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ABSTRACT. Mutational analysis has previously indicated that D83 and E98 residues are essential for DNA
cleavage activity and presumably chelate &Mign at the active site dflunl restriction enzyme. In the
absence of metal ions, protonation of an ionizable residue witkhapr.0, most likely one of the active

site carboxylates, controls the DNA binding specificityhdinl [Lagunavicius, A., Grazulis, S., Balciunaite,

E., Vainius, D., and Siksnys, V. (199Bjochemistry 3611093-11099.]. Thus, competition between H

and Mg@" binding at the active site dflunl presumably plays an important role in catalysis/binding. In

the present study we have identified elementary steps and intermediates in the reaction pathway of plasmid
DNA cleavage byMunl and elucidated the effect of pH and Kfgions on the individual steps of the
DNA cleavage reaction. The kinetic analysis indicated that the multiple-turnover rate of plasmid cleavage
by Munl is limited by product release throughout the pH range-®.3. Quenched-flow experiments
revealed that open circle DNA is an obligatory intermediate in the reaction pathway. Under optimal reaction
conditions, open circle DNA remains bound to tenl; however it is released into the solution at low
[MgCl,]. Rate constants for the phoshodiester bond hydrolysis of the Ki)sa(d secondkg) strand of
plasmid DNA at pH 7.0 and 10 mM Mgg&more than 100-fold exceed the,: value which is limited

by product dissociation. The analysis of the pH and M glependences df; andk, revealed that both

H* and Mg+ ions compete for the binding to the same residue at the active sitéuof. Thus, the
decreased rate of phosphodiester hydrolysidMioyl at pH < 7.0 may be due to the reduction of affinity

for the Mg?™ binding at the active site. Kinetic analysis of DNA cleavageMuynl yielded estimates for

the associationdissociation rate constants of enzyrseibstrate complex and demonstrated the decreased
stability of theMunl—DNA complex at pH values above 8.0.

The Munl restriction endonuclease recognizes the hexa- groups would be expected to be completely ioni2ddnl
nucleotide DNA sequencé-B'AATTG-3' and cleavesitas  exhibited little sequence specificity in DNA binding. Elimi-
indicated by the arrowl). The central part of this sequence nation of these carboxylate residues by exchange to alanine
is identical to the recognition sequence BEaRI (5-G'- or by lowering the pH to 6.5 induced specific DNA
AATTC-3), which is one of the best-studied restriction recognition byMunl. On the basis of these DNA binding
enzymes to date?}. The discovery of weak protein sequence studies it has been suggested that carboxylate residue(s) at

similarities betweeMunl andEcdRlI restriction enzymes3j the active site oMunl have an anomalously highp value
boosted our interest in molecular mechanisms of sequences).

discrimination and catalysis bylunl. Mutational analysis

of Munl (4) guided by sequence alignment betwédéuan
andEcaRl indicated that carboxylate residues D83 and E98 : . . ;
are important for DNA cleavage activity and presumably residues are completely ionized. The negatively charged side

chelate the metal ion at the active sitehdéinl, similarly to cha!ns of acidic amino acid residues often prqwde. an
the D91 and E111 residues ErtoRl. DNA binding studies environment that tethers metal cofactors.at the_ active ;lte of
surprisingly revealed that, in addition to the proposed role €Nzymes Q). The presence of the acidic residue with a

in metal coordination, the carboxylate residue(s) D83 and Perturbed [ value at the active site dunl, however,

E98 control DNA binding specificity ofluni in the absence ~ c'eates an obvious problem. The metal binding sitslofi
of metal ions §). Indeed, at pH 8.3, at which carboxylate should be deprotonated to chelate the metal ion; however

an ionized carboxylate residue is likely to interfere with DNA
T This work has been supported in part by NATO Linkage Grant binding SpeCIfl(?lty. At pH \(alues above thd(p of the .
No. 960928, by Volkswagen Stiftung, and by the Deutsche Forschun- Carboxylate residues, chelation of the metal ion at the active
gemeinschaft (Pi 122/12-2). site probably resolves this dichotomy. Metal ion binding
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#Institute of Biotechnology. DNA binding specificity ofMunl. Indeed, C&' ions that do

