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ABSTRACT: The rate constant for the phosphoryl transfer step in site-specific DNA cleavaGed®V
endonuclease has been determined as a function of pH and identity of the required divalent metal ion
cofactor, for both wild-type and T93A mutant enzymes. These measurements show bell-shapatepH
curves for each enzyme in the presence ofMas a cofactor, indicating general base catalysis for the
nucleophilic attack of hydroxide ion on the scissile phosphate, and general acid catalysis for protonation
of the leaving 30 anion. The kinetic data support a model for phosphoryl transfer based on wild-type
and T93A cocrystal structures, in which the ionizations of two distinct metal-ligated waters respectively
generate the attacking hydroxide ion and the proton for donation to the leaving group. The model concurs
with recent observations of two metal ions bound in the active sites of the type Il restriction endonucleases
BanHl| and Bgll, suggesting the possibility of a similar catalytic mechanism functioning in many or all
members of this enzyme family.

The phosphoryl transfer reactions catalyzed by homodimer-  High-resolution X-ray structures &coRV are available
ic type Il restriction endonucleases involve the attack of in the unliganded and DNA-bound states in a variety of
hydroxide ion on specific phosphates located within-e84  crystal lattices 10—-16; N. C. Horton and J. J. Perona,
bp dyad-symmetric duplex DNA recognition sitg @). As submitted for publication). These structures show that the
appears to be the case for all enzyme-catalyzed reactions ofDNA is sharply bent by approximately 5@nto the major
phosphodiesters, phosphoryl transfer proceeds through agroove at the center TA step of the recognition site. Bending
trigonal bipyramidal phosphorane transition stee Eor of the DNA is required for positioning the scissile phosphates
both EcoRI and EcaRV endonucleases, it has been shown adjacent to the important carboxylates of Asp90 and Asp74
via the use of isotopically labeled phosphorothioates that thein each of the two active sites. One divalent metal ion has
reaction occurs with inversion of configuratios, ). This been observed bridging tieo-S- scissile phosphate oxygen
provides strong evidence for an in-line attack by hydroxide \ith these two carboxylates [90/74 site, Figure 114,(12,
and departure of the'®xygen from apical positions of the  1¢)]. This metal is positioned to stabilize the incipient
trigonal bipyramid. A Sphosphorylated oligodeoxynucle-  negative charge in the pentacovalent transition state. In
otide is generated as the second product. It is very likely addition, a water molecule bound in the inner sphere
Fhat this sFereochemicaI mechanism holds for all enzymes hydrogen-bonds to the-®xygen, suggesting that its metal-
in the family. _ activated ionization may be the origin of the proton donated

EcoRV endonuclease has emerged as the best-studied typg, the leaving group. Mutational analysis of Asp90, Asp74,

Il restriction enzyme, and is thus a lead system for the ynq the conserved Lys92 in the active site supports essential
exploration of common themes relating to the catalytic roles for these three residues in catalydiz)

mechanism and the origins of the extraordinary specificity. ) . o
EcoRV cleaves the target site GATATC in a blunt-ended ~ E&rly work with ECaRV did not produce a convincing
fashion at the center TA ste)( In company with other candmjate for thg cgtalytlc base rqulred to generate the
members of the family, it exhibits an absolute requirement attgck|ng hydroxide ion. Phosphorothlogte substitution ex-
for divalent metal ions. Each of the three cations ¢vjg  Periments led to the proposal that the adjaceqitsphate
Mn2*, and C8*) supports activity at high levels, with MY might abstract the protonl®), but the large required
preferred 7, 8). Strong evidence implicating at least two €levation in the K, of this group appears to be implausible
metal ions in catalysis has been obtained from stopped-flowin view of the known active-site structure. Two other

fluorescence studies and from metal-reconstitution experi- Proposed schemes, (11) bear resemblance to the two-metal
ments 8, 9). mechanism that is operative in the-%' exonuclease active

sites of Escherichia coliDNA polymerase | and T4 DNA
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American Chemical Society Petroleum Research Fund Grant 33381- However, these schemes require considerable rearrangements

AC4 (to J.J.P.). ; i ;
*To whom correspondence should be addressed: Department ofmc the DNA relative to what is observed in all crystal

Chemistry, University of California at Santa Barbara, Santa Barbara, SI'UCtures, to Properly juxtapose the scisgiIeCP bond
CA 93106-9510. Telephone: (805) 893-7389. Fax: (805) 893-4120. adjacent to metal ions bound at the 90/74 site and a second

10.1021/bi9901580 CCC: $18.00 © 1999 American Chemical Society
Published on Web 04/29/1999




Phosphoryl Transfer Mechanism BEdRV Biochemistry, Vol. 38, No. 20, 199%577

Scissile P

Ficure 1: Structure of the metal binding sites in tBedRV—DNA complex. (A) Structure and inner sphere ligands in one subunit of the
EcoRV—DNA—Mg?" complex, visualized by soaking Mginto preformed crystals of the proteidNA complex (L 1). Dotted lines represent

inner sphere ligands of the metal ions. (B) View of the DNA conformation spanning the entire GATATC target site, b&aod Yoand

