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ABSTRACT: The carboxy-terminal subdomains of the homodimeric EcoRV restriction endonuclease each
bear a net charge of4 and are positioned on the inner concave surface of tReDBOA bend that is
induced by the enzyme. A complete kinetic and structural analysis of a truncated EcoRV mutant lacking
these domains was performed to assess the importance of this diffuse charge in facilitating DNA binding,
bending, and cleavage. At the level of formation of an enzy®NA complex, the association rate for

the dimeric mutant enzyme was sharply decreased Bydl®, while the equilibrium dissociation constant

was weakened by nearly &€bld compared with that of wild-type EcoRV. Thus, the C-terminal subdomains
strongly stabilize the enzymeéNA ground-state complex in which the DNA is known to be bent. Further,

the extent of DNA bending as observed by fluorescence resonance energy transfer was also significantly
decreased. The crystal structure of the truncated enzyme bound to DNA and calcium ions at 2.4 A resolution
reveals that the global fold is preserved and suggests that a divalent metal ion crucial to catalysis is
destabilized in the active site. This may explain the 100-fold decrease in the rate of metal-dependent
phosphoryl transfer observed for the mutant. These results show that diffuse positive charge associated
with the C-terminal subdomains of EcoRV plays a key role in DNA association, bending, and cleavage.

DNA bending is a common attribute of proteinucleic complex can be used to drive the conformational change
acid complexes despite the expenditure of free energy thatwhich assembles the active site, thereby lowering the energy
is required to achieve the bent stat. Examples of DNA of the transition state for cleavage. In contrast, the incomplete
bending in biologically important contexts include the conformational change associated with binding to nonspecific
relatively smooth curvature in nucleosomes that facilitates sites may result in the improper juxtaposition of reactive
packaging and the often sharp and localized bending by moieties for the subsequent catalytic steps, @6).

transcription factors to juxtapose two segments of DNAthat  EcoRYV restriction endonuclease cleaves the phosphodiester
are far apart in sequenc2+6). DNA bending is also known  packbone of DNA at the center TA step of itsGATATC
to be important to DNA replication, repair, recombination, recognition sequencT, 28). For some years, the enzyme
and methylation {—17). has served as an important model system in the exploration
Many DNA bending proteins are also site-specific en- of the importance of DNA bending in specificity and
zymes; as a result, the bending event is coupled to selectivecatalysis. EcoRV sharply bends its specific DNA site by
enhancement of the reaction rate at cognate sites. Forapproximately 50directly at the center TA stef29), helping
example, restriction enzymes enhance the rate of DNA strandto facilitate proper juxtaposition among the scissile phos-
scission at specific sites by an estimateé®£old (18). The phate, the catalytic side chains Asp90, Asp74, and Lys92,
specificity of these enzymes is exquisite; a single incorrect and divalent metal ions. DNA bending also produces a severe
base pair in a 46 bp target site reducéga/Ku by =10°- narrowing of the major groove at the center TA step,
fold (19-21). Furthermore, these enzymes must also bind preventing the enzyme functional groups from penetrating
to nonspecific sites, prior to the one- and three-dimensionalto make discriminating hydrogen bonds with the bases.
search for the cognate sequence within a vast molar excessnstead, the center step is recognized primarily by indirect
of nonspecific DNA 22—24). In this context, the extent of  readout 80). The operation of indirect readout as a mech-
DNA bending at specific but not nonspecific sites likely anism that underlies specificity provides another distinctive
provides a basis for sequence discrimination, because enzymeeature driving the sustained interest in EcCoRV as a model
complexes at nonspecific sites provide insufficient interaction system.
energy to drive the unfavorable bending transition. Thus, free Comparisons among a number of EcoRV structures bound

energy liberated in the highly complementary specific ¢, gnecific DNA reveal that, as the bend angle of the DNA

increases, more surface area is buried at the protaioleic
T?UPpr?rted by NIH Gdrant G|\£II53I7d6g (tOng-J-F’-)-OI Teleoh (805)acid interface 31). In this analysis, it was suggested that
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ions showed no global perturbations in the quaternary or
tertiary fold compared with that of wild-type EcoRV but
suggested that divalent metal binding at the active site may
be significantly destabilized. The experiments suggest a
significant role for asymmetric phosphate neutralization in
promoting the induced-fit transition of the ECORWDNA
complex, at the level of both proteiDNA association and
DNA bending.

EXPERIMENTAL PROCEDURES

Mutagenesis and Preparation of Enzyme and DNA.
Mutagenesis was performed with the QuikChange approach
(Stratagene) as previously describ8d)( Oligonucleotides
FiGURE 1. Structure of ECORV endonuclease. The DNA backbone 5 pcR were purchased from Integrated DNA Technologies

trace is colored blue. The carboxy-terminal subdomain of each IDT. Coralville. 1A): h df N
monomer, comprising residues Arg22llys245, is colored red. ( , Coralville, IA); enzymes were purchased from New

Within these subdomains, Arg221, Arg226, Lys229, Arg237, England Biolabs (Beverly, MA). The carboxy-terminal

Arg242, Arg244, and Lys245 contribute positive charge, while domain was deleted by including the UAA stop codon in

