out when the intensities derived from doubly and from this fit was used to correct the enzyme concentration
singly labeled substrates are divided. Interestingly, a secondin the experiments to follow.

cognate sequence containing a TA instead of GC terminal The titration end points measured in the presence éf Ca
base pair (FI-TAtop/Rh-TAbot) does not show this fluores- were used to estimate the DNA bend angle of the ternary
cence enhancement upon protein binding (Figure 1b). It hascomplex. FRET efficiency values obtained from acceptor
been reported that the quenching of fluorescein emissionemission are less prone to error than those from donor
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Table 1: DNA Binding and Bending by EcoRV Endonuclease

conditions Kon (M~1s7h)a Koff (S71)P Koena (M ~1s71)¢ kinetic K4 (M)
Mg2* 2.2 (£0.4) x 10 2.0 (=0.1) x 10°

ca* 1.60 @0.01) x 1C° 5.97x 107 1.45 (0.01) x 10° 3.7x 1012
no metal 1.0740.02) x 10° 1.46 (0.3) x 10t 1.4x 1078

aThekon values were determined by fitting the association rate equation (see Materials and Methods) to the anisotropy timé Thaisgs.
values were determined by fitting the dissociation rate equation (see Materials and Methods) to the anisotropy timekgooosgg.not be
determined for the MRS reaction because the DNA is cleaved too rapidiyhe kyengvalues were determined by fitting the association rate equation
to the sensitized acceptor time courses.

quenching (see Materials and Methods) and, therefore, are
ideal for this calculation, which is already subject to
uncertainty in the position of the fluorophores. The FRET
efficiency change from 0.447 to 0.547 (Figure 2) corresponds
to a change in distance from 54.6 to 50.9 A. Depending on
the assumed location of rhodamine, the calculated bend angle
ranges from 30 to 65°. This estimate reasonably ap-
proximates the 50 bending angle derived from X-ray
structures 7). More accurate determination of the DNA
bending angle from FRET will require fluorescence lifetime 012k
measurements3@) or the use of several different helix
lengths to reduce the uncertainty in the position of the Time (s)
fluorophores. In the absence of divalent metal (Figure 2, open 0.10
squares) the FRET efficiency is unchanged even well above
the Kp determined under these conditions (Table 8,19,
21, 22). This indicates that the DNA is bound but not bent
in the absence of divalent metal. The finding that DNA
bending apparently requires metal ions was investigated
further by stopped flow (see below). 0.07 . T
Association and Dissociation Rates by Fluorescence s
Anisotropy.Fluorescence anisotropy provides a highly sensi- 0.08 Mﬁ
tive continuous solution-based assay for both equilibrium and 2000 4000 6000
kinetic measurements of proteiDNA binding. The basis Time (s)

for this approach is that the protetDNA complex tumbles ) )

more slowly in solution than does the unliganded DNA, F'GER'tf?’: _Stothed%f:ﬁW a”'SO'F“t’PY m‘iasure”gﬁ:‘gd (a,\)ATE'meR‘i?Wse
H H H H or determination o € associlation rate consl n co

producing an increase in the anisotropy value. Although endonuclease was mixed with 20 nM RhX-labeled DNA (GCtop/

gql_ullbnum fluorescence anisotropy experiments are typically RhX-GCbot) in the presence of 10 mM CaCThe anisotropy of
limited to DNA concentrations in the micromolar to nano- the uncomplexed DNA is also indicated. (b) Time course for
molar range, much tighter binding constants can be deriveddetermination of the dissociation rate constaat 110 nM EcoRV

by measuring the kinetic on and off rates using stopped- endonuclease was premixed with 100 nM fluorescein-labeled DNA

flow instrumentation. Further, while the 20% increase in total (FI-GCtop/GCbot) in the presence of 10 mM CaCand the
anisotropy was followed over time after addition gfi¥ unlabeled

fluorescence intensity upon EcoRV binding (Figure 1) might "o duplex DNA.

somewhat compromise the precision of equilibrium aniso-

tropy measurementY), it should have no effect on the decrease in anisotropy was monitored over time (Figure 3b).
determinations oKy, and Kof. This concentration of unlabeled DNA traps 90% of the