Mg?*t ions, showing also the location of Thr93 adjacent but not directly within the catalytic site. Spheres defbierdg(C) Structure

and inner sphere ligands in one subunit of the TI2RV—-DNA—C&" complex, visualized by cocrystallization of the mutant ternary
complex (5). Note that MG2 (A) and CL2 (C) occupy approximately the same site (74/45 site), but that the sites for MG1 in panel A and
CL1 in panel C are distinct. The model for catalysis)(invokes all three of the metals (CL1, MG1, and CL2/MG2), and thus is derived

from combining the information from the two separate crystal structures. The arrow in panel C denotes the proposed nucleophilic attack
from the inner sphere water of CL1 visualized in the T93A mutant cocrystal structure.

site bridging Asp74 and Glu45 [74/45 site, Figure 1A4)(. type and T93A structures, in which the metal in the new
Further, neither of these two mechanisms provides a detailedsite functions to generate the hydroxide ion nucleophile. To
description of the precise roles of the metal ions. test this model, we have now performed a detailed-piie

Recently, we located a new divalent metal site in the study of both the wild-type and T93A mutant enzymes with
cocrystal structure oEcoRV mutant T93A bound to DNA Mg?t and Mr*™ cofactors. The rate of phosphoryl transfer
and C&" ions (C&" supports specific binding but not has been directly measured by single-turnover kinetics, which
catalysis;15, 22). Thr93 lies in the DNA-binding cleft near  isolates the chemical step of the reaction and avoids
the adjacent '‘S3phosphate at GATApTC (Figure 1B). The ambiguities associated with pH studies carried out by steady-
hydrated C&" ion bound in the new site bridges through a state methods2Q@). The data reveal bell-shaped curves
water molecule to thegro-S oxygen of the 3adjacent indicating acid-base catalysis for both wild-type and T93A
phosphate, and ligates a second water which is locatedenzymes with Mg as a cofactor. Titrations on the acidic
approximately in-line for attack on the scissile phosphate and basic limbs of the profile are interpreted in structural
(Figure 1C). A model of the pre-transition state configuration terms, in a manner consistent with the proposed mechanism
was constructed by combining information from the wild- of phosphoryl transferl).
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MATERIALS AND METHODS pH 7.0 and run on parallel gels at pH 7.0 and 6.2. Identical
) . ) values of 5x 107 M were obtained, as previously
Materials. DNA ollgonucle'otldes were purchased' from  yetermined 29). For all reaction mixtures, shifted and
Integr_ated DNA Technologies, Inc., and f_rom _M|dland unshifted bands were visualized by autoradiography per-
Certified Reagent Company. T4 polynucleotide kinase was o med with the Storm 840 phosphorimager (Molecular
purchased from New England Biolabs:-PJATP (6000  pynamics). Equilibrium dissociation constants were deter-

Ci/mmol) was purchased from Amersham. mined by fitting the data to a standard hyperbolic curve.
Enzyme PurificationsWild-type and T93AECARV en- Single-Turneer Cleavage Assay<Cleavage at thEcadRV
zymes were expressed i coli from plasmidpBSRV (24, site was assayed at 3C under conditions of a 3-fold molar

25) and purified to homogeneity by a two-column procedure, enzyme excess over-Bnd-labeled DNA, saturating con-
as described previouslyl®?, 15 26). Purified enzyme  centrations of DNA, and varying concentrations of¥lgnd
preparations were dialyzed into 10% (v/v) glycerol, 0.4 M pn2t, The 16-mer duplex substrate GGGAAAGATATCT-
NaCl, 20 mM potassium phosphate (pH 7.3), and 1 MM TGG has the target site located off-center and produces 9-mer
DTT, followed by concentration with an Amicon ultrafil-  anq 7-mer single-stranded products. Fast reactions were
tration cell to a concentration of approximately 1.0 mg/mL. measured using a rapid quench kinetics apparatus (Kintek
Aliquots were then flash-frozen and stored-&at0 °C. RQF-3). For all measurements on the rapid-quench instru-
Preparation of DNA Substratesthe non-self-comple-  ment, one sample loop contained DNA and metal ions in a
mentary 16-mer oligodeoxynucleotide substrate utilized in solution containing 50 mM buffer at varying pH, varying
all assays possesses the sequene@GAAAGATATCT- concentrations of NaCl (see below), 0.2 mg/mL BSA, and 1
TGG (16). This DNA strand and its complement were each mM DTT. The second loop contained enzyme and metal ions
purified on a Rainin Pure DNA reverse phase HPLC column, in the same buffer. Control experiments established that
as described previousl®27). The DNA peak was collected inclusion of metal ions with the DNA alone gave identical
manually, lyophilized, redissolved in TE buffer [10 mM Tris  rates. Mixing the enzymeDNA complex without divalent
(pH 8.0) and 1 mM EDTA], precipitated with ethanol, metal ionsin one syringe, with Mg&ih the second syringe,
relyophilized, and stored as dry pellets&20 °C. Individual gave slower rates as has also been observed in stopped-flow
pellets were then redissolved in TE buffer ariebbd labeled  fluorescence experiment8)( Other data from this previous
with T4 polynucleotide kinase ang2P]JATP. The excess  study also showed that the binding steps are very fast in
ATP was removed using Bio-gel P-6 spin columns (Bio- comparison with cleavage and product release.
Rad), and the two strands then annealed at various apparent Reactions were initiated by driving the contents of the two
molar ratios and run on nondenaturing polyacrylamide gels. sample loops into a single reaction loop. Ten time points
Annealing reactions which produced 95% or more double- were taken for each reaction. Each reaction time point was
stranded DNA were used in the assays. Duplex DNA from quenched with a solution contaigjt M urea and 75 mM
different annealing reactions thus contained differing amountsEDTA. The final collected volume of the reactions was
of residual single-stranded DNA, but control experiments approximately 19QuL. Aliquots (10 uL) from each time
in which the amount of single-stranded contamination was point were then mixed with an additionat-80 uL of quench
deliberately varied gave no differences in measured dis- solution containing bromphenol blue dye. Slower reactions
sociation constants or cleavage rates. The melting temper-were sampled by hand and were initiated by mixing solutions
ature of this duplex substrate is 8C (16). of enzyme and DNA, each of which contained the divalent
Gel Shift AssaysThermodynamic dissociation constants metal ion cofactor. Gels were run in a buffer consisting of
were obtained by gel electrophoretic mobility shift assays. 50 mM Tris base (pH 8.0), 50 mM boric acid, and 0.33 mM
Assays in the presence of the inactive cofactor analogéie Ca disodium EDTA, at a voltage of 400 mV for 2 h. Substrate
were performed as described previoudl§)( Binding assays  and product bands were visualized by autoradiography
were also performed in the absence of divalent metal. For performed with the Storm 840 phosphorimager (Molecular
these assayscdRV and DNA were equilibrated in a binding  Dynamics). Reaction rates were fit to a first-order exponential
buffer containing 10 mM bis-tris propane (pH 7.0), 100 mM equation. No significant difference in cleavage rate was
NaCl, 1 mM EDTA, 0.05 mg/mL BSA, and 3% glycerol. detected for the two separate strands of the duplex DNA for
Concentrations of DNA were maintained at least 100-fold any reaction.
below theKy. The reaction mixtures were incubated for 30  pH—Rate Profiles A two-buffer system consisting of bis-
min at ambient temperature (approximately Z2) before tris and bis-tris propane was used for measurements between
being loaded onto 12% native polyacrylamide gels running pH 6.0 and 9.5. Reactions carried out above pH 9.5 were
at 200 mV. Immediately after the samples were loaded, the performed in Ches buffer. Equivalent reactions carried out
voltage was reduced to 80 mV and the gel run for 1.5 h. at pH 9.0 in both Ches buffer and the bis-tris/bis-tris propane
The gel running buffer consisted of 20 MM NaP@H 6.2) system gave identical reaction rates. The ionic strength was
and 20 mM KOACc; the pH is shifted to 6.2 to prevent the measured with a conductivity meter at each pH increment
16-mer duplexes from dissociating in the g&8\ To and adjusted to a final constant value of 140 mM for all
establish whether this shift in the pH of the diagnostic gel reactions by the addition of NaCl. At pH 7.5, it is known
affects the measured equilibrium constant, we used the 22-that the enzyme remains fully active for 120 h during
mer duplex 5CTCTTGCGGGATATCGTCCATT as a reactions performed at 3T (16). Similar tests were carried
control sequence. ThKy of this substrate is known29), out to ensure that activity is not lost during long reactions
and we confirmed that for this longer sequence no dissocia-at pH 6.0 and 10.0, the two extremes of the study described
tion occurs in the gel at pH 7.0. Reaction mixtures of wild- here. BothEcoRV andEcoRV T93A were incubated at pH
type EcoRV with this 22-mer substrate were incubated at 6.0 and 10.0 in the presence of Mgr Mn?* for the longest
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Table 1: Equilibrium Dissociation Constants and Cleavage Rates

Ka (M) ko (s™)?
enzyme with C&" no metal with Mg+ with Mn2*
wild-type (1.2+ 0.5) x 10°13b (1.94 0.6) x 10°° 0.30+ 0.01 1.27+ 0.07
T93A (1.1+£2.3)x 107 (1.6+0.2)x 1078 0.0018+ 0.00015 0.025: 0.007

aValues ofk, are those measured at pH 7.0 and are also plotted in Figure 5. The errors are derived in most cases from two independent
measurements. The mean value is reported, and the error indicates the difference between the mean and each of the two measurements. Error bars
for measurements taken three or more times represent the standard deviation from the mean. The kinetic scheme for duplex DNA cleavage by
EcaRV (E) is depicted below. S and P represent the intact and cleaved duplexés jstite rate constant for cleavage of either single strarid. M
represents two or more divalent metal ionsiHES + M?* (ki)=(k-1) E-S'M?* (kp)— E-P-M2" (kg)— E + P + M?2". P From Martin et al. 16).

time periods required to perform single-turnover reactions enzyme and DNA groups by roughly 1 A, without altering
at these pHs. Aliquots were then removed from the separatethe local conformation of either macromoleculs), The
Mg?* and Mr#* incubations and added to reaction tubes Mg2"-dependent overall activity dEcaRV T93A, as mea-
containing DNA at pH 8.0. Reaction rates were identical to sured byk.s/Kr, toward a short oligodeoxynucleotide sub-
those of control reactions in which freshly thawed enzymes strate, is 7% of that of the wild-type enzynms( 33). Here
were directly used at pH 8.0. This establishes that there arewe relate the pH dependencies of the phosphoryl transfer
no irreversible losses of activity at either of the extreme pH step in both wild-type and T93A enzymes to the proposed
values used in the study. Further control reactions were alsostructural mechanism. This mechanism has been derived by
performed to ensure saturation of DNA and of divalent metal combining detailed descriptions of divalent metal ion binding
ions (see Results). sites from separate high-resolution wild-type and T93A
The pH dependencies of the cleavage rate conskant ( cocrystal structures (Figure 15).
for reactions carried out with the Mg cofactor were fit to
egs 1 and 2, which assume two titratable groups on the
enzyme, giving bell-shaped curves with maxima at H
(PKa1 + pKag)/2:

Equilibrium Binding ConstantsTo establish the concen-
trations of DNA required for saturation of the enzyme
binding site, thermodynamic dissociation constants were
determined for wild-typdecoRV and for the T93A mutant

K by gel mobility shift analysis. The analyses were performed
k, = — :‘ax — 1) for each enzyme both by omitting the divalent metal cofactor
14 10" 4 10 "= and by substituting the inactive &acation for Mg* (22).
10 PKa  107PH TheKq values for the T93A mutant in the presence of Ca
and for both enzymes in the absence of metal, were
k, = Kmax ) determined by direct gel shift analysis. TKegfor wild-type

10PH 10 PKa g PKa EccRV in the presence of Cawas determined by equilib-
1 10 PKa 1o PH 10 PKa rium competition 16).

The binding affinity of the 16-mer cognate duplex DNA
where K. represents the maximum value of the titration substrate for T93A is weakened relative to that of the wild
for each of the single ionizationsKp, is the K, value of ~ type (Table 1). In the absence of metal at pH 7.0, T93A
the group which is deprotonated (on the acidic limb), and binds DNA approximately 8-fold weaker than does wild-
pKa2 is the K, value of the group which is protonated (on type EcaRV. In the presence of €& however, a much
the basic limb) 80—32). In the case of eq 1,3 and Ka» stronger discrimination of 900-fold is observed. Becausé Ca
represent “apparent”’iy, values, and in eq 2, these terms enhances discrimination relative to the condition where
represent “true” [, values 81, 32). The distinction between  divalent metal is absent, it appears likely to provide a good
these equations becomes insignificant when the two ioniza-analogue for the enzyméNA binding reaction in the
tions are greater than one pH unit apart. The program presence of an active cofactor. In fact, we have shown that

Scientist was used to fit the data. C&" quantitatively mimics the performance of Rigin
providing nearly identical dissociation constants, as measured
RESULTS by comparative gel shift analyses for slowly cleaved

Structural perturbation approaches can provide consider-CoOmplexes containing DNA base analogue substitutiéds (-
able insight into enzyme reaction mechanisms. Important ECORV and other restriction enzymes possess acidic side
considerations in the use of these methods, however, are th&éhains adjacent to the scissile phosphates of the DNA,
extent to which mechanism and structure are conserved insuggesting that electrostatic shielding is an important function
the altered complex. We are employing the T93A mutant of Of the required divalent catioi34). This provides a molecular
EcaRV endonuclease as a probe to elucidate the relationshipmechanism explaining why €aenhances binding selectiv-
between conformational changes, metal binding, and forma-ity. Gel shift analysis of T93A toward a 382 bp DNA
tion of a catalytically competent pre-transition state enzyme fragment in the presence of €ashowed a 200-fold
DNA—metal ion ternary complex. Thr93 is located in the reduction in the binding affinity relative to that of the wild
DNA-binding cleft near the '3adjacent phosphate, which is type 33), similar to the 900-fold effect observed here with
known from phosphorothioate substitution studies to play short duplexes (Table 1). However, the apparent affinities
an important role in catalysis (Figure 1B8). Mutation of are 1G-fold weaker toward the large substrate, because of
Thr93 to Ala perturbs the active-site structure by displacing the presence of nonspecific DNA.
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FiGURE 2:  Single-turnover reactions with data analysis for the determination of single-turnover cleavage rate constants. The two substrate
strands are slightly separated on the denaturing gel because of differences in sequence (one strand is purine-rich and its complement is
pyrimidine-rich). The separation of the 9-mer (P1) and 7-mer (P2) products is evident. The reactions shown are (A) wild-type enzyme at
pH 7.0 with the Mg cofactor, (B) T93A at pH 10.0 with the Mg cofactor, (C) T93A at pH 9.0 with the Mnh cofactor, and (D)

wild-type enzyme at pH 9.25 with the Mh cofactor.

pH Dependencies of the Chemical St&mgle-turnover  (Mn?") or 7.0 (Mg") (Figure 3). It is evident that Mit binds
reactions with enzyme in 3-fold molar excess of DNA were to the wild-type enzymeDNA complex more tightly than
used to directly measure the rate of the cleavage step of thedoes Md*, with saturation being observed at approximately
reaction (Figure 2). The weaker binding affinities in the 2.5 mM MnCkLand 10 mM MgC}. These concentrations of
absence of metal ions (Table 1) were used as a guide inMn?" and M@" are also saturating for T93A, which binds
choosing appropriate concentrations. Reactions of wild-type the metal ions with apparent affinities that are equal to or
EcoRV were assessed at 50 nM DNA and 150 nM enzyme greater than that of wild-typEcaRV. A higher affinity of
(25-fold above theKgy), while reactions of T93A were the wild-type enzyme for Mit ions has also been found
assessed at 150 nM DNA and 450 nM enzyme (10-fold for plasmid substrates). Importantly, both the M and
above theKy). Because the affinity oEcoRV for DNA in Mn?* titrations display plateaus in activity for both enzymes,
the absence of metal ions decreases with increasin@®f ( providing good evidence for metal ion saturation. At higher
the dependence of the cleavage rate on the total concentratiomoncentrations of either metal ion, the activities decrease
of the enzyme-DNA complex was further evaluated at pH somewhat. This may indicate the presence of additional
10.0 (Mg reactions) and 9.0 (M reactions). At these  weaker-binding inhibitory sites which become occupied at
pH values, the concentrations of DNA and wild-type enzyme very high metal ion concentrations. All measurements of the
were each increased by 3-fold and the cleavage ratespH dependencies of the cleavage rates were carried out at
remeasured. Rates were found to be identical (data notthe saturation concentrations of divalent metal. Elevations
shown), indicating saturation at alkaline pH as well. of the metal chloride concentrations at pH 10.0 (to 15 mM

Titrations of Mg* and Mr?* concentrations were per- MgCl,) and 9.0 (to 5 mM MnG) gave very small cleavage
formed for both wild-type and T93A reactions, at pH 6.5 rate decreases, verifying that metal cofactor saturation was
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1F 4A,B). Replots of the data on a logarithmic scale give slopes
on the acidic limb of 0.90 for the wild type and 0.96 for

:[ N T93A (Figure 5). On the basic limb, the values are 0.85 for
; the wild type and 0.87 for T93A. These slopes are each close

01
2 3 to 1.0 and thus support a model for catalysis which requires
':;, L OO O O --- ool o two deprotonation steps for DNA cleavage. A striking feature
- 001 of the profiles is the sharpness of the peaks and the absence
< of a pH-independent region at which the activities are
B e g maximal. This shows that thekg values for the ionizations

0.001 ¢ o o” must be separated by less than 2 pH urd8.(The closeness
‘ of the [Kjs for the two ionizations places limits on the
r accuracy with which their actual values can be determined,
L — and only the average of the two values can be precisely
0 2 4 gl 8 10 12 14 18 determined 32). However, we nevertheless attempted to fit
the data for each enzyme to both eqs 1 and 2 using several
Ficure 3: Plot of the logarithm of the single-turnover rate constant strategies. First, the \_/alue f8max in eqll Wa§ perm',tted to
k, as a function of metal ion concentration for fgreactions  vary freely as a third independent variable in addition to the
(performed at pH 7.0) and Mn reactions (performed at pH 6.5). two pKys. For both wild-type and T93A enzymes, this
Bli\ﬁ';di?erggggz ?)?(ljv??tla;rI:dCiI(/(l:!;f ?ggicé giii\}:IfOfV\ovﬂggyggr;eoaﬁéigns produced a “reverse ionization” in which the value fét,p
g]nd wkl?ite circles depict data for ’T93£ reactighs in the presence of was h_lgher than th_at O.ﬂﬂ‘z’ Q”d the computed standard
Mg2+ and Mr?*, respectively. deviations were quite high (wild typeKp; = 9.40+ 0.87
and K, = 7.66 &+ 0.85; T93A, Ka = 9.15+ 0.37 and
also attained near the upper bounds of the pH profiles (datapKa2 = 8.50+ 0.36). However, it was found that fixirgmnax
not shown). to certain values in eq 1 allowed much more accurate fitting
The pH-rate profiles of wild-type and T93A enzymes in  as judged by reduced standard deviations. The best fits were
the presence of Mg each exhibit classic bell shapes (Figure obtained wherK,.x equaled 0.19 8 for T93A and when
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Ficure 4: Plots of the single-turnover rate constapias a function of pH: (A) wild-typeEcaRV reactions with the Mg cofactor, (B)

T93A reactions with the Mg cofactor, (C) wild-typeEcaRV reactions with the M#" cofactor, and (D) T93A reactions with the K

cofactor. Error bars denote the standard deviations of the rate constants for reactions for which two or more independent measurements
were taken. Data points for which no error bars are denoted represent single measurements at these pH values.
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with pH. (A) Acidic limb of the profiles. Plotted are data for
reactions of wild-typeEcaRV with the M cofactor @), wild-
type EcaRV with the Mg+ cofactor @), T93A with the Mr#+
cofactor @), and T93A with the Mg" cofactor @®). (B) Basic limb
of the pH profiles. Shown are data for the Megependent reactions
of wild-type EcaRV (@) and T93A @).

Kmax €qualed 13.57¢ for the wild type; each of these values

Sam and Perona

cases also. However, at pH9.5, it was no longer possible

to obtain accurate data because of the formation of insoluble
precipitates of manganese oxide and manganese hydroxide
(35). Although these precipitates do form at pH values of
>8.0, the quality of the data in the range of pH-8925 is

not diminished (Figure 2C,D). Thus, we think it is likely
that the measured rates are reliable, particularly since it is
expected that the effect of the precipitation, if any, would
be to decrease the speed of catalysis. Although the lack of
data in the basic region precludes fitting to the equations
describing a doubly ionizing system, it is clear from
gualitative comparisons of the acidic regions that the
ionization on this limb for MA* reactions is similar to that

for Mg?* reactions. There is thus no significant metal cofactor
dependence on theKp of the group which must be
deprotonated for activity. Further, as in the case ofMg
dependent catalysis, the T93A mutant again behaves in a
manner nearly identical to that of the wild type.

As previously reported3), for wild-type EcARV the rate
of phosphoryl transfer at pH 7.0 in the presence ofMs
faster than the Mgj-promoted rate by approximately 4-fold.
The T93A mutant exhibits a more pronounced cofactor
effect, with Mr?*-catalyzed phosphoryl transfer proceeding
15-fold faster than the Mg-dependent reactions (Figure 4).
At the pH where the rate is maximal (approximately 8.75),
the wild-type enzyme catalyzes Kfgdependent phosphoryl
transfer approximately 65-fold faster than does T93A. The
rate of the mutant is diminished only 20-fold in KM
catalyzed phosphoryl transfer, however, and at the optimal
pH, the rate of MA"™-dependent DNA cleavage by T93A
approaches to within 5-fold of the Mg-dependent wild-
type rate.

DISCUSSION

T93A Mutant as a Probe of Mechanisin important
objective of this study is to evaluate the suitability of T93A
as a vehicle for elucidating the structural basis of catalysis.
The impetus for this arises from our finding of a new divalent

is 3-fold above the maximal rate at the peak of the respective Metal binding site in the active-site region, in the crystal

profiles. At theseKmax values, the K, values are as
follows: wild type, Ka1 = 8.544+ 0.04 and ., = 8.52+
0.04; T93A, K1 = 8.82+ 0.05 and K, = 8.83+ 0.04.
For both enzymes, identical values with slightly higher
standard deviations were obtained by fitting to eq 2 (while

structure of theecoRV T93A—DNA—C&" ternary complex.
This site has not been observed in any wild-type structure
of the enzyme-DNA complex. Instead, metal ions in wild-
type structures bind to two other distinct sites, one of which
is also occupied in T93A (Figure 1). Combining this

a”owing Kmax to vary independent'y)_ Because the absence information led to models for CataIySiS in which all three

of a flat top to the profiles indicates that the ionizations are Metals are incorporated, which are consistent with all
less than 2 pH units apart, it is possible to state with available biochemical and mutagenesis data, and which
confidence that Iga; and K., do not deviate by more than require only very small adjustments in the positions of key
1 pH unit from the precisely determined average values of groups for forming a pre-transition state ternary complex in
8.53 for the wild type and 8.82 for T93A. Clearly, the which hydroxide ion is poised to attack at phosphorus (Figure
ionizations required for catalysis by the mutant enzyme are 6). The detailed rationale for why mutually exclusive metal
very similar to those required by the wild type. sites are observed in t_he wild.—type and T93A mutant
The pH dependencies of phosphoryl transfer in the Structures has been previously discussks).
presence of Mf™ are very similar in the acidic portion of The validity of the model rests in part on the assumption
the profiles, reaching a maximum value at pH 8.75 (wild that T93A and wild-typdEcoRV possess identical chemical
type) and 9.0 (T93A mutant) (Figure 4C,D). Replots of the mechanisms. This appeared to be reasonable on the basis of
data on a logarithmic scale give slopes of 0.81 for the wild two previous observations: (i) the conformations of the
type and 0.83 for T93A (Figure 5), indicating a single active sites of T93A and the wild type are similar and (i)
deprotonation, as observed for figFor both enzymes, the the Mg"-dependent overall activity of T93A is preserved
rate of catalysis slows as the pH is raised further, suggestingat 7% of the wild-type level as judged ly./Kn, values for
that similar bell-shaped profiles likely are obtained in these a short oligodeoxynucleotide substra3)( Additional and
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the mutant. Mispositioning is supported by the crystal
structure of the T93ADNA—C&" complex, which shows
that enzyme and DNA groups over a portion of the interface
are shifted apart by roughtl A even though their internal
conformations are unchangetly]. It is also interesting to
consider the structural basis for the 200-fold reduction in
binding affinity (Table 1). In addition to the apparent

3 0O
proSO“ @ o (/H weakening of some interactions at the enzybBD&A

interface, more global structural changes were observed in
the T93A cocrystal structure and also in the structure of
unliganded T93A12, 15). These encompass altered relative
positions of rigid portions of the dimer, comprising the two
catalytic/DNA binding domains and the dimer interface
region. It thus appears that the decreased binding affinity
may ultimately originate from differences in the induced-fit
pathway, during which the DNA sharply bends and the
protein undergoes numerous conformational changes en route
to formation of a productive complex. Further analysis and
experimentation with the T93A mutant is presently in
progress. This is expected to provide additional insight into
the details of the induced fit, particularly with respect to the
roles of amino acids distant from the DNA binding cleft.
Structural Mechanism of Catalysis by EcoRRMe bell-
shaped pHrate profiles for wild-type and T93A enzymes
in the presence of Mg indicate the presence of two essential
titratable groups in the enzym®NA—Mg?" ternary com-
plex. The maximal activity in the center of the pH range
shows that the singly protonated form of the complex is
catalytically active. Thus, the mechanism involves general
base catalysis of the attack of hydroxide ion at the scissile
phosphorus (8, = 8.53 + 1.0) and general acid catalysis
of the expulsion of the'&ibose hydroxyl group (.= 8.53
+ 1.0). The large uncertainties in the estimate of ed€h p
are a consequence of the fact that the values are within 2

.0 pH units of each other. It is possible, therefore, that g p
@»/&65 of the base which deprotonates water is actually higher than
o) that of the acid which protonates the leaving anidf)(

FiIGURE 6: Alternative possibilities for the transition state of the ~ In addition to these pH studies, considerable other
metal ion-mediated DNA cleavage BgoRV, each consistent with  biochemical and crystallographic data of relevance to deduc-
biochemical and crystallographic data. (A) A metal ion located in ing the catalytic mechanism &coRV have been previously

site | generates the attacking hydroxide nucleophile, which is . . .
stabilized and oriented by the positively charged Lys92. The proton reported. Phosphorothioate modification experiments have

is released to solvent or associates transiently with a DNA phosphateShown that the reaction proceeds via an in-line attack by
or active-site carboxylate group. (B) The same metal ion generateshydroxide which forms a transient pentacovalent transition-
the attacking hydroxide, but Lys92 functions insteaq as a general state species, with inversion of configurati@). (Thus, there
base to accept the proton from water. Both mechanisms are baseds 1y staple covalent intermediate, and consideration can be
on combining information from the crystal structures of the wild- limited to how the sinale tri | b', dal t it tat
type and T93A enzymes§). _ e gle trigonal bipyramidal transition state
is stabilized. The reaction has an absolute requirement for
more definitive evidence is provided by the pkhte studies. divalent cations; for the preferred Nigcofactor, it is well-
The pH dependence of catalysis in the two enzymes is quiteestablished that at least two metals per enzyme subunit are
similar for both metal cofactors (Figures 4 and 5), with very required for cleavages( 9). While Mg?"-dependent overall
similar bell-shaped curves and an observed shift of only 0.3 rates are fastest, the rate of the chemical step of phosphoryl
pH unit in the average value of the two closely adjacent transfer is better catalyzed by ¥y and the lower overall
pKy's. Together with the high overall activity and the rates with this cofactor are caused by slower product release
preservation of local active-site structure, these data offer (36). Two of the metal binding sites located by X-ray studies
very good evidence that the chemical mechanisms of the twoare located between the crucial enzyme carboxylates Asp90
enzymes are indeed the same. and Asp74, and the scissile anda®ljacent phosphates of
The catalytic rates decreased 65-fold for Wgeactions the DNA (Figure 1 and sites | and Il in Figure 6). Because
and 20-fold for MA* reactions exhibited by T93A most neutralization of the phosphate charge is key to phosphodi-
likely arise from a small mispositioning of the reactive groups ester bond cleavage, the positions of these metals strongly
of the enzyme and DNA in the pre-transition state ternary suggest that they play a direct role in catalysis. It is also
complex. Much greater decreases would be expected if, forestablished that the enzyme residues most sensitive to
example, one or more of the metal ions were not bound by mutation are Asp90, Asp74, and the directly adjacent Lys92
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(Figure 6). Replacement of any of these side chains with
alanine reduces the overall catalytic rate by>4orders of
magnitude 17).

A further important consideration in considering possible
mechanisms is the reliability of the structural studies in
providing a ground-state model from which the positions of
key groups in the (experimentally unobservable) transition
state may be deduced. FHacdRV, crystal structures of the
cognate enzymeDNA complex are available in five dif-
ferent crystal lattice environment$( 11; N. C. Horton and
J. J. Perona, submitted for publication). All of these structures
possess similar conformations for the active site and the DNA
within the target site. Only small differences of £0.5 A
in the positions of the scissile phosphate and adjacent
deoxyribose sugars are found. Significantly, catalytic activity
is retained in one of these latticeR)( N. C. Horton and J.

Sam and Perona

in good accord with the pH studies as well, because the
approximate equivalence observed for the tWQ yalues is
consistent with the same chemical event of metal-ligated
water ionization being required for both general base and
general acid catalysis. In addition, the finding that the rate
of the chemical step is faster in the presence of Mi36;
Table 1) is consistent with direct metal ligation to the scissile
phosphate (Figure 6A,B), because the greater acidity ¢f Mn
(as reflected in a lowerky, for inner sphere waters) makes

it better able to withdraw electrons from the-B bond.
Thus, the phosphorus is rendered more susceptible to
nucleophilic attack by hydroxide ion.

This mechanism as proposed is poorly defined in the sense
that the identity of the proton acceptor (the general base) is
not explicitly indicated. Possibly, the proton is released to
solvent or associates transiently with an adjacent carboxylate

J. Perona, unpublished observations), suggesting that the®" phosphate group. An alternative possibility is that Lys92

observed ground-state conformation is similar to the transi-
tion state. Thus, it seems unlikely that the DNA undergoes
considerable rearrangement prior to cleavage.

The three-metal ion mechanism we have proposed is
consistent with the pHrate profiles and all other biochemi-
cal data 15). In this mechanism (Figure 6A), the source of
hydroxide ion is a water molecule bound in the inner sphere
of a divalent metal ion. The metal is observed ag'da
the cocrystal structure of tHecoRV T93A mutant bound to
DNA (site I in Figure 6). It bridges through an inner sphere
water molecule to thepro-S$ oxygen of the 3adjacent
phosphate, explaining the low activity of tt8&-phospho-
rothioate derivative {8) as arising from disruption of this
metal binding site. The other two metal sites observed in
wild-type structures are also occupied in the model. The
metal bound to the Asp90 and Asp74 carboxylates neutralizes
the incipient negative charge in the pentacovalent transition
state, and also provides an inner sphere water molecule whic
hydrogen bonds to the'-®xygen leaving group (site Il in
Figure 6). lonization of this water promoted by the metal
ion is used to protonate the leaving oxyanion. The metal in
the 74/45 site (site 1l in Figure 6) plays a structural role in
positioning Asp74. Only very small movements of the
enzyme, the DNA, and the hydrated metals were needed to
construct a plausible pre-transition state conformation,
including all three metal ionslg; Figures 1 and 6).

We have previously discussed two possibilities for the
critical role of Lys92 in promoting catalysi4). In the first,
the K, of the amine group (normally 10.5 in aqueous
solution) is unshifted or is raised because of the proximity
of the DNA phosphates and, in particular, the direct
interaction with the pro-R- oxygen of the 3adjacent
phosphate (Figure 6A). The positively charged amine
nitrogen then stabilizes the attacking water molecule and
contributes to a further lowering of itdp. For Mg?™ as the
metal cofactor, a g, value for the inner sphere water
molecule of 11.4 is commonly use®%, and references

in fact plays the role of the general base (Figure 6B). In this
model, Lys92 and the hydrated metal ion operate in concert
to provide highly efficient catalysis. This is quite plausible
chemically, since thelf, of 8.5+ 1.0 for the general base
requires a downward shift of only 2 pH units in thiof

the amine group, relative to its value in aqueous solution.
However, a structural basis for the maintenance of Lys92 in
the deprotonated state is less clear, in view of the adjacent
negatively charged phosphates. Available approaches for the
calculation of the Ky's of active-site residues are not yet
sufficiently accurate to permit an evaluation by theoretical
means, particularly not in a system of this complex88)(
Further experimentation will be required to distinguish the
two possibilities (Figure 6A,B).

The mechanisms depicted in Figure 6 position the two
most important metal ions (sites | and Ill) in-line with the
reaction trajectory, that is, on a line parallel with the apical

ositions of the trigonal bipyramid at phosphorus. Although
here are differences in detail, this is an arrangement similar
to that observed for the phosphoryl transfer reactions
catalyzed by alkaline phosphatas0)(and by the 3-5'
exonuclease active sites Bf coli DNA polymerase | 19)
and T4 DNA polymerase2(l). Recently, divalent metal ions
have also been located in the active sites of type Il restriction
endonucleaseBanHI (39) andBgll (40) in their respective
cocrystal structures with specific DNA. In both these cases
as well, two metal ions are observed roughly in-line with
the ligands at the apical positions of the scissile phosphates
in the transition state. Further, for each of the enzymes
(EcARV, BanHl, and Bgll), a spatially conserved triad of
charged amino acids (equivalent to Asp90, Asp74, and Lys92
of EcaRV) is located adjacent to the scissile phosphates and
metal binding sites. The similarities observed among these
three high-resolution structures in the same enzyme family
provide some further confidence that the propogedRV
mechanisms depicted in Figure 6 may in fact obtain. While
the crucial correlative kinetic data reported here and else-
where forEcoRV are lacking for bottBgll and BanHl, the

therein), although values as high as 12.8 are reported in theconcordance of metal binding sites is nonetheless suggestive

literature @7). Analysis of the pH-rate profile indicates a
general base with akf of 8.5 4+ 1.0 so that a shift of as
little as 2 pH units may be required. A small shift of this
magnitude is quite plausible due to the direct proximity of

Lys92. The mechanism also invokes ionization of a metal- t

bound water for protonation of thé-Raving anion. This is

of a catalytic mechanism with many similar features among
enzymes of the type Il restriction endonuclease family—pH
rate studies have also been reportecooR| (41) andTad

(42), in the latter case via single-turnover measurements of
he chemical step. Ifiad, the Mg?*-dependent rate increases
in the pH range of 6.87.5 and remains constant from pH
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7.5 to 8.75. Rates at higher pH values were not reported,from different structures. Additional and extensive experi-
leaving open the possibility of a bell-shaped profile as found mentation for accomplishing these objectives is ongoing.
for EcORV. Should this be the case, the two ionizations
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