Asp228, Glu235, and the C-terminal carboxylate group likely place of Arg221 so that the C-terminal residue of Ecafd/

contribute negative charge at physiological pH. Hence, each s G|220. This stop codon ifEscherichia coliis less

subdomain carries a net positive chargetef. Note the position ibl dth h th he UGA coda8) (Th

of the C-terminal subdomains on the inner surface of the bent DNA. Susceptible to readthrough than the codad) (The
entire coding region of the plasmid DNA was sequenced to

minor groove. However, in ECORYV, electrostatic interactions Verify that only the correct mutation was introduced.
on the concave surface of the DNA may also induce bending Wild-type and mutant ECoORV enzymes were purified by
of DNA into the major groove via asymmetric phosphate a two-column procedure8g). Enzyme preparations in 10%
neutralization 32—36). By this mechanism, appropriately (v/v) glycerol, 0.4 M NaCl, 20 mM potassium phosphate
positioned positive charge along one face of the duplex (pH 7.5), and 1 mM DTT were concentrated to ap-
promotes bending of the DNA in that direction, by allowing proximately 4 mg/mL. Purified enzyme was analyzed by
compensation of the unfavorable closer juxtaposition of nanoelectrospray mass spectroscopy to ensure that the major
phosphates on the inside of the bend. In the proposed two-product was the deletion mutant of the correct size, as also
stage model for EcoRV bending, the DNA is first bent into established by SDSPAGE. Aliquots were flash-frozen and
the major groove by the operation of asymmetric phosphatestored at—80 °C. Enzyme was concentrated further for
neutralization, which could function even at nonspecific sites crystallization by precipitation with ammonium sulfate.
during the course of target localization. After the specific Ammonium sulfate pellets were resuspended in 10 mM
site is reached, formation of the complementary enzyme potassium phosphate (pH 7.5), 1.0 M NaCl, 1 mM EDTA,
DNA interface, including the discriminatory contacts with and 1 mM DTT at a concentration of approximately 10 mg/
base-specific moieties, would drive formation of the complete mL and dialyzed exhaustively in the same buffer before use.
sharp localized bend at the center TA st8f)( DNA oligonucleotides for fluorescence were purchased

A significant proportion of the positively charged surface from IDT. The DNA sequence used for fluorescence studies
of EcoRV is found in the 29-amino acid C-terminal subdo- was AGAAGATATCTTGA. Carboxyfluorescein was at-
mains, which possess a total net chargetdf (Figure 1). tached to the '5end and tetramethylrhodamine to tHeefd
Two basic amino acids from the subdomain, Arg221 and of the complementary strand, through a C6 linker by IDT.
Arg226, make direct contacts with phosphates within and Labeled oligonucleotides were gel purified by IDT and
flanking the GATATC target site. The subdomains are HPLC purified in our laboratory on a Vydac C4 reversed-
located on the concave DNA major groove side and are thusphase column40). Single strands were annealed in an
in an appropriate position to contribute to asymmetric approximately 1:1 ratio, as determined by UV absorbance,
phosphate neutralization both by direct phosphate contactspy heating to 9C°C and cooling to room temperature over
and by the influence of diffuse charge. To understand the several hours. Annealed duplex was then purified from excess
role of the C-terminal subdomain in DNA binding, bending, single strand on a nondenaturing 20% polyacrylamide gel.
and catalysis, we carried out a thorough analysis of the The band colored with both fluorescein and tetramethyl-
structural and kinetic properties of a mutant enzyme in which rhodamine was cut out and crushed by being squeezed
the subdomains were removed in their entirety (EcoRY?! through a 5 mL syringe. Several milliliters of buffer
Remarkably, the cleavage rate of the truncated enzyme iscontaining 50 mM Tris (pH 7.5), 1 mM EDTA, and 100
diminished by only 100-fold. However, both the rates of mM NaCl (TEN buffer) was added, and the DNA was
DNA association and dissociation, and the total extent of allowed to diffuse out overnight with light shaking. The
equilibrium DNA bending, were strongly affected. The X-ray volume of the solution was then reduced to approximately
crystal structure of ECORNC bound to DNA and calcium 1 mL by butanol extraction before precipitation with ethanol.
Pellets were resuspended at approximately:RDin TEN

! Abbreviations: FRET, fluorescence resonance energy transfer; buffer.
ESORVALC, mutantof EcoRty endonuclease b ich amingacds221 - DNA oligonucleotides for crystallzation were purchased
sodium dodecy! sulfatepolyacrylamide gel electrophoresis; EDTA,  from the Midland Certified Reagant Co. with the dimethoxy-
ethylenediaminetetraacetate; BTP, bis-tris propane. trityl (DMT) group left attached. The self-complementary




DNA Bending Mechanism of EcoRV Endonuclease

AAAGATATCTT DNA sequence was used for crystalliza-
tion. DNA was purified as described previousi$1] and
stored in 50 mM Tris (pH 7.5) and 1 mM EDTA at20°C.
Cleavage AssayCleavage at the EcoRYV site was assayed
at 37°C under single-turnover conditions. Enzyme and 5
end-labeled DNA were combined at a molar ratio of 5:1, at
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kobs= kon[E]O + koff - kon[D]O 3)