8 Justus-Liebig-Universitaet. not support cleavage stimulate specific DNA binding by
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Usually, the K, value of carboxylate groups in proteins
is between 4 and %}, and at physiological pH values, these
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Munl at pH 8.3 6). At pH values close to or below thé&p HCI (pH 7.0-9.0), or 10 mM Gly/NaOH (pH 9.69.5), 50
protonation of the active site carboxylate should interfere mM NaCl, and 0.1 mg/ml BSA. Reaction mixtures typically
with metal ion binding. Since Mg ion binding is a contained 1.5 nM supercoiled pUCGK-4, 610 mM
necessary prerequisite for catalysis to occur, competition MgCl,, and 0.15 nMMunl in the reaction buffer with
between proton and Mg for the metal chelating carboxylate appropriate pH value. Aliquots were removed after fixed time
at the active site might affect the rate of phosphodiester bondintervals, the reaction stopped by addifg volume of
cleavage. loading dye solution containing EDTA (50 mM EDTA, pH
The purpose of the present study was to identify elemen- 8.0, 0.1% SDS, 50% glycerol, 0.01% bromphenol blue) and
tary steps and intermediates in the reaction pathway of analyzed by agarose electrophoresis. The amount of super-
plasmid DNA cleavage byMunl and to elucidate how  coiled (SC), open circle (OC), and linear (L) DNA forms
individual reaction steps are affected by pH and?Migns. was evaluated by densitometric analysis of ethidium bromide-
Here we present steady-state and pre-steady-state kineti§tained gels using software provided by Ultra-Lum. Super-
analyses of plasmid DNA cleavage ®bunl under different coiled DNA binds less ethidium bromide than relaxed or
conditions. The results of these studies have revealed thdinear DNA; however separate calibration experiments
limiting step in the steady-state turnover of plasmid DNA indicated that in our case the difference in the amounts of
cleavage bunl, have identified reaction intermediates, and supercoiled and linear DNA forms obtained from densito-
have demonstrated that protonation of the active site residuegnetric analysis was sufficiently small (¥13%) to be
dramatically affects the affinity of Mg binding at the active neglected. The reaction rates were determined from the linear

site of Munl. parts of the reaction progress curves by linear regression.
Quenched-Flow Experimentsn SFM3/Q quenched-flow
EXPERIMENTAL PROCEDURES device (Bio— Logic, Claix) was used to mix 100L of a

solution containing 1.5 nM pUCGK-4 DNA, 2.4 nM wild-
type Munl, and 0.1 mM EDTA in the reaction buffer (10
mM MES/NaOH or 10 mM Tris/HCI, 50 mM NacCl, 0.1 mg/
mL BSA) with 100uL of a solution containing MgGlin

the same reaction buffer at 2&. After appropriate time
intervals (50 ms-30 s) the reaction was quenched by mixing
with 200 uL of 50 mM EDTA solution 8). The DNA was
precipitated with ethanol, resuspended in Tris-EDTA buffer,
and analyzed by agarose gel electrophoresis. The amounts
of different DNA forms were quantitated by densitometric
analysis of ethidium bromide-stained gels.

The Effect of the Mixing Procedure on the Clage Rate
4of pUCGK-4 Plasmid DNA by MunReaction of pUCGK-4
cleavage was initiated by 3 different procedures: (i) adding
d MgCl; solution to the premixetunl—pUCGK-4 solution,
(i) adding DNA solution to theMunl solution containing
MgCl,, and (iii) adding theMunl solution to the DNA
solution containing MgGl The concentrations ofunl,
pUCGK-4, and Mgd in the final reaction mixture were
always the same. Samples were removed after fixed time
intervals and analyzed as described above. Cleavage of the
open circle form of pUCGK-4 specifically nicked at thunl
site was studied in a similar way except that 0.9 nM substrate
instead of 1.5 nM was used in the final reaction mixture.
All of these experiments were performed at sufficiently low
MgCl, concentrations that enabled one to follow the reaction
sing a manual mixing technique. The shortest accessible
ime in such experiments was# 1 s.

Data Analysis and Cuee Fitting. Values of reaction rate
d constants, corresponding to the separate steps of plasmid
mPNA cleavage byMunl (egs 3, 6, 7), were obtained by
nonlinear regression using the Excel (Microsoft) “solver”
t option to minimize the sum of squared differences between
calculated and experimental data valugs The theoretical
values for various substrate forms were calculated from the

Protein Purification. Purification of Munl protein was
performed as described recently.(The protein was99%
homogeneous as judged by SDgl analysis. TheMunl
protein was stored at20 °C in 10 mM Tris/HCI (pH 7.4,
25°C), 100 mM KCI, 1 mM EDTA, 1 mM DTT, and 50%
glycerol. Protein concentrations were determined by:4D
using an extinction coefficient of 45720 Mcm™ calculated
from the amino acid composition. Thdunl concentrations
are given in terms of the dimeric protein.