Association and dissociation rates were monitored in both enzyme after release of the labeled substrate, sufficient to
the presence and absence of 10 mM GaEtoRYV (20 nM) allow determination of the dissociation rate. In these experi-
and 20 nM RhX-labeled DNA were rapidly mixed in the ments the anisotropy decreased from 0.093 for the
stopped-flow instrument, and the anisotropy was monitored enzyme-DNA complex to the uncomplexed DNA value of
over time (Figure 3a). The high signal to noise stopped-flow 0.064. The dissociation rate in the presence 6f @as slow
anisotropy data sets allow a very accurate estimation of theenough to allow mixing by hand in the steady-state spec-
on rate (Table 1). Interestingly, the association rate in the trofluorometer, while the measurement in the absence of
absence of metal ions is approximately’ M~* s71, about metal ions required use of the stopped-flow instrument. Upon
8-fold faster than in the presence of either?Car Mg?* addition of competitor in the presence of metal ions, the
(Table 1). Indeed, the rate of complex formation in the anisotropy drops sharply during the first few seconds of the
absence of Cd or Mg?" is so fast that most of the initial ~ experiment (Figure 3b). This may be indicative of a more
reaction occurred within the roughly 5 ms dead time of the complex, biphasic dissociation process. These data reveal
experiment. Thus, this on rate estimate is subject to somethat the presence of €acauses a decrease in the DNA
increased uncertainty. dissociation rate by greater than*4fold (Table 1).

To determine dissociation kinetics, 110 nM EcoRV  The ratio of rate constantssq/ko, is equal to the equilib-
endonuclease was prebound to 100 nM fluorescein-labeledrium dissociation constariy. This value is determined as
DNA. The prebound complex was then mixed with: 3.7 pM in the presence of €aand 14 nM in its absence, a
unlabeled (i.e., nonfluorescent) 14-mer duplex DNA, and the difference of about 3800-fold. This level of improved affinity

Rhodamine-X anisotropy

0.00 ¥y <== Pre-bound DNA

0.08

Fluorescein anisotropy
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) oo . o Ficure 5: Concentration dependence of the DNA bending rate.
FIGURE 4: Simultaneous binding and bending kinetics. 120 nM  Each point was obtained by mixing 10 nM FI-TAtop/Rh-TAbot
EcoRV and 100 nM DNA were rapidly mixed in the presence of jth a given concentration of EcoRV endonuclease by stopped flow
10 mM CaC}. The binding rate is monitored by anisotropy with  and monitoring the sensitized acceptor emission. Data from four
the substrate GCtop/RhX-GCbot (black), while bending is moni- tg eight shots were averaged to achieve an adequate signal to noise
tored by the sensitized acceptor with the substrate FI-GCtop/RhX- ratio and fit to a single exponential. The observed rate increases
GChbot (red). Both traces fit well to a single exponential with |inearly with enzyme concentration, indicating that the process being
identical second-order rates. monitored is second order. The intrinsic forward rate for this process
(equal to the slope of the line; see Materials and Methods) is 2.1