This equation applies to second-order events with enzyme
in significant excess of substratdlj. For each enzyme/
substrate pair, the full range kfysversus concentration was
collected in triplicate, and each set was fit separately to eq

concentrations of 2500 and 500 nM, respectively. Reactions The mean and standard error of the three trials are reported.
at higher concentrations of enzyme and DNA gave the same The rate of DNA dissociation was also determined by a

rates, indicating the DNA was fully bound. Enzyme and
DNA were incubated separately with 10 mM Mg@i assay
buffer [50 mM BTP (pH 7.5), 100 mM NacCl, 200 mg/mL
BSA, and 1 mM DTT] at 37C for 5 min. The reaction was
initiated by adding the enzyme solution to the DNA. Aliquots
(4 uL) were mixed with 124L of quench solution [8 M urea
and 50 mM EDTA (pH 8.0)] at specific time points. Reaction
products were separated 8 M urea-20% polyacrylamide
gels and quantitated by analysis on a Molecular Dynamics
Storm 840 Phosphoimager. The fraction of DNA cleaved
versus time was fit to a single exponential to give the
observed rate for the cleavage step using Kaleidagraph.
Equilibrium FRET. Fluorescence emission scans were

taken on a Perkin-Elmer luminescence spectrometer (LS50B)

at 22°C. The buffer that was used contained 50 mM Tris
(pH 7.5), 100 mM NaCl, and 10 mM CaLExcitation and
emission slit widths were 8 and 10 mm, respectively. The

extent of energy transfer was computed from the increase

in acceptor fluorescence, as described previoudl). (

Fluorescein was excited at 485 nm and emission intensity

collected from 500 to 650 nm. The fluorescence intensity of

to 585 nm and subtracting the contribution from fluorescein.
The acceptor was then directly excited at 555 nm and
emission intensity collected from 570 to 650 nm. The area
under the curve from 575 to 585 nm was again calculated.
The value of ratig is equal to the intensity from energy
transfer divided by the intensity when directly excited. FRET
is then calculated via the following expression:

E = [¢*(555)k"(485)][ratio, — *(485)k*(555)] (1)

where €P(1) and ¢A(1) are the extinction coefficients at
wavelengthl of the donor and acceptor, respectivebg)

For equilibrium titrations, increasing amounts of enzyme
were added to 25 nM DNA. The FRET efficiency versus
substrate concentration was fit to a hyperbolic binding
equation, since the approximation {&]= [S]o holds:

F=AF x EJ(E, + Kp) + Fy (2)

whereE, is the concentration of enzyme addéq, is the
equilibrium dissociation constary is the energy transfer
for unbound DNA, andAF is the total change in energy
transfer upon complete binding.

Stopped-Flow FRETStopped-flow fluorescence was car-
ried out on an Applied Photophysics SX.18MV stopped-flow

substrate trapping approach. DNA (10 nM) was preincubated
with excess and saturating enzyme in the presence 4f Ca
to allow for specific binding. This solution was mixed with
an excess X10-fold) of unlabeled cognate DNA in the
stopped-flow instrument and the dissociation monitored by
the decrease in acceptor emission. Each dissociation rate was
determined in triplicate; the mean and standard error of the
three trials are reported.

Crystallization and X-ray Structure Determinati®itoRVAC
and DNA were mixed to give a final concentration of 8 mg/
mL enzyme and a 1.5-fold molar excess of DNAulL of
this solution was mixed with kL of well solution on a
siliconized cover slip placed over the well solution. Crystals
were grown by vapor diffusion at ambient temperature. Well
solutions contained 100 mM Hepes (pH 6.5), 250 mM NacCl,
and 8-12% PEG 4000.

Diffraction data were collected at the Stanford Synchrotron
Radiation Laboratory. Data were processed using C@R4 (
for integration and scaling and CN&3) for molecular
replacement and refinement. Phases were determined by

the acceptor tetramethylrhodamine due to energy transfer Waénolecular replacement using the wild-type structure (PDB

determined by calculating the area under the curve from 575

entry 1EOP) as the model, omitting amino acids 2245,
all solvent molecules, and DNA. Coordinates have been
submitted to the Protein Data Bank as entry 2GES5.

The superposition of this structure with the structures of
EcoRV determined previously39) was performed with
Insight Il, using the backbone atoms of residue€9418-

66, 71-77, 86-96, 104-137, 166-181, and 188216 of
each monomer for superposition of the DNA binding
domains and residues 226, 29-31, and 151153 from
both monomers for superposition of the dimerization inter-
face. DNA helical parameters were determined using 3DNA
(44). Electrostatic potentials were determined using the
Adaptive PoissofrBolztman Solver45) run as a plugin for
Pymol (Michael G. Lerner and Heather A. Carlson, personal
communication)46). All DNA, solvent, and metal ions were
removed, and missing backbone and side chain atoms were
modeled into each structure. The charge of each atom at pH
7.5 was determined using pdb2pd7). All settings were

left at their default values, including a protein dielectric of
20 and a solvent dielectric of 80. Figures of the structure
were created with Pymol.