Plasmids and DNAA supercoiled 5.0 kbp pUCGK-4
plasmid (provided by G. Kruckas, MBI “Fermentas”)
containing a single copy of the recognition sequende wii
was used as a substrate in this study. Supercoiled pUCGK-
was isolated fronkEscherichia colDH5a strain and purified
twice by CsCI centrifugation. The amount of supercoile
form in the pUCGK-4 preparation was90%. The concen-
tration of plasmid DNA was determined by @Qfgusing an
extinction coefficient of 67x 10° M~ cm™.

A mixture of linear and open circle (nicked specifically
at theMunl site) pUCGK-4 was obtained by incubating a
10 nM solution of supercoiled pUCGK-4 with 3 nMunl
for 120 min (pH 8.5, 0.01 mM MgG] 37 °C). The final
mixture consisted of 60% of the open circle form and 40%
of linear DNA. Munl was removed by phenol/chloroform
extraction followed by 2-propanol precipitation. Plasmid
pUC18 lacking the recognition sequenceMidinl under the
same reaction conditions remained uncleaved, suggesting th
during pUCGK-4 cleavage hylunl single and double strand
breaks were only introduced at tivunl recognition sites.
The mixture of open circle and linear pUCGK-4 was use
as a substrate for the cleavage studies of the open circle for
of pUCGK-4 by Munl. The linear form of pUCGK-4,
initially present in the reaction mixture presumably did no
affect the cleavage rate of the open circle form, since similar
amounts of linear DNA had no effect on the cleavage rate
of the supercoiled form of pUCGK-4 under similar reaction
conditions. * Abbreviations: bp, base pair(s); EDTA, ethylenediaminetetraacetic

Steady-State Cleage of pUCGK-4 by MuniCleavage et FRY ryElart 02 FOm 0 oteey S ercatled
experiments were performed at 25 in the reaction buffer plasmid DNA; OC, open circle plasmid DNA; L, linear DNA; E,
consisting of 10 MM MES/NaOH (pH 5-%.5), 10 mM Tris/ enzyme.
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integrated rate equations, describing the corresponding 14
reaction. In the case of eq 3, analytical solutions of rate 121
equations were used, while in the case of more complex

. . 1.04
reaction pathways (egs 6, 7), theoretical values for all
substrate forms were obtained by numerical calculations. The S 0.8

reaction pathways, represented by eqs 6 and 7, contain four : 061

and six rate constants, respectively, and their values could z
not be determined from a single time course of plasmid DNA 047 e/g/
cleavage. Therefore, calculated theoretical values for all 0.21

substrate forms were simultaneously fitted to the experi- 0.0 . . . _
mental data sets, obtained at various enzyme concentrations 0 200 400 600 800 1000
with the different mixing procedures of the reaction com- Time (s)

ponents, yielding a single set of rate constants. For example,Ficure 1: Steady-state cleavage of supercoiled pUCGK-Mbyl.
numerical solutions of differential equations corresponding The reaction mixture contained 1.5 nM pUCGK-4, 0.15 Mvnl,

to scheme 6 were simultaneously fitted to the time courses10 MM MgCh, 10 mM Tris/HCI, pH 7.0, 50 mM NaCl, and 0.1

; ; ; . mg/mL BSA at 25°C. Concentrations of supercoiled; linear
of supercoiled plasmid cleavage, obtained at fixed pH, (O), and open circle®) forms of pUCGK-4 are shown. Solid lines

[MgCly], four different enzyme concentrations (1.1, 2.2, 4.5, \yere obtained by linear regression in the time interval between
and 9 nM), and two different mixing procedures of the 100 and 960 s.