provided by C&" is consistent with that observed in previous x 10° M~* s, within experimental error of the binding rate.
studies 14, 19), although the magnitudes of the individual
constants vary (see Discussion). observed rate of increase in FRET varies linearly with
Metal-Dependent Kinetics of DNA BendiriEhe rate of enzyme concentration (Figure 5). This indicates that the
DNA bending by EcoRV was monitored by stopped-flow process being monitored is second order.
FRET. Two doubly labeled specific DNA duplexes were  Furthermore, the bending rate must be much faster than
used: (i) FI-TAtop/Rh-TAbot and (ii) FI-GCtop/RhX-GChot.  the observed binding rate for the data to fit well to a single
These substrates are each 14 base pairs in length but diffeexponential. Using the program Kinteksim (see Materials and
in the identity of the nucleotides flanking the GATATC site Methods), a fit of the fastest time course to the two-step
and in the identity of the acceptor fluorophore. For FI-TAtop/ mechanism yielded a bending rate on the order of 1060 s
Rh-TAbot FRET was measured sequentially as the decreaselhough there is a great deal of error in determining this
in donor fluorescein emission (energy transfer) and the parameter, a simulated curve with the same binding rate but
increased emission of the acceptor (sensitized acceptor)a bending rate of 1008 shows a lag beyond the dead time
using a commercially available stopped-flow instrument. For of the instrument. Thus, 100 Sprovides a lower limit for
the FI-GCtop/RhX-GCbot substrate a T-scheme detectionthe bending rate of the cognate site under these conditions
system implemented in a highly sensitive home-built system and shows that the actual rate is too fast to be determined
(see Materials and Methods) was employed to simultaneouslyusing a rapid mixing device with a dead time of ap-
monitor both the energy transfer and sensitized acceptor.proximately 5-10 ms.
Identical rates were observed for both substrates as well as The complete catalytic cycle of EcoRV was observed by
for either the energy transfer or sensitized acceptor measuremixing saturating concentrations of enzyme and DNA in the
ments. This agreement provides substantial confidence thatpresence of 10 mM MY ions. Both fluorescence anisotropy
FRET is indeed the process being monitored. (Figure 6) and FRET (data not shown) were used to monitor
Rates of DNA bending were first monitored in the the reactions. When the reaction was initiated by adding
presence of 10 mM Ca ions, which block DNA cleavage = Mg?" to the preincubated enzym®NA binary complex, a
and thus allow isolation of the earlier binding and bending 1 s lag was observed, as reported previously in stopped-
steps. When equimolar DNA and substrate are used, theflow experiments monitoring the hyperchromicity associated
observed second-order rates derived from anisotropy andwith the product release step by stopped-flow absorbance
FRET are nearly identical [giving rate constants of (45 (15). To eliminate this lag, the reaction was initiated instead
1.6) x 10® M1 s1] and may be considered effectively by preparing the separate enzyme and DNA samples in buffer
simultaneous within the time resolution of the experiment containing Md" ions. Binding and bending rates were again
(roughly 5 ms) (Figure 4). Although DNA bending might simultaneous and slightly higher than observed in the
be considered a first-order conformational rearrangement, thepresence of Ca (Table 1). As the DNA is cleaved and
process being monitored is a combination of both binding released, the anisotropy and energy transfer substantially
and bending because of the necessity of starting the reactiordecrease. Figure 6 also gives an example of the concentration
with separate enzyme and DNA. To establish whether it is dependence of the association of EcoRV with DNA. Interest-
the first- or second-order process being witnessed, theingly, at lower protein concentration, the bent DNA state
concentration dependence of the observed rate with enzymedoes not become completely populated before the enzyme
in excess of DNA was determined. If binding were much begins to cleave. At higher concentrations, the rate of
faster than bending, the observed rate of bending would havemacromolecular association is increased with respect to the
no concentration dependence; this is the case for single-rate of product release, so that the maximum anisotropy is
turnover reactions of EcoRV, where binding is much faster indeed observed (Figure 6). After product release the
than the chemical step being monitored. Instead, underanisotropy decreases to 0.08 (the level of single-stranded
conditions where enzyme is in excess over substrate, theproduct 7-mer oligonucleotides) while the energy transfer

Time (s)



14382 Biochemistry, Vol. 42, No. 49, 2003

0.22. 20 nM DNA, 20 nM RV, Ca?*
0.20] '
0.18"
0.16

0.14 1

20 nM DNA,
100 nM RV, Mg2*

0.121*

Rhodamine-X Anisotropy

20 nM DNA,
2+
0.10 Froe DNA 20 nM RV, Mg
0.08
0 1 2 3 4 5 6
Time (s)

Ficure 6: Catalytic cycle of EcoRV endonuclease monitored by
fluorescence anisotropy. 20 nM GCtop/RhX-GCbot was mixed by
stopped flow with 20 nM EcoRV endonuclease in the presence of
10 mM CacC} (black), 20 nM EcoRYV in the presence of 10 mM
MgCl; (red), or 100 nM EcoRYV in the presence of 10 mM MgCl
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Ficure 8: Exchange rate of metals monitored by the sensitized
acceptor. 100 nM FI-GCtop/RhX-GCbot and 110 nM EcoRV
endonuclease are premixed in the presence of 10 mM,CsIGCI,

is added to 10 mM, and FRET is monitored over time by the
sensitized acceptor. As calcium exchanges with magnesium at the
active site, the enzyme cleaves the DNA. After product dissociation