RESULTS

DNA Binding, Bending, and Cleage by EcoRXC.
Crystal structures of EcCoRV endonuclease bound to DNA
have revealed an extensive, complementary pretBiNA

reaction analyzer. Acceptor emission was monitored through interface that includes interactions both within and adjacent

a 570 nm cutoff filter. In all cases, at least five runs were
averaged together and fit to a single-exponential function to

to the B-GATATC-3' target site 29, 48). A key feature of
the specific enzymeDNA complex is a sharp S0DNA

obtain the observed rate constant at each concentration. Plotbend into the major groove, which is accomplished entirely
of observed rate versus enzyme concentration were fit to theby a base-pair roll into the major groove at the center TA

following equation:

step of the recognition site. While the outer two base pairs
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Ficure 2: Single-turnover kinetics. The time course of the cleavage reaction for E&GRY¥ depicted. (A) Denaturing polyacrylamide gel
electrophoresis showing a reaction time course: the separatidreafiglabeled 16-mer substrate strands (in the top bands, the two substrate
strands run with slightly differing mobilities because of differing purine and pyrimidine content) from 9-mer and 7-mer cleavage products
(bottom bands). (B) Plot of the extent of cleavage over time used to derive the first-order rate constant for cleayadalple 1)].

in each half-site are recognized by direct, specific hydrogen Tapje 1: Kinetic and Thermodynamic Parameters of Wild-Type
bonding interactions with base-specific moieties in the major EcoRV and EcoR%C

groove, no such hydrogen bonds are made at the center TA wild type ECORVAC
step. Together with base analogue studies, this observation
i , i : ; Kp (nM) NA 381+ 106
points to the importance of indirect readout of the information " \m=1 52y 0.11+ 0.02 (7.5+ 1.4) x 10°
at this position and to the central role of DNA bending in k(s (9.0£0.4)x 10 (5.6+0.3)x 10722
this phenomenon3, 48). (2.6+£0.3)x 10°2°
A set of extensive conformational changes in the EcoRV  Kot/kon (TM) (8.5£16)x10* 750+ 1*3?
protein occurs concomitantly with the DNA bending, ina  Argem 0.157-+ 0.013 %‘rfggt&g 0.016
mutual induced-fit transition that is essential for the assembly k(s 0.60+ 0.09 (5.4+ 0.2) x 1073

of the two actlye sites0). He_re, we address _th_e |mp(_)rtar?ce 2 Obtained from theg-intercept of concentration dependent@b-
of the C-terminal subdomains of the protein in facilitating tained from substrate trappingChange in FRET efficiency from
this induced fit. A series of crystal structures of the EC6RV  unbound to saturated DNA.
DNA complexes in different lattice environments have
suggested a two-stage mechanism for facilitation of the DNA single-turnover assay utilizing radiolabeled substrate DNA
bending 81). First, flanking interactions made by the (Figure 2). This assay measures the rate of formation of
positively charged C-terminal subdomains are proposed toproduct from free enzyme and substrate. At high enzyme
facilitate an initial DNA bend in the correct direction, by concentrations, the early steps of the reaction (enzyDi¢A
virtue of their ability to selectively neutralize the negative association and induced fit) do not limit the rate of product
charge on one face of the duplex. Such selective neutraliza-formation (see below). Therefore, this assay measures the
tion is possible because of the position of these domainsrate of conversion of bound and bent DNA substrate to bound
adjacent to the concave inner side of the DNA bend (Figure product on the surface of the enzyme. The rate of phos-
1). In the second proposed step, the partially bent DNA is phodiester bond cleavage by ECoR¥ is decreased by 100-
driven into the precise conformation needed for phosphatefold compared with that of wild-type EcoRV (Table 1).
cleavage by virtue of specific binding force exerted in the While this decrease is significant, it is much smaller than
minor groove, on either side of the scissile phosphates.  the effects of a number of point mutations at residues in and
The C-terminal subdomains of EcoRV feature seven around the active site, which play either direct or indirect
positively charged residues together with two negatively roles in facilitating the bond-making and bond-breaking steps
charged residues, for a net chargetd (the charge is+4 (49-52). Thus, the truncated enzyme, when assayed under
when the C-terminal carboxylate is also considered; Figure conditions of binding saturation where the initial steps of
1). Two of the positively charged residues, Arg221 and association and induced fit are bypassed, retains remarkably
Arg226, interact directly with phosphates. To investigate the good activity as a catalyst.
role of this subdomain in facilitating the initial steps of DNA We next measured the equilibrium association constant
bending, we constructed a truncated enzyme in which 25 of ECORVAC with specific DNA. This was accomplished
amino acids at the C-terminus of each subunit are deleted.by using a fluorescence resonance energy transfer (FRET)
The truncated enzyme was purified and studied by a variety binding assay, in which the equilibrium was measured in
of biophysical techniques previously developed for the study the presence of calcium ions. Calcium promotes specific
of the wild-type enzyme in its interaction with wild-type and binding and bending of EcoRV to DNA, but inhibits cleavage
modified DNA target sites2b, 30, 40). These approaches and has been shown to be an excellent analogue of
allow us to evaluate the effects of mutation on the micro- magnesium for the early steps of the reactidf, 63). To
scopic rate constant for each step along the reaction pathwaydetermine the equilbrium dissociation constant for the
The magnesium-dependent rate of phosphodiester bondeaction of DNA with ECORWC, steady-state emission
cleavage by EcoRXC was determined with a gel-based spectra of a 14-mer duplex DNA substrate containing the
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05 The fact that FRET could be used to monitor the binding
equilibrium by ECORVAC shows that the DNA is bent in
the ground state, as is the case in the wild-type EcoRV
complex. In both cases, the experiment measures the total
extent of bending averaged over all the DNA molecules.
Since FRET is on an absolute scale, different equilibrium
values determined in this experiment directly correspond to
changes in the dye-to-dye distances in each complex. The
identical substrate preparation was used for titrations of wild-
type EcoRV and EcoRXC; thus, errors from incomplete
labeling and other substrate-dependent factors, as well as
i . ; variability in the orientation of the'Eappended fluorescent
520 540 560 580 600 620 640 dyes, can be neglected. In addition, our measurements of
the variation in fluorescence intensity with emission wave-
length show that the extent of quenching is identical in
0.75 EcoRV and EcoRWC (data not shown). Therefore, any
change that may occur in the local dielectric constant arising
from removal of the subdomains does not influence the
behavior of the fluorophores.