reaction components (reactions were initiated either from
preincubated or separate enzyme and DNA solutions) at eachstill maintaining the substrate concentration in excess)
enzyme concentration. Different reaction components’ mix- revealed that, in accordance with the product burst kinetics,
ing procedures were taken into account during numerical the amount of the substrate cleaved during the fast phase
integration by setting different initial concentrations of was proportional to the concentration of enzyme (data not
enzyme, substrate, and corresponding enzysubstrate  shown). The concentration dflunl determined from the
complex. In the case of the reaction start from separate burst amplitude corresponded to approximately 80% of the
enzyme and DNA solutions, the initial concentration of enzyme active sites in the experiment. Hence, all of these
enzyme-substrate complex was set equal to 0. If the reaction data indicate that the product release is the slowest step of
was started from preincubated enzyni@NA solution, the plasmid DNA cleavage biunl under the multiple-turnover
initial concentration of the enzymesubstrate complex was  conditions. The steady-state rate constagtobtained from
calculated from the corresponding enzynspecific DNA the linear phase of time course of product accumulation,
association equilibrium. A wide variety of data, simulta- corresponds therefore to the rate of the product (linear DNA)
neously used in the fitting procedures, made the minimized dissociation.
sum of squared residuals sensitive to the changes of all rate Rate-limiting product release under steady-state conditions
constants considered. has been reported for tlicdR| (10), ECORV (11), Nad (12),
and Sfil (13) restriction enzymes. Theék values for

RESULTS AND DISCUSSION macromolecular DNA cleavage lycaR| (10) andEcaRV

Cleavage of pUCGK-4 by Munl under Steady-State (11) were similar to that obtained fdviunl under similar
Conditions.Initially, cleavage of supercoiled pUCGK-4 by reaction conditions (pH 7.0, 10 mM Mg, 25 °C). Earlier
Munl was studied in multiple-turnover kinetic experiments kinetic studies ofClal, Xarll, and Smd restriction enzymes
with limiting enzyme (0.15 nM) and an excess of substrate also suggest that product dissociation might be a rate-limiting
(1.5 nM). Under these conditions the enzyme must perform step during plasmid DNA cleavage under multiple-turnover
a number of catalytic cycles in order to achieve complete conditions (4). Hence, rate-limiting product release might
cleavage of substrate DNA. Analysis of the time course of be a general feature for the cleavage of macromolecular DNA
DNA hydrolysis byMunl at pH 7.0, 10 mM MgC{, and 25 by restriction enzymes under steady-state conditions.
°C revealed a small but steep decline of SC DNA concentra- In principle, there are at least two alternative ways for
tion over the first 100 s of the reaction followed by a linear the restriction enzyme being trapped in an enzym@duct
steady-state phase (Figure 1). Such a reaction profile iscomplex: it can be transferred to nonspecific sequences after
consistent with product burst kinetic®)( The reaction rates  cleavage before dissociating into solution as it was proposed
corresponding to the linear phase of the reaction progressfor Ecorl (10, 15 or it can remain bound to the ends of the
curves increased with increasihgunl concentration (data  DNA, in particular the terminal phosphate(s) after phos-
not shown) and were invariant across the range of substratephodiester bonds cleavage. In either case protons or/and
concentrations (2310 nM) throughout the pH interval 6-0 Mg?* ions can contribute to the stability of the enzyme
9.0 as expected for an enzymatic reaction under steady-stat@roduct complex. Thus, the role of Migions and pH on
conditions at saturating substrate concentrations. The reactiorthe k.o for pUCGK-4 plasmid cleavage hylunl has been
rate determined from the slope of the linear steady-state phasestudied.
was therefore treated @sax Thekea value of 0.15+ 0.01 The Mg+ dependence ok at pH 8.0 is displayed in
min~! (pH 7.0, 10 mM Mg, 25°C) was obtained from the  Figure 2. Variation of MgGl concentration from 1 to 10
data presented in Figure 1. Noteworthy, the amount of OC mM resulted in a 1.5-fold increase &, for pUCGK-4
DNA remained constant during the reaction and did not cleavage byMunl (Figure 2). Strikingly, at MgGl concentra-
exceed the background level (Figure 1), which is indicative tions below 1.0 mM, thé., value increases with decreasing
of a concerted double strand cleavage. Analysis of super-MgCl, concentration. Thé, value (0.01 s?) obtained at
coiled pUCGK-4 cleavage at varyingunl concentrations 0.1 mM MgChb was twice that of the value (0.005'%
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Ficure 2: MgCl, concentration dependence kf: The reaction
mixtures contained 10 mM Tris/HCI, pH 8.0, 50 mM NacCl, 0.1
mg/mL BSA, 0.15 nMMunl, 1.5 nM pUCGK-4, and 0.310 mM
MgCl; at 25°C. k., values ®) were calculated from steady-state
experiments using linear regression.
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Ficure 3: Dependence ok, on pH. The reaction mixtures
contained 1 mM MgCl 1.5 nM pUCGK-4, 0.15 nM wild-type
Munl, 0.1 mg/mL BSA, 10 mM Tris/HCI, Mes/NaOH or Gly/
NaOH, and 50 mM NaCl at 2%C. k., values @) were calculated

from steady-state experiments using linear regression. Solid lines

represent the optimal fit of the data to eq 2 with paramet&rso
7.8+ 0.2, kgisEH = 0.0006+ 0.0004 st andkgis&- = 0.0080+
0.0005 s™.

determined at 1.0 mM MggilIt should be noted that, across
the range of MgGl concentrations tested (610 mM),
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by Munl has been studied under steady-state conditions in
the pH range of 6.69.3 at 1 mM MgC}. At all pH values
tested reaction progress curves for product accumulation were
biphasic (similar to those in Figure 1), suggesting that there
is no change of the rate-limiting step with pH and that
product dissociation still limits the steady-state rates through-
out the pH range 6:09.3. At higher pH values, the
dissociation-limited rate constant could not be determined
due to the decreased enzyme stability. Khevalues at all

pH values were calculated from the slopes of the linear phase
similarly as described for the data presented in Figure 1. The
pH dependence d, for plasmid DNA cleavage biunl

is displayed in Figure 3. If we assume that single proton
binding affects the product dissociation rate, eq 1 can be
applied for the analysis of the pH dependencekgf for
pUCGK-4 cleavage byunl:

Ky EL
EL—->E+L
+
H+
K, !

ELH ->EH +L
kdissEu-l

(1

where kg and kg are dissociation constants for
deprotonated and protonated forms of the enzypreduct
complex, respectively, ang, is the equilibrium dissociation
constant. The pH dependencekgf;is then described by eq
2:

kcat:
ss HTV(IHT+KY) + kyee KJHT+ K (2)

Fitting eq 2 to the data of Figure 3 yielded estimated values
for ks = 0.00064= 0.0004 s2, kgis&- = 0.0080+ 0.0005

s1, and K, = 7.84 0.2, respectively. Thus, the dissociation
rate constant of the deprotonated form is 10-fold higher than

product DNA accumulation curves remain biphasic (similar that of the protonated form. The interpretation of the pH

to those presented in Figure 1). At MgGloncentrations

dependence df.4 is relatively straightforward if one assumes

below 0.1 mM, the burst phase became less pronouncedthat protonatior-deprotonation of particular residues at the
suggesting that the rate difference between product releasective site with an apparenKp~ 7.8 controls the product

and preceding steps is getting smaller. AANldependence

dissociation rate. Several amino acid side chains with

qualitatively similar to that presented in Figure 2 has been ionizable groups with K, close to 7.6-8.0 are probably

obtained at pH 7.0 (data not shown). The increasé&.gf
with MgCl, concentration above 1 mM is probably due to

adjacent to the active site. It is impossible to identify such
groups in the absence of a high-resolution X-ray structure;

the ionic strength effect since a similar rate increase has beerhowever indirect evidence allows us to speculate about the

observed at 1 mM MgGwhen additional 27 mM NaCl was

involvement of two possible candidates. DNA binding studies

added to the reaction buffer to keep the ionic strength with Munl have suggestedb) that active site carboxylate

constant at 1 and 10 mM of Mgg&(data not shown). We
suppose that at pH 8.0 and [MgCF 1mM, Mg?* ions still
remain bound to the enzym@@roduct complex after DNA

residues exhibit i§; values between 7.0 and 8.0. Alterna-
tively, terminal phosphate residues might be considered as
possible candidates. During the cleavage reaction, the

cleavage and probably retard product dissociation. The monoionic phosphodiester of the scissile bond is transformed
increase of salt concentration facilitates the breakdown of to a dianionic 5monophosphate. TheKp values of the

the complex and product release. At [MglCk 1mM, the
enzyme-product complex is probably not saturated with
Mg?* ions, and therefore, product dissociation radgy)(is
increased.

If a prototropic equilibrium is involved in a product

dibasic monophosphate group are 1.0 and 8. (The
presence of adjacent negatively charged residues, for ex-
ample, active site carboxylates, in tNaunl—product com-
plex might cause an upward shift of th&pvalue of the
terminal phosphate residug?). Hence, protonated carboxy-

dissociation step, pH should affect the steady-state rate.late or terminal phosphate residues might strengthen enrzyme

Therefore, the pH dependencekef; for pUCGK-4 cleavage

product interactions (e.g., through a shared hydrogen bond)
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Ficure 4: Quench-flow experiment of supercoiled pUCGK-4
cleavage byMunl under single-turnover conditions. The reaction
was started by mixing equal volumes of a solution containing
pPUCGK-4 andMunl in reaction buffer (10 mM Tris/HCI pH 7.0,
50 mM NaCl, 0.1 mg/mL BSA) with a separate solution of MgClI
in the same buffer at 25C. The final solution contained 0.75 nM
pUCGK-4, 1.2 nMMunl, and 2.5 mM MgC}. The time course of
the amount of supercoiled}, open circle @), and linear [J) DNA

is displayed. Solid lines represent the optimal fit of the data to eq
3 with parameter&; = 0.44 s andk, = 0.20 s..

Sasnauskas et al.

tive of a sequential reaction pathway in which tanl first

cuts one DNA strand converting the supercoiled DNA to
open circle, and then the second strand to yield a linear
product. A sequential pathway of plasmid DNA cleavage
has been already reported f&coRl (10), EcarV (20),
BanHl (21), Tad (22), Cfr9l (23), andSfil (13) restriction
enzymes.

Cleavage rates of pUCGK-4 plasmid hbylunl under
single-turnover conditions were invariant with excess enzyme
concentration across the pH range-580 (data not shown).
Scheme 3 has been applied for the analysis of the data in
Figure 4:

k1 k2
E-SC—E-OC—E-L 3)
wherek; and k, are the first-order rate constants for the
cleavage of the first and the second DNA strands, respec-
tively. Nonlinear regression analysis (see Experimental
Procedures) yielded values of 0.44 and 0.2fsr the rate
constantsk; and k;, respectively. If the cleavages of both
substrate DNA strands by the restriction enzyme are inde-

and reduce product dissociation rates. However, even at pHPendent eventk; should be twice the value ¢ due to the

values above thely of a putative active site residue, the
keatfor pUCGK-4 cleavage bilunl is still limited by product

2-fold higher probability of forming the OC form from SC
plasmid than forming linear DNA from OC plasmi@4).

dissociation. We suppose that, after deprotonation of the Indeed, in the case of pUCGK-4 cleavage My, k; is

active site, bridging of Mg ions between the ionized

equal to X,.

terminal phosphate and enzyme active site residues might Mg®" is a necessary cofactor for DNA cleavageMynl

retard product liberation from the active site, similar to proton
binding at pH values belowky. Indeed, an increased rate

restriction endonuclease. To test the role of2Mgns on
the single-turnover rates of pUCGK-4 cleavage NMynl,

of product dissociation has been observed at pH valuesWe performed a set of quenched-flow experiments at different

between 8.0 and 9.3 and MgGioncentrations below 1.0
mM (Figure 2): under these conditions, the enzymeduct
complex presumably is not saturated by Wgons and

pH values (6.5-8.0) and varying MgGlconcentrations (0:1
10 mM). In all experiments MgGlsolution was added to
the premixedMunl—DNA complex andViunl concentrations

product release is fast as compared to the situation at higheere saturating. Under suboptimal reaction conditions (pH

Mg?* concentrations (1 mM). Indirect supportive evidence
for this interpretation comes from crystallographic studies
of the EcaRV—product complex18). Two Mg?* ions were
found to be bound to the terminal phosphate inEoeRV—
product complex, while only a single Mgion was present

in the EcORV—substrate complex. Moreover, one of the
Mg?* ions in theEcdRV—product complex bridges active
site carboxylate residues and phosphate termig). (How-
ever, it must be demonstrated directly by further biochemical
and structural studies ¥unl remains associated with the
terminal phosphate residue after cleavage.

Pre-Steady-State Studies of pUCGK-4 Plasmid Gige
by Munl Restriction Endonucleas&he burst phase rates
corresponding to the first turnover of plasmid DNA cleavage
by Munl might be limited by the rate of phosphodiester bond