(gray). The anisotropy of uncomplexed DNA is also indicated. The the dyes diffuse away from each other, and the sensitized acceptor

fast increase in anisotropy is due to binding. The slower decrease
corresponds to the catalytic turnover of the enzyme; once the
products dissociate from the enzyme, they have a lower anisotropy
than the substrate.
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Ficure 7: Metal dependence of DNA bending monitored by the
sensitized acceptor. 80 nM EcoRV endonuclease was mixed by
stopped flow with 20 nM FI-TAtop/Rh-TAbot in the presence of
10 mM CaC} (blue) or 1 mM EDTA (black). The fluorescence of
uncomplexed DNA is also indicated (red and green, respectively).
In the absence of divalent metal, there is no change in FRET
efficiency.

signal drops as FRET falls to zero.

nonspecific DNA together with the weak selectivity for the
specific site in the absence of metal iods,(19, 21, 22).
Thus, in these experiments the fraction of bound enzyme
actually present at the specific site is very small)(

By contrast, assuming a 10 base pair interaction site as
seen in cocrystal structures, the 14-mer substrates used here
provide only five distinct positions at which ECORV may
bind. ForKy of 14 nM (Table 1), over 90% of the DNA will
be bound at 100 nM EcoRV, which represents the highest
concentration used in the titration. Thus, the specific
GATATC site will be 50% occupied given a 5-fold prefer-
ence for this sequence in the absence of divalent meiéls (
21). Indeed, the titration data (Figure 2) show that at the
first titration point, where 20% of the enzyme has been
added, a FRET signal from bending is already detectable.
Thus, the assay would be sufficiently sensitive to detect
bending even if the enzyme were randomly distributed across
all five possible 10 base pair positions, corresponding to a
complete absence of binding selectivity in the absence of
metal ions (22). In addition, a 12-mer specific substrate
possessing only three distinct ECORV binding positions also
shows no detectable bending at equivalent concentrations
(data not shown), offering further support to this hypothesis.
Therefore, it seems clear that DNA bending by EcoRV is
less favored in the absence of metal ions. Of course, these

decreases to zero (data not shown) as the cleaved DNAdata do not exclude the possibility that some complexes

fragments dissociate from the protein and from each other.
Reactions were also monitored by FRET in the absence
of divalent metal ions (Figure 7). However, in this case no

among the population are partially or fully bent in the
absence of divalent metal, but they do indicate that the
reversible equilibrium (Scheme 1) is shifted in the direction

change in the FRET signal was observed even at concentraof unbent DNA if metals are not present to trap the scissile

tions well above the equilibrium dissociation constant (Table
1). Thus, a stable complex of EcoRV bound to bent DNA
possesssing the specific GATATC site does not form unless
divalent metal ions (C4a or Mg?") are also present. A
previous study examining DNA bending by EcoRV in
solution utilized a gel mobility shift assay in which the
EcoRV recognition site was located on a 418 base pair
restriction fragment40). While this work confirmed that
the 50 DNA bending angle observed in crystal structures
is closely matched in solution when divalent metals are

phosphates in the active site.

Metal Exchange in the Enzym®NA Complex.As a
probe of the active site dynamics we also measured the rate
of metal ion exchange at the enzymBNA interface.
EcoRV endonuclease (110 nM) and RhX-labeled DNA (100
nM) were first equilibrated in the presence of 10 mM CacCl
Addition of MgCl, to 10 mM then resulted in a slow decrease
in energy transfer (Figure 8) and in anisotropy (not shown)
due to exchange of the My for C&" and subsequent
cleavage over a 20 min time period. By contrast, the

present, no conclusions regarding bending in the absence oEcoRV—DNA complex require 2 h for complete dissocia-
metals were possible. This is because of the large excess ofion in the presence of Ca (Figure 3b). Thus, metal
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exchange occurs on a much shorter time scale than doesdditional insight beyond that obtained from the previous
dissociation of the enzymeDNA—C&" ternary complex, fluorescence studie®{, 22). Further, DNA bending occurs
implying that the metals exchange within the intact complex. concomitantly with large-scale protein conformational changes
In fact, the rate constant that can be determined from this (7, 8, 20). Thus, the FRET assay also monitors the induced-
experiment may correspond to the “unbending” of the DNA fit transition in the enzyme, making it an excellent probe
(k-2in Scheme 1; see Materials and Methods) and may offer for investigating which amino acids are crucial for facilitating

a further opportunity to characterize the interdependent the bending event. Alterations in the extent or rate of DNA
binding and bending equilibria for wild-type and modified bending can also be investigated as possible determinants
EcoRV—DNA complexes. of specificity against noncognate sequences.