A significant decrease in the FRET change upon binding
of DNA to ECORVAC compared with wild-type ECoRV is
observed (Figure 3A,B). This change is significantly greater
than the experimental error in the measurements, despite the
increased level of uncertainty in the ECORE end point

06 | due to the high concentrations of enzyme required to saturate

088 DNA. The lower FRET value observed for ECORZ could

] 0 S50 100 150 200 250 indicate that the bend angle has decreased in all complexes.

; 0 1600 15.00 20-0 0 Altlergfatively, thtehret coul:l I:aeba (ilistr:jbu:ir?n o;‘ C(t)m_ple>|<_(t=.t7,

including some that are fully bent and others featuring little

[EcoRV] (nM) or no bending. Regardless, it appears clear that the C-terminal

Ficure 3: Equilibrium FRET titrations. (A) Steady-state emission subdomains play an important role in facilitating the ability

scans. Excitations at 485 nm produce the 520 nm fluorescein of the enzyme to induce the full 3(end of the specific

emission peak, which is decreased by resonance energy transfer t : o : : :
tetramethylrhodamine. Excitations at 555 nm produce the 580 nm(bNA site. Quantitative estimation of the extent to which the

peak: black trace, 25 nM doubly labeled DNA; green trace, 25 €quilibrium DNA bending by ECORXC is attenuated on

nM doubly labeled DNA in the presence of 50 nM wild-type the basis of these data was not attempted, because of the
EcoRV; red trace, 25 nM doubly labeled DNA; and orange trace, high degree of uncertainty associated with establishing the
25 nM doubly labeled DNA in the presence ofuM ECoRVAC. precise positions of the fluorophore40y.

The inset is an expansion of the scans around the 580 nm S L .
tetramethylrhodamine acceptor peak. (B) A constant amount of Next, the kinetics of DNA binding and bending were

labeled DNA was incubated with increasing concentrations of the measured using the same fluorescence assay in a stopped-
wild type @) or ECoRVAC (O), and the change in FRET was flow instrument. To measure the association of EcoRV and
monitored. Note that the asymptote for EcaR¥ is substantially ~ EcoRVAC with cognate DNA, substrate was mixed with an
lower than for WT. The inset is an expansion of the ordinate for excess ¥ 5-fold) of enzyme, and the rate of change in FRET
the wild-type enzyme showing stoichiometric binding. The con- . . .
centration of the DNA was 25 nM. was monitored (Figure 4A). A concentration-dependent phase
was observed, the slope of which corresponds to the
specific ECORYV site were first measured in the presence andassociation rate (Figure 4B). For both wild-type EcoRV and
absence of enzyme (Figure 3A). These data revealed a muchEcORVAC, the concentration dependence of the observed
smaller decrease in donor emission for Eca®/ indicating rate of the increase in FRET with enzyme in excess of DNA
a bend smaller than that induced by wild-type EcoRV (see reveals a linear slope (Figure 4B,D). This indicates that the
below). Next, fluorescently labeled DNA was incubated with process being monitored is the second-order association step
increasing amounts of ECORAC enzyme, and the change in both cases and that the unimolecular bending step must
in FRET was observed (Figure 3B). Strikingly, these data be much faster than bindingd@. Measurements dé,,s for
show that the equilibrium affinity for ECORNC is reduced the wild-type reaction using singly labeled DNA give
by nearly 16-fold relative to that of the wild-type enzyme identical association rates, further underlining the conclusion
(Table 1). The equilibrium dissociation constant for wild- that the binding step is being monitore¢D). Remarkably,
type EcoRV cannot be directly determined by this technique, in ECORVAC, this association rate is reduced b (*-fold
because of the very tight affinity. However, the picomolar compared with that of the wild type (Table 1). Thus, the
binding constant derived from the ratigi/kon, (Table 1) is C-terminal domain plays an important role in the formation
similar to equilibrium measurements made by gel mobility of the initial enzyme-DNA complex.
shift and competitive fluorescence anisotrop®,(58). The The DNA dissociation rate was determined in a separate
substantially weakened affinity for DNA observed in experiment by using a substrate trapping approach (Figure
EcoRVAC demonstrates that the C-terminal domains play a 4c). Enzyme was preincubated with labeled substrate, and
strong role in stabilizing the ground state. an excess of unlabeled cognate DNA was subsequently added
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Ficure 4: Association and dissociation kinetics of EcoR®. (A) Stopped-flow time courses monitoring FRET. Varying concentrations

of ECORVAC and labeled DNA were mixed, and the change in acceptor fluorescence was monitored: red, blue, green, gray, and purple
curves for 200 nM, 400 nM, 600 nM, 800 nM, anduM EcoRVAC, respectively. (B) Concentration dependence of the observed rates
determined in panel A. (C) Substrate trapping. Preincubated EAGR®Nd labeled substrate were mixed with an excess of unlabeled
DNA, and the change in fluorescence was monitored. (D) Concentration dependence of the DNA bending rate for wild-type EcoRV. The
intercept very near the origin reflects the very tight binding in this case.

while FRET was monitored. Deletion of the C-terminal

Table 2: Crystallographic Data Collection and Refinement
domain was found to increase the dissociation rate of DNA Statistic$

by 200-fold. For a single-step association process, the
dissociation rate can also be determined fromytirgercept

EcoRVAC-cognate DNAC&"

- . space group P452,2
of the concentration dependence. By this measure, the rate cell dimensions a=b=67.1A,c=259.9A,
of dissociation increases 500-fold. Systematic residuals are on (A a=pg=y=90
observed when each binding curve is fit to a single-  resolution (A) . 27
. . : no. of observed reflections 28443
exponential function, suggesting that these processes may completeness (%) 81.8 (45.1)
be biphasic. However, the amplitude of this second phase is average intensity/ 8.6 (3.1)
extremely small, and its origin is not clear. A second phase refinegnent range (A) 50:62.4
may account for the discrepancy between the dissociation Rewst(%) 226
te determined f bstrate trapping and that determined g () 274
rate determined from substrate trapping and that determined g t;ct0r, ca* ion (A2) 86
from they-intercept of the concentration dependence, since no. of waters 25
the y-intercept is greater in a biphasic process. rmsd for bond lengths (A) 0.008
Crystal Structure of ECORMC Bound to Cognate DNA. rmsd for bond angles (deg) 123

To gain further insight into the structural perturbations @ Values in parentheses are for the 2.7 A shell. However, data to 2.4
responsible for the decreased association and cleavage rateéwere included in refinem_ent. The following side chains_ di(_j not have
the increased dissociation rate, and the decreased level o éiipé%?b&g’eﬁgg%dgegSég;'gjl‘avzriﬂ?esliigsﬂgg:n;igl;"12'2831’6'
equilibrium bending, ECORXC was crystallized bound 10 and E220 from subunit A and K17, S35, K38, E45, K54, E57, K98,
an 11-mer duplex oligonucleotide containing the cognate site E99, N100, T143, R144, K145, S146, S147, K149, N154, and K197
5'-GATATC-3' in the presence of calcium ions (Table 2). from subunit B.

Crystals formed in space grolf#s2,2, in a unit cell which

has not been previously characterized in any ECoRV X-ray scissile phosphates, indicating that the inclusion of calcium
structure. This represents the sixth distinct lattice environmentions allowed an uncleaved complex to be trapped, as
in which the EcoRV-specific DNA complex has been expected. Clear density was also observed for the backbone
crystallized and only the second in which a ternary metal- of the amino acids at the new C-termini of each chain, as
bound complex is captured in the uncleaved state. Structurewell as for the Glu220 side chain in one of the monomers.
determination at 2.4 A resolution by molecular replacement  To analyze differences in conformation associated with
revealed that electron density is continuous across boththe removal of the C-terminal subdomains, the structure of




DNA Bending Mechanism of EcoRV Endonuclease Biochemistry, Vol. 45, No. 38, 2006.1459

D74

Ficure 5: (A) Superposition of wild-type EcoRV (PDB entry 1az0) (enzyme colored red and DNA green) and ERYizyme colored
blue and DNA yellow). (B) Active site superposition of wild-type EcoRV (red) and EcAR\(blue). Filled spheres show the positions of
the calcium ion in the two structures. The side chain of Glu45 is disordered in the wild-type structure used for comparison.
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FiGURE 6: Inner-sphere ligand distances for the active site calcium ion bound in the wild-type (right) and ACofRft) active sites.
CrystallographidB-factors for the calcium ions are given.

EcoRVAC was superimposed on the previously determined  While no large conformational changes in the protein or
wild-type EcoRV structure complexed with cognate DNA DNA were observed, a small but significant rearrangement
and calcium ions in th@1 lattice (PDB entry 1az0) (Figure in the active site was detected (Figure 5b). In both wild-
5A). No global rearrangements in conformation between the type and ECORWAC structures, a single calcium ion is bound
two complexes are observed. The root-mean-square deviato one subunit, where it bridges Asp74, Asp90, and the
tions (rmsd) in position of the backbone atoms in the DNA- scissile phosphate. This position has been identified as site
binding domains are 0.392 and 0.394 A for the two Illin the wild-type complexes34). However, in ECORWAC,
monomeric subunits, within coordinate error. Similarly, the this calcium ion is shifted in position by approximately 1.4
dimerization interfaces of the wild-type and mutant com- A. The effect of the shift is to substantially lengthen the
plexes adopt identical conformations (rmsd of 0.251 A). A distances at which the nearby negatively charged ligands are
small, roughly 2 reorientation of the DNA binding domains bound in the inner sphere. Inner-sphere distances of ap-
relative to each other is observed in EcoR¥, but this proximatey 3 A are found in the mutant active site,
change is well within the variability observed among the representing a significant weakening of the contacts. Further,
many different structures of wild-type complexéxl) and only two waters are bound to the calcium ion instead of three
is not attributable to the effects of removing the C-terminal (Figure 6). Finally, while thé3-factor for the calcium ion at
subdomains. Similarly, the conformational parameters of the the equivalent position in the wild-type structure is 29 A
specific DNA bound in the wild-type and EcoR\C (2), in ECORVAC the B-factor increases to 86 A2,
structures do not differ significantly. In particular, the base suggesting significant destabilization in the new position. It
pair roll into the major groove at the center TA step remains is important to note that the pathway through which the
at approximately 50in the truncation mutant, despite the C-terminal subdomain interactions stabilize the precise active
observation that in solution, the equilibrium extent of bending site conformation required for optimal catalysis is not evident
is diminished (Figure 3; see Discussion). from the structural comparisons and that the precise config-
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Ficure 7: Electrostatic potential at the van der Waals surface of (A) wild-type EcoRV and (B) E&GRVhe scale is in units dfT/e,
wherek is Boltzmann’s constant] is temperature, and e is the charge on the electron. Note the negatively charged surface exposed at the
new C-terminus of ECORXC.

uration of the metal-bound phosphate in the transition statethat were utilized. However, both Trp216 and Trp219, which
is likely to require a further localized conformational change were deleted in the earlier study, make apparently stabilizing
by which the phosphate is moved deeper into the binding hydrophobic interactions internal to the DNA-binding do-
cleft (54). The propagation of the effects of the C-terminal mains, suggesting that the larger truncation may have
domain deletion may arise from small structural perturbations produced an enzyme that was unstable or unfolded in
that are beyond the resolution of our structures, from changessolution.
in protein or DNA dynamics, from alterations in second-  Electrostatic Effects on Enzym®NA AssociationAn
shell solvent structure, or for other reasons or a combinationynusual aspect of the behavior of EcoR¥ is the 1500-
of these. Regardless of the mechanism, the destabilizationfold reduction in the second-order DNA association rate
of the calcium ion observed in ECOR\C points to the  constant as compared with that of wild-type EcoRV (Table
possibility that the 100-fold decrease in the phosphoryl 1). This finding was unexpected because the association rates
transfer rate has its origin in a destabilization of metal binding of macromolecular partners are unaffected by the stabilities
in the active site. Similar destabilization or repositioning of of the final formed Comp|exes_ Thus, effects on association
the active site metal ions has previously been observed inmust arise from changes in the initial transient binary
other ECORV mutants possessing decreased catalytic rategissociation that forms en route to assembly of the final
(39, 49). Because the global positioning of the DNA binding/  ternary ground-state complex that also includes properly
catalytic domains is preserved in these variants as compareghositioned divalent metal ion&%). In the transitory initial
with wild-type EcoRV, itis unlikely that the altered positions  association of the enzyme with DNA, specific van der Waals
of the metals arise from differences in crystal packing forces. contacts and hydrogen bonds prominent in the ground-state
Michaelis complex have likely not yet been made. By
DISCUSSION contrast, electrostatic effects are probably significant, because

Transient kinetic approaches have allowed a Comp|ete the strength of the electrostatic force falls off only Iinearly
dissection of the role of the positively charged carboxy- With distance and so is not as greatly affected by the absence
terminal subdomain of EcoRV endonuclease (amino acids of well-defined molecular complementarity.

221-245) at each step along the catalytic pathway. This  Association rate constants for macromolecular complexes
detailed analysis, using a combination of chemical-quench have been measured to be as high asB® M~1stin the

and fluorescence techniques, is essential to the criticalcase of the barnasdarstar interaction, and similar values
evaluation of structure-based hypotheses regarding its poshave been reported in other casgS)( However, such high
sible function. The position of the subdomain in the context values include an estimated®aL0*fold contribution from

of the overall enzymeDNA complex (Figure 1) suggested favorable electrostatic interactions, which help to overcome
a role in the early stages of DNA bending8lj. Another the orientational constraints associated with complex forma-
possibility was that distal contacts with DNA flanking regions tion. That is, in the absence of favorable electrostatic forces,
might be crucial to transition-state stabilization, as was a basal association rate on the order of approximatety 10
previously suggested for manganese ion-mediated flankingM~—* s would be obtained. In this context, it is of
interactions in the minor groove37). Evaluating such  considerable interest to note that the’-idld reduction in
hypotheses clearly requires comparative evaluation of thek,, measured for ECORXC is roughly equivalent to the
relevant microscopic rate constants. By contrast, a mutationalestimated contribution of electrostatic guidance in providing
study in which variants are evaluated by steady-state kineticsfor increased association constants generally. We suggest
provides only very general insight into the overall effect of then that a primary role for the C-terminal subdomains of
a mutation. A C-terminal truncation of ECORV has been EcoRV is to facilitate DNA association by providing a
constructed before, but in that study, the 30 C-terminal complementary electrostatic environment for the docking of
residues (amino acids 21@45) were removed and the the DNA. Electrostatic surface potential calculations for
enzyme was found to be inactive?). The lack of reported  EcoRV and EcoRWAC support this notion, since it is clear
activity may have been due to the relatively insensitive assaysthat the removal of the C-terminal subdomain eliminates a
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substantial proportion of the positively charged enzyme artifact arising from the altered orientation of the dyes,
surface (Figure 7). Because the truncation removes only somebecause the bound structure is compared in both cases.
10% of each subunit, it is highly unlikely that the reduced Therefore, the only required assumption is that any effects
size of the enzyme alone plays a major role in contributing on dye orientation upon enzyme binding are the same for
to the decreased association rate constant. both the wild type and mutant. This seems reasonable,
The importance of the complementary electrostatic sur- because the dyes are appended to opposite ends of a 14-mer
faces to the facilitation of the association of ECORV with duplex which is larger than the footprint of EcoRV.
DNA is consistent with our previous proposal, made on the Therefore, it is likely that different FRET values correspond
basis of a series of crystal structures, that asymmetricto a smaller extent of bending in the case of Eca¥®/
phosphate neutralization is important to DNA bendiag)( The EcCORVAC mutant is also compromised in its ability

Of course, we do not know the nature of the transitory to cleave DNA as measured in single-turnover experiments.

association complex in any structural detail, so it is not In these experiments, the enzyme is maintained in excess of
possible to state with confidence that bending of the DNA DNA, and saturation of the complex in terms of both DNA

has already occurred at this stage. However, because asymémd metal ions is maintained. Carrying out the experiments
metric phosphate neutralization is based on the electrostaticn this manner isolates the c.Iea aye% ent o thg enzvme
force, it is reasonable to suggest that it operates in facilitatingI IS T : . vage ev Zyme,
the very rapid approach to the initial association complex bypagsmg the assomathn and b‘?’.‘o."”g steps. Thus,_whlle the
by EcoRV, where enzyme and DNA are proximal but remain cond|t|0n§ 'used are highly artificial compared. with the
loosely bound. A subdomain possessing significant diffuse Cellular milieu, they do allow for a clear evaluation of the
positive charge may be especially well-suited to this role. role of the distal interactions in facilitating approach to the

We emphasize that these observations are purely correlativé'éavage transition state. Itis seen here that this effect, while
and that a definitive exploration of the importance of significant, is nonetheless relatively modest as compared to

asymmetric phosphate neutralization requires further experi-the€ much greater lesions in binding and bending. Interest-
mentation (see below). ingly, contributions of roughly 1®8fold to cleavage rate

Role of the C-Terminal Subdomain in DNA Bending and constants were also measured for the iljteractions made by
Cleavage.In addition to the sharp decrease in the extent of the enzyme with flanking DNA in the minor groov&®).
association, the removal of the C-terminal subdomains in  Diffuse Charge and Localized Electrostatic Contacts
EcoRV also both substantially increases the dissociation rateVariant ECORV enzymes, in which Arg221, Ser223, and
constant and decreases the extent of bending present afrg226 within the C-terminal subdomains were individually
equilibrium (Figures 3 and 4 and Table 1). Together, these mutated to alanine, have previously been studied by steady-
measurements demonstrate that the ECARVDNA com- state kinetics 6, 57). These experiments showed that
plex, once formed, is significantly destabilized compared mutations at positions Arg221 and Ser223 were without a
with the wild-type complex. These observations are similar significant effect on eithei.;or K, while the R226A mutant
in nature to those made in our previous study of the divalent was unaffected itk.: but possessed I, elevated by 600-
metal ion dependence of DNA bending by the enzyme, wherefo|d. The rate-limiting step in catalysis for R226A was not
we demonstrated that the absence of divalent metal ionsgetermined, and it was not possible to directly evaluate the
promoted dissociation of the enzymBNA complex as  meaning of the increasell, in terms of an effect at a
compared with the forward progress to the transition state particular mechanistic step. Nonetheless, this finding suggests
(40). In both contexts, the lack of a full complement of the jikelihood that the initial binding and bending steps are
interactions forming in the early stages of the association 4¢ected in this mutant. Thus, the specific absence of the

and induced-fit process makes it more difficult for the girect salt bridge formed between the Arg226 guanidinium
complex to reach the high-energy transition state, in which roup and 5flanking cleavage site phosphate P-5 &t 5

th'e scissile'phosphates are stably and precisely juxtapose PNPNPGATATC-3 may contribute significantly to the
with catalytic groups on the enzyme. diminished capacity of ECORNC to bind and bend DNA.

The crystal structure of ECORMC bound to DNA shows ) .
the full 50 DNA bend into the major groove, suggesting Given the large 19fold effects found in both the DNA

that crystal lattice interactions drive the equilibrium of the @ssociation and dissociation steps, as well as tHefdl®
ternary enzyme DNA—metal ion complex into the fully bent ~ €ffeCt Onkenem it is quite unlikely that the absence of the
state. This discrepancy between the X-ray structure andR226 interaction alone accounts for_the properties of_the
equilibrium FRET measurements may be explained by fruncation mutant. Instead, other portions of the (_3-tern_1_|nal
postulating that the fully bent DNA conformation observed Subdomains must also be playing important roles in facilitat-
in the ECORWAC crystal is sampled by substantially less than ing the overall cleavage reaction. Further detailed studies of
the full molecular population in solution, although, of course, ion pair interactions at the ECORMDNA interface by a
time-resolved experiments would be necessary to distinguishstructure-perturbation approach that combines DNA methyl
between a similar and decreased overall bend in a largePhosphonate substitutions with mutants in the enzyme are
proportion of the complex, versus the presence of a full bend in progress and are expected to yield substantial insights into
in a small proportion of complexes. The decreased equilib- the importance of specific interactions in facilitating DNA
rium FRET value as measured by decreased dye-to-dyebinding and binding by EcoRV. In particular, the pairing of
distances is very likely reliable: differences in labeling site-directed mutants with neutral methyl phosphonates will
efficiencies are excluded by the use of the same labeled DNAprovide a thorough appraisal of the role of asymmetric
preparation for both mutant and wild-type titrations. Also, phosphate neutralization in facilitating DNA bending within

it is unlikely that the change in dye-to-dye distance is an the context of a functional enzym®NA complex.
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