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Abstract: The origins of divalent metal-dependent catalytic properties in phosphoryl transf&cdsV
endonuclease have been investigated by transient kinetic methods. Pre-steady-state measurements on short
oligodeoxynucleotide substrates reveal a burst of product formation for both-Mgd Mr?+-catalyzed DNA

cleavage reactions, indicating that for each metal ion the product release step is partially or completely rate-
limiting. However, the steepness of the burst is far greater fot'Meactions, and analysis of the steady-state
portions of the reaction profiles shows that the overall rate is 6-fold slower in the presence of this cofactor.
The strongly rate-limiting product release step inamneactions may arise from the higher intrinsic affinity

of this metal ion for phosphates. Single-turnover experiments carried out with enzyme in molar excess over
DNA were also used to isolate the chemical step of the reaction. In contrast to the slower steady-state rates,
both these measurements and the pre-steady-state reaction bursts show that the bond-breaking and bond-
making steps are significantly better catalyzed by?MriThis supports models for catalysis deduced from

X-ray crystal structures of the enzymsubstrate DNA complex, in which a divalent metal ion is directly
ligated to the pro-Soxygen of the scissile phosphate group.

Divalent metal ion cofactors are essential for cleavage of in EcaRV the preference for the cognate GATATC site relative

dyad-symmetric duplex DNA target sites by homodimeric type to GTTATC is decreased by over “4fbld when Mr?t is

Il restriction endonucleasésThe reactions proceed via in-line  present This factor reflects both a 75-fold decreasekit/Km
attack of hydroxide ion on the scissile phosphate to generate afor cognate site cleavage, together with a remarkable 700-fold
pentacovalent transition state, leaving products wigpi®sphate increase irkcao{Kn, for the noncognate site. Second,BadRV,

and 3-OH groups* The metal ions may speed catalysis by EcaoRl, and Munl, Mn2* can significantly reconstitute the
providing a source of hydroxide ions, by neutralizing the deleterious effects on Mg-dependent rates caused by enzyme
incipient additional negative charge in the trigonal bipyramidal mutations in the DNA binding cleft’ These effects are striking

transition state, and/or by facilitating release of th®3anion. because they can be manifested for mutants located in numerous
Cocrystal structures dcdRrV, BarrHI, andBgll bound to DNA positions across the proteiDNA interface. In one case, an
and divalent metal ions provide supporting evidence for each active-site mutation of 1le91 to leucine iBEcoRV, Mn2™-

of these roles. dependent catalysis shows both enhanced cleavage rates and

The highest levels of activity in DNA cleavage are found improved sequence specificity, compared to?Mgeactions of
with Mg?*+ as the cation, and this metal is the likely cofadtor the wild-type enzymé.In general, however, overall rates for
vivo. However, other divalent metal ions are also able to support wild-type enzymes at cognate sites are slower in the presence
activity to varying degrees. Among these, catalytic effects upon of Mn2*,48 even though this metal is more acidic and lowers
substitution of MA* have been studied in some detail for several the pK, of an associated water molecule by a greater amdunt.
enzymes in the family. A number of distinct phenomena have — — - -
been observed. First, DNA sequence discrimination is markedly Je|§§)cr(1?)Alf?gAL|Jvneas\flgl.l;Jsc')Q§esslléﬁggsér\,BTI(,);CC\i:mE;,%Q.?Khggéi,lg??b(i%oud,

decreased by the substitution of Rrfor Mg?".4.> For example, A. J. Mol. Biol. 1993 229, 221.
(7) Vipond, 1. B.; Moon, B.-J.; Halford, S. EBiochemistry1996 35,
* Corresponding author. Tel: 805-893-7389. Fax: 805-893-4120. 1712.