The significant increase in FRET upon EcoRV binding in
DISCUSSION the presence of metal ions shows that DNA bending is

Synchronous DNA Binding and Bending by EcoRV En- Protein-induced (Figure 1). Thus, ECORV does not capture
donuclease.Equilibrium and stopped-flow fluorescence @ fully prebent DNA conformation that is significantly
anisotropy and FRET measurements have been used td?opulated in solution. However, there is little to no induced
monitor the full course of the DNA cleavage reaction by bending unless metal ions are present. This is in contrast to
EcoRV endonuclease. Covalently modified DNA containing high-resolution crystal structures of the enzyrlENA binary
FI, Rh, or RhX fluorophores attached to theehds of 14- complex, which do reveal bent DNA even though no divalent
mer duplexes were used as substrates in the experimentgnetals are included in the crystallization mixturé&s §).
Protein binding slows the tumbling of the labeled DNA These observations may be reconciled, however, in view of
resulting in an increase in anisotropy, which is monitored in the finding that binary EcoR¥DNA complexes crystallized
the stopped-flow instrument to yield the association and in different crystal lattice environments show a 50% range
dissociation rate constants. In separate experiments, FRETOf DNA bending angles in the absence of metal idBjs It
rates are measured as the distance between the two fluoro@ppears that the pathway of DNA bending is roughly
phores decreases upon the induced-fit conformational changdsoenergetic, with the free energy costs of increased DNA
which includes DNA bending. These experiments show that Pending compensated by improved complementarity of the
the rates of protein b|nd|ng and of DNA bending are protein—DNA interface in the minor groove. Thus, different
extremely fast and nearly identical (Figures 3 and 4): the Protein quaternary structure states present along the pathway
two processes occur essentially simultaneously within the of bending are trapped in the distinct lattice environments.
roughly 5 ms time resolution of the experiments. The protein movements are directly correlated with the

We also followed the rate of the Mtrdependent catalytic ~ degree of DNA bending; further, only the crystal with the
reaction as a decrease in anisotropy after product release of0st bent DNA (corresponding to a roll angle of& the
the short 7-mers, which dissociate to single strands undercenter TA step) is capable of sustaining catalytic activity in
these experimental conditions (Figure 6). Thus, the final the lattice 7, 8). Thus, the set of crystal structures may
anisotropy of the reactions is lower than that of the unbound reasongbly represent a part of the induced-fit transition as it
intact 14-mer duplex substrate. The later stages of theOccurs in solution.
catalytic cycle were also monitored by FRET, which Consistent with this model, we suggest that one role of
decreases to zero after product release. Each method yieldsnetal ions is to stabilize the fully bent DNA in position to
a first-order rate constant of 0.4'svery similar to the Mg'- approach the transition state for cleavage. Metals appear not
dependenk:4 at these conditions of pH and ionic strength. to be required to initiate bending, consistent with the
Experiments in which the EcoRV reaction cycle was observation that the crucial metal binding sites bridge
monitored by changes in the intrinsic tryptophan fluorescence conserved enzyme carboxylates with the DNA phosphates
of the enzyme also showed that all of the initial steps in the directly at the bending locus [a distal metal binding site
EcoRYV reaction are fasib). Thek., of the M¢?™-catalyzed located at the flanking sequences is bound only by manga-
reaction is limited by the rates of the DNA hydrolysis and nese ions42)]. However, if metals are absent, the unbending
product release steps, which are roughly equivalent in of the DNA to a linear conformation may occur very rapidly
magnitude to each other. (k-2 in Scheme 1; see Materials and Methods): the metal

The increases in either anisotropy or FRET upon associa-ions provide the crucial interactions to trap the bent complex.
tion were always well fit by a single exponential to yield Although there may be no well-occupied distinct sites, it is
experimentally identical first-order observed rate constants. likely that optimal catalysis depends on trapping of metal
Thus, the binding and bending steps carried out in the ions between the enzyme and DNA at the loose interface
presence of either Mg or C&" are not separable from each before bending is initiated. A need for trapping was suggested
other. Given these observations, it is necessarily the caseby rapid reaction studies, in which it was found that the
that bending occurs at a much faster rate than binding; if hydrolysis rate is slower when Mgions are mixed with
the rates were comparable, then the observables in the FREThe preformed binary ECORYDNA complex, as compared
experiments would exhibit more complex kinetic behavior. with reactions in which Mg§" was added to the enzyme and
These data do not rule out the possibility that DNA bending DNA prior to mixing (15). The very slow rate by which Mg
is simultaneous with binding, with only one transition state. is exchanged for Ca (Figure 8) also demonstrates a need
In either case, the FRET signal effectively monitors the for at least partial disruption of the enzymBNA interface
earlier, slower binding even#). However, it is important ~ for metals to access the active site. This exchange is
to note that this will not necessarily be the case for all ECORV somewhat faster, however, than the rate of DNA dissociation
reactions. For example, the inability of EcoRV to bend DNA from the EcoR\V-DNA—C&" complex (Figure 3b). Pos-
in the absence of metal ions (Figure 7) shows how the new sibly, the rate of metal exchange represents the unbending
FRET assay for DNA bending can provide important of the DNA to form a transient complex in which the active
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site is accessible.

Thermodynamics and Kinetics of Binding by Equilibrium
and Stopped-Flow Fluorescenckhe stopped-flow fluores-

Hiller et al.

ments made by equilibrium fluorescence anisotropy on this
class of substrates, which range from 18 to 90 2 @2).
Perhaps significantly, the previous estimate of 18 nM which

cence methods described here may be used to derivemOst closely agrees with that reported here was achieved

equilibrium binding constants, by the ratio lef/kon, across
a wide range of affinities. For ECOR¥y values in the

using a very sensitive hexachlorofluorescein pré@®.(The
weaker dansyl and eosin fluorophores used in the other study

presence and absence of metal ions determined by this(22) may have contributed to the higher estimates; alterna-

approach differ by nearly 4 orders of magnitude, from
roughly 108 to 10'?2 M. For even weaker binding, it is
possible thatk,, may be difficult to obtain in this way,

tively, the discrepancies might be partially accounted for by
differences in the flanking sequences.

Suitability of C&" as an Analogue of Mg. Previously,

because increasingly high concentrations of enzyme andit has been suggested that’?Caas the capacity to perform
DNA must be used to measure the observed pseudo-first-as a superb analogue of Fign the binding reaction, despite

order rate constants. However, in this weak-binding regime,

its inability to support DNA cleavage. This conclusion was

it will be possible to measure both the equilibrium constant based on the gel shift binding analysis of a series of weakly

(Kg) and ko and thus to calculatk,, = k/Kg. Together,

active base analogue substrates, in which the center TA step

equilibrium and stopped-flow fluorescence are thus uniquely of GATATC was replaced by UA, CI (& inosine), or CG
suited to evaluate both the thermodynamic and kinetic (25). C&" and Mg* provided nearly identicahAGY, 4
parameters associated with any binding event. This approachvalues among the base analogue sites, for which binding

should be straightforward to adapt for other restriction

could be assayed in the presence offMgwing to the very

endonucleases, which are generally much less well studiedslow cleavage rates. This conclusion is strengthened by the

from a rigorous enzymology standpoint. Recently, steady-

present study. Both the €adependent association rate of

state fluorescence utilizing a substrate competition approachEcoRV with DNA and the rate of DNA bending as assessed
has also been successful in measuring the very tight DNA by FRET are identical in the presence of either?Mgr C&*

binding affinity characteristic of metal-dependent binding by
restriction enzymess@).

(Figure 4). Thus, the capacity of &ato function as an
analogue extends to equivalency in the kinetic steps associ-

Attempts to use competition experiments to estimate the ated with binding and induced fit and is not limited to

very tight physiologically relevant metal-dependent binding congruence at the level of equilibrium measurements. Both
affinities by equilibrium fluorescence have not been suc- C&* and Mg* enhance binding affinity and specificity by
cessful R1). Instead, gel shift and filter binding approaches shielding the otherwise present charge repulsion between the
have been more commonly used to address this quedtipn ( DNA phosphates and the conserved active site carboxylate
18, 19). Unfortunately, both of these techniques introduce groups that are required for high catalytic activig). Since
potential artifacts owing to interaction of the macromolecules C&" functions equivalently at all steps of complex formation,
with the physical matrix, are highly sensitive to small its inability to promote cleavage must be due solely to defects
differences in experimental design, and require very sub- in promoting access to the near-attack conformation, in which
stantial efforts to acquire the data in a well-controlled fashion. all required catalytic elements (including the metal ions) are
Work with a 381 base pair restriction fragment carrying one precisely juxtaposed adjacent to the scissile phosphates. The

specific GATATC site showed that €a stimulated a
decrease iy from 0.9uM to 0.2 nM, an improvement in
affinity of 4500-fold (L3, 14). This closely matches the 3800-
fold stimulation measured in this study using short oligo-
nucleotide duplex substrates. A 700-fold improvement in
affinity was estimated in a different study using similar short
duplexes 18), although values oKy were not determined.
In the only previous attempt to rigorously measure th&"€a
dependent affinity toward short duplexes, a value of .2

pK, of an inner-sphere water molecule inCés not greatly
elevated compared with a water on Mgso the failure of
Cat to promote catalysis is not primarily due to a difference
in intrinsic reactivity. Instead, it appears likely that very
subtle conformational adaptations in the active site that
follow global bending, possibly involving small realignment
of the scissile phosphates, may be impeded by the slightly
larger C&" ion (11, 17).

Comparisons with Other DNA Bending ProteiAdthough

1073 M was reported on the basis of gel shift data, some EcoRV is the first restriction endonuclease for which the

30-fold tighter than the value of 3.¥ 10712 M determined

kinetic process of DNA distortion has been examined,

here (9, 25). Part of the discrepancy may arise from synchronous DNA binding and bending also have been found
differences in flanking sequences and from the presence ofin several other systems, including the chromosomal protein
the fluorescent probes. However, these effects are likely notHmG1 (36), the architectural protein IHF36), and the
to be large, because similar measurements performed on basganscription factor TBP (TATA binding proteirt1, 44).

analogue substrates in the 2610 M range gave smaller

The fact that the bending transition imposed on the DNA

differences (as little as 3-fold; data not shown). Thus, the can be performed in a single concerted step may be the result

extremely tightKq we reported in the gel shift study for
binding to the wild-type site is likely a misestimate arising
from artifactual interactions with the gel matri5); this

of common design elements in these proteins, such as the
presence of interspersed flexible and rigid structural domains,
which allow for the concomitant protein rearrangements at

problem appears more acute for the tightest binding sub- re|atively low free energy cost. Indeed, even the apparently

strates.
The Ky of 14 nM for specific site binding of short duplex

more intricate rearrangement involved in “flipping” a target
base completely out of the duplex stack by EcoRI DNA

substrates in the absence of metal ions is also some 10-foldnethylase occurs in a single rapid concerted event, together

higher than values reported by gel shift or filter binding
studies under very similar conditions of pH and ionic strength

(18, 19). However, it is somewhat lower than some measure-

with binding @5). This is in contrast to many DNA
polymerases that may depend on a rate-limiting conforma-
tional change for fidelity46—48; see re#49for an alternative
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view). In these enzymes, if the conformational change
induced by noncognate substrates does not occur or is only
partial, the active site is improperly assembled so that
catalysis is also slowed.

In EcoRV, an important thermodynamic basis for dis-
crimination by indirect readout arises from the bending step
(25). TA is the most easily unstacked of any base pair step;
thus, the difference in free energy cost for localized DNA
bending at the center step of GATATC (compared with AT,
CG, or GC) is a basis for discrimination. This thermodynamic
preference, however, is also propagated into a large differ-
ence in the rate of DNA hydrolysis because the induced-fit
conformational change at noncognate sites differs sufficiently
to result in misalignment of catalytic groupg5j. This
phenomenon of “structural adaptation” appears to be gener-
ally the case for type Il restriction enzymes0). The value
of the stopped-flow FRET and anisotropy in studying this
crucial issue is to permit measurement of the precatalytic
isomerization rate, which involves DNA bending together
with the extensive protein rearrangements. Slower rates of
DNA bending at noncognate sites, or for altered enzymes,
may also establish specificity by effectively enhancing
substrate dissociation prior to achieving the required catalytic
conformation §1). In general, measuring the partitioning of
specificity among the binding, bending, and catalytic steps
should allow for a more detailed investigation of the origins
of sequence selectivity in ECoRV, with possible implications
to the eventual rational or semirational manipulation of target
site preference.
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