E-mail: perona@chem.ucsb.edu. (8) Cao, W.; Mayer, A. N.; Barany, Biochemistryl995 34, 2276.
(1) (a) Roberts, R. J.; Halford, S. E. Nucleases2nd ed.; Linn, S. M., (9) pKa values for water ligands inquo—metal complexes vary in the
Lloyd, R. S., Roberts, R. J., Eds.; Cold Spring Harbor Press: Plainview, literature. Values of 11.4 for Mg and 10.6 for MA* have been reported
NY, 1993; pp 35-88. (b) Pingoud, A.; Jeltsch, Aur. J. Biochem1997, (Dahm, S. C.; Derrick, W. B.; Uhlenbeck, O. Biochemistry1993 32,
246 1. 13040; Kragten, JAtlas of metat-ligand equilibria in aqueous solutign
(2) (@) Connolly, B. A.; Eckstein, F.; Pingoud, A. Biol. Chem 1984 Halsted Press: Chichester, England 1978; Westermann, K.; Nasef. K.
259 10760. (b) Grasby, J.; Connolly, B. Biochemistry1992 31, 7855. Brandes, G.norganic Chemistry 12th ed.; VEB Deutscher Verlag fur
(3) (a) Viadiu, H.; Aggarwal, A. KNat. Struct. Biol 1998 5, 910. (b) Grundstoffindustrie: Liepzig, Germany, 1986; (p-%5). However, a value

Newman, M.; Lunnen, K.; Wilson, G.; Greci, J.; Schildkraut, I.; Phillips, of 10 for Mr?*, with some uncertainty, is also reported (Wilkinson, G., ed.
S. E. V. EMBO J 1998 17, 5466. (c) Kostrewa, D.; Winkler, F. K. Comprehensie Coordination ChemistryPergamon Press: Oxford 1987;

Biochemistryl995 34, 683. (d) Perona, J. J.; Martin, A. M. Mol. Biol. Vol. 2; p 310) and the early literature reports values of 10.6 fo? Vand

1997 273 207. 12.8 for Mgt (Chabarek, S.; Courtney, R. C.; Martell, A. E.Am. Chem.
(4) Vermote, C. L. M.; Halford, S. EBiochemistry1992 31, 6082. Soc 1952 74, 5057). However, it is always found that tp&, of waters
(5) Hsu, M—T.; Berg, P.Biochemistryl978 17, 131. ligated to Mr#* is lower than that of waters ligated to Kig
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Figure 1. (A—D) Pre-steady state and single-turnover reactioriSooRV. The 16-mer substraté-8GGAAAGATATCTTGG with an off-center

target site yields 9-mer (P1) and 7-mer (P2) products after blunt-ended cleavage at the center TA-step (panels C and D). Time courses of product
formation under pre-steady-state conditions are shown fot"Mependent reactions (panel A) and for Mglependent reactions (panel B). The

insets of panels A and B show steady-state data sampled by hand under conditions of higher substrate:enzyme molar ratios (see Experimental
Section). Single-turnover reactions in the presence of'Mimd Mg " are shown in panels C and D, respectively.

The structural and mechanistic origins of the observed™n  the reduced activity with this cofactor arises from the much
ion effects on catalysis by type Il restriction enzymes have been slower rate of a physical step after cleavage.
obscure. A more detailed kinetic and structural characterization
should provide better insight into the induced-fit conformational Results and Discussion
transitions occurring during complex formation, since DNA
binding specificity is often greatly enhanced in the presence of
metal ionst®!! Moreover, other enzymes of nucleic acid
metabolism also exhibit altered catalytic properties depending
onthe pre of metal ion presgﬁtlnyghts dgnved from detailed the origins of this effect in more detail via transient kinetic
analysis of a well-characterized restriction endonuclease, em- . . . .
ployed as a model, should therefore generalize to other moreexpgnments with short 16-mer ollgonuqleoudg duplexes con-
complex systems. Here, we address the basis for the reduceéam'ng the cognate GATAT.OE.(?ORV S|te.(F|gure l.)' TO

- . establish whether the rate-limiting step in catalysis differs

rates of Mid*™-catalyzed restriction enzyme reactions at cognate

sites by transient kinetic analysestfdRV endonuclease. These \E’vit;gee;n}gﬁ;év; L?:}Zt:rl (':%nnsaitr%?:g gpg'}gf dagﬂgiggt]eegffégzrxs
measurements show that the bond-making and bond-breakin P

steps of catalysis are faster in the presence of*Mand that gsatura}tlng divalent metgl ion concent.rat|ons. Metal-ion titration
experiments have previously established that rates plateau at

Steady-state kinetic analysis using plasmid substrates has
shown that the second-order rate constagK, for cognate-
site DNA cleavage b¥coRV decreases by 75-fold when Kin
is substituted for the preferred Migcofactor* We investigated

(10) Engler, L. E.; Welch, K. K.; Jen-Jacobson L..Mol. Biol. 1997, concentrations of 10 mM Mggland 2.5 mM MnCj}.13
269, 82. ; - i '

(11) () Taylor, J. D.. Badcoe, I. G.: Clarke, A. R.: Halford, S. E. The pre stee}dy state reactions s_howed a clear rapid burst of
Biochemistry1991, 30, 8743. (b) Erskine, S. G.; Halford, S. . Mol. product formation for the Mit reactions, followed by a much
Biol. 1998 275, 759. (c) Zebala, J. F.; Choi, J.; Barany,Jr Biol. Chem slower linear steady-state increase (Figure 1A). A small burst
1992 267, 8097. was also observed for reactions performed witt? Vs cofactor

12) (a) Dahm, S. C.; Derrick, W. B.; Uhlenbeck, O. Biochemistr . . I .
1953 %2( 13040' (b) Hazuda 5. J.. Felock, P. J.; Hastings, J. C.. Plran)”llanik (Figure 1B). The observation of burst kinetics establishes that
B.; Wolfe, A. L. J. Virol. 1997, 71, 7005. (c) Schneider, A.; Smith, R. W.;  a physical step following DNA cleavage is at least partially rate-
Kautz, A. R.; Weisshart, K.; Grosse, F.; Nasheuer, HJ.PBiol. Chem.
1998 273 21608. (d) Pelletier, H.; Sawaya, M. R.; Wolfle, W.; Wilson, S. (13) (a) Martin, A. M.; Sam, M. D.; Reich, N. O.; Perona, J.Nat.
H.; Kraut, J.Biochemistryl996 35, 12762. Struct. Biol.199§ in press. (b) Sam, M. D.; Perona, J. J., unpublished data.
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Table 1. Mg?*- and Mr#*t-Dependent Catalytic Rates
Mg2*+ Mn2+ 05/3

ko (sec?) THY
single turnover 0.6 0.06 4.1+ 0.2
pre-steady state 0.550.01 4.4+ 0.1 ('Y /1
Keat (s€C™) 0.23+ 0.02 0.04+ 0.004 eg \. N
aKinetic scheme for duplex DNA cleavage BgdRV (E) is depicted 1 ® I

ADE
below. S and P represent the intact and cleaved duplexe; @1the » { '\
rate constant for cleavage of either single strand. For the dyad- )\ / C

symmetric substrate studied, the rates of cleavage for the two strands

can be determined from the appearance of the 7-mer and 9-mer products ’ Q @/.
3 . - D [y

(Figure 1), and are identical within experimental error. It is well @\ ‘

established that the number of metal ions required for catalysisi$ 1/

at least two per enzyme subufig* T Gme 0@‘ ?
1 - s Meiet g

k k ks b ® o
2+ L gt = E-p-Mn2t — 2+ ®2 /69GLN 1MG2 O
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) R 45 GLU
limiting for both Mr2* and Mg reactions. Rates of product N 7 ASP
formation were fit to the equation
P=A(l— e )+ kit 1) ¢

'

&

Figure 2. Structure of theecdRV—DNA product complex determined
in the presence of Mg ions3¢ The two magnesium ions are shown as

where P is the amount of cleaved product normalized to the
total enzyme concentratioky is the steady-state rate of product

appearancea is the bu_rst magnitude, arld the rate constant larger black spheres; smaller isolated gray spheres represent the
for the early exponential burst phase. The rate constarese positions of water molecules. Thy and Ade represent the nucleotides

determined to be 4.4 0.1 s** and 0.55+ 0.01 s* for the of the center 5TA-3' step, with the 5phosphorylated product evident.
Mn?* and M@* reactions, respectively (Table 1). FortheMn  Dotted lines show inner-sphere metéiyand contacts.

reaction profile, extrapolation of the burst magnitude to the
ordinate yields an estimate that 1:3015% of the enzyme active Examination of the data in Table 1 shows that the rate of
sites are capable of catalysfs. phosphoryl transfer for Mig-dependent reactions is 2- to 3-fold
The burst experiments were repeated under conditions of faster than the Steady-state rate. This accounts for the observation
higher DNAECORV molar ratios to obtain highly accurate Of @ small product burst under these experimental conditions.
values for the steady-state rates (Figure 1A and B, insets). The measurements are in accord with stopped-flow fluorescence
Analysis of the linear portions of these reaction profiles shows Studies for Mg*-dependent reactions &coRV toward oligo-
that the Steady_state rate (equiva]enm in the presence of nUCleOtides, which showed that the rate of the chemical Step is
Mg?*+ exceeds that for the Mi-dependent reaction by roughly ~ 2-fold faster than thekc..'® Thus, for the preferred Mg
6-fold (Table 1). This is a 4-fold smaller effect as compared to cofactor, the rate-limiting step is a combination of both cleavage
the approximately 25-fold highéea: for Mg2* reactions toward and product releasé By contrast, the rate of phosphoryl transfer
plasmid substratesThe greater discrepancy between¥gnd in Mn2*-dependent reactions exceeds that of a physical step
Mn2*+ overall cleavage rates on plasmid substrates may havefollowing bond-breakage by 2 orders of magnitude (Table 1).
its origins in a different mechanism for product dissociation, Therefore, in this case the rate-limiting step for oligonucleotide
which could involve transfer of the enzyme to adjacent cleavage is entirely after the reaction chemistry.
nonspecific sequences prior to release from the DNA. In the EcoRV-product DNA-Mg?* complex, two Mg* ions
DNA cleavage reactions were also carried out under single- bind directly to the newly generatethosphate at the cleavage
turnover conditions. At 3-fold enzyme excess and saturating Site (Figure 2° By making the assumption that Mhions are
concentrations of DNA and divalent metal ions, the rate of the located in similar positions in the Mh—DNA-EcoRV product
chemical step measured by rapid quench kinetics at pH 7.5 for complex, it would appear that conformational changes needed
Mn2*-mediated cleavage exceeds that for2Mgy 7-fold (Table to release the products are inhibited to a greater degree in the
1; Figure 1C and D)S The excellent agreement between the presence of Mff. This is consistent with the hlgher intrinsic
single-turnover and pre-steady-state measurements shows thaffinity for phosphates exhibited by Mh relative to Mg*.*8
the rate of the chemical step is being monitored in the burst. ~The finding that the phosphoryl transfer step is better
Identical values for the single-turnover rates were also obtainedcatalyzed by M#™ than by Mg* is in accord with crystal
in reactions with 3-fold higher concentrations of both enzyme structures of thé&coRV—DNA complex, which show a bound
and DNA (data not shown), further confirming that an earlier (16 Baidwin, G. S.; Vipond, I. B.; Halford, S. Biochemistry1995
binding step does not contribute to these rates. The thermo-34, 705. These studies utilized a 12-mer duplex with different flanking
dynamic dissociation constald for the EcaRV—DNA complex sequences and were carried out at pH 7.5 under conditions of subsaturating

. . . - .. Mg?*. The binding steps are fast compared to subsequent chemistry and
in the absence of metal ions is approximately 1 nM under similar product release.

conditions of pH and ionic strength, much lower than the "~ (17)In the case of plasmid substrates, product release is the slow step

concentrations employed in these experimé?]ts, for Mg?* reactions as well: Erskine, S. G.; Baldwin, G. S.; Halford, S. E.
Biochemistry1997, 36, 7567.
(14) The small burst amplitude observed for Mgeactions makes (18) The affinities of M§" and Mr¥™ ions for triphosphate anion,
estimation of active-site concentrations by extrapolation unreliable in this P;O;¢°~, measured under identical experimental conditions, reveal a nearly
case. 10-fold higher equilibrium constant for the binding of f#n (Hogfeldt, E.

(15) The rate of Mg"-dependent single-turnover reactions at 100 mM  Stability constants of metal-ion complexBgrgamon Press: Oxford, 1979;
ionic strength under otherwise identical conditions is +.0.1 s1 .13 Part A, p 14+143).



Mn?t-dependent Catalysis by Restriction Enzymes

~ o
O L0
H H O\ /
~
e} Z o™
\S\\/'IPVO\
F %) 5\
£ H
W

\\\\“‘\\ o\
H

Figure 3. Essential elements of the proposed transition state for
phosphoryl transfer b¥caRV.2° Metal—-ligand inner sphere contacts
are shown as hatched lines. Dotted lines indicate hydrogen bonds.

divalent metal ion (Mg", Mn?*, or C&") ligated directly to
the pro-$ oxygen of the scissile phosphate The increased
rate of the chemical cleavage step withis readily explained
by the greater acidity of this cation relative to kfg Mn?* is

better able to withdraw electrons from the-® bond, rendering

J. Am. Chem. Soc., Vol. 121, No. 714999

terms of altered capacities to function as Lewis acids (as
reflected in thepK, values of associated water molecules) or in
altered intrinsic affinities for phosphates. However, we envision
that Mré* effects on specificity, on the reconstitution of mutant
activities, and on the introduction of new activities may be more
difficult to rationalize because they could well depend on metal-
specific conformational changes. Explanations for these phe-
nomena must ultimately be sought in detailed structural terms
and will require crystallographic analyses of wild-type and
modified enzyme-substrate complexes in the presence of Mg
and Mr#*. Because of the large database of modified complexes
exhibiting metal-dependent functional differeneand the
relative ease of crystallizatiofcdRV should be a very useful
general model for exploring these questions.

Experimental Section

the phosphorus more electropositive and thus more susceptible

to nucleophilic attack by hydroxide id.A recently proposed
three-metal mechanism feicoRV-catalyzed DNA cleavage also
invokes the ionization of metal-ligated water molecules to both

generate the attacking hydroxide ion and to protonate the leaving

3'-O anion (Figure 3%° However, the correlation of reaction
rate with acidity of the metal ion, rather than with nucleophile
strength [M@"(OH)~ is a more potent nucleophile than
Mn2t(OH)™], suggests that the most important element of

Preparation of Enzyme and DNA Substrates.EcoRV endo-
nuclease was expressed Bscherichia coliand purified by column
chromatography, as describ&dPurified enzyme preparations were
dialyzed into 10% (v/v) glycerol, 0.4 M NaCl, 20 mM potassium
phosphate (pH 7.3), and 1 mM DTT, followed by concentration to
approximately 1.0 mg/mL in an Amicon ultrafiltration cell. Small
aliquots were then flash-frozen and storea-@0 °C. The 16-mer DNA
substrate 5GGGAAAGATATCTTGG and its complement were
synthesized, 'send-labeled with |}-32P]JATP, annealed together, and

catalysis is neutralization of the additional negative charge purified as describetf. The melting temperature of this duplex substrate

accumulating in the transition state.

In conclusion, we have shown that the reduced overall activity

of Mn2*-catalyzed cleavage HycaRV arises from either slow
product release or a slow conformational change following

is 51°C.

Single-Turnover Cleavage AssaysSingle-turnover reactions in the
presence of Mfi or Mg?* were carried out with 150 nM purified
enzyme, 50 nM DNA at 37C in an assay buffer containing 50 mM

catalysis and that the rate of phosphoryl transfer is faster with HePes (pH 7.5), 200 mg/mL BSA, and 1 mM DTT. Saturating

this metal than with M§". These findings enhance our

understanding of the catalytic mechanism and also emphasiz

the importance of a transient kinetic analysis in which individual
microscopic rate constants are measudfedhe steady-state

concentrations of metal ion were used in all experiments (10 mM
MgCly; 2.5 mM MnCL), and the ionic strength was adjusted with NaCl

o a constant value of 140 mM. Reactions were carried out in a rapid-

quench instrument (Kintek RQF-3), with the enzyme and DNA kept
in separate syringes and divalent metal ions present in each syringe,

measurements, taken alone, would be misleading in this caseensuring the fastest cleavage réfedixing the enzyme-DNA complex
since they could be interpreted to indicate no direct metal ion without divalent metal ions in one syringe, with Mg@h the second
interaction with the scissile phosphates. The detailed analysissyringe, gave slower rates as also observed in stopped-flow fluorescence

of Mn2*- versus M@"-mediated cleavage is also pertinent to

experiments® Ten time points were taken per reaction. Reactions were

understanding function in other classes of metal-dependentduenched with a solution contaigr M urea and 75 mM EDTA.
enzymes carrying out phosphoryl transfer reactions. In severaIA“qUOtS of 10uL from each timepoint were mixed with an additional

known cases, MAT not only affects a canonical activity in a

quantitative manner, but also introduces an entirely new

function. For example, MAT allows phosphorylase kinase to

8—10 uL of quench solution containing bromphenol blue dye and
separated o 8 M urea, 20% polyacrylamide gels, followed by
visualization via autoradiography on the Molecular Dynamics Storm840
Phosphorimager. Rate constants were determined by fitting the data to

catalyze phosphorylation of certain substrates on tyrosine ratherj first-order exponential. Data were plotted using the progaientist

than on serine residuésThe RNase H activity of HIV-1 reverse
transcriptase is altered by Mihsuch that hydrolysis of double-
stranded RNA (which is not an Mg-mediated activity)
becomes possibRe.Mn2"-catalyzed reactions by this enzyme
are also more sensitive to inhibition by azidothymidylate.
Differences in steric and electronic properties of ¥mand

Pre-Steady-State Measurementdkeactions under pre-steady-state
conditions performed in the rapid-quench instrument were carried out
as described for the single-turnover experiments, except that concentra-
tions of 200 nM DNA and 25 nMEcaRV were used. For longer time
courses in which the steady-state data were sampled by hand, smaller
molar ratios of enzyme to DNA were employed. For ¥meactions,

Mg?" must ultimately underlie these effects. As suggested for these longer time-courses were carried out with 25 nM enzyme and

EcaRV, differences in catalytic efficiency at the level of the

direct chemical step may often be reasonably interpretable in

(19) Glusker, J. PAdv. Protein Chem1991 42, 1.

(20) Horton, N. C.; Newberry, K. J.; Perona, JPJoc. Natl. Acad. Sci.
U.S.A.1998 95, 13489.

(21) Johnson, K. AThe EnzymesAcademic Press: San Diego, 1991,
Vol. XX, p 1.

(22) Yuan, C.-J.; Huang, C.-Y. F.; Graves, D.JJ.Biol. Chem 1993
268 17683.

(23) (@) Zhan, X.; Tan, C.-K.; Scott, W. A.; Mian, A. M.; Downey, K.
M.; So, A. G.Biochemistry1l994 33, 1366. (b) Cirino, N. M.; Cameron,
C. E.; Smith, J. S.; Rausch, J. W.; Roth, M. J.; Benkovic, S. J.; Le Grice,
S. F. J.Biochemistry1995 34, 9936.

(24) Vipond, 1. B.; Baldwin, G. S.; Halford, S. BBiochemistry1995
34, 697.

800 nM DNA. For Mg@* reactions, the longer time-courses were carried
out with 15 nM enzyme and 900 nM DNA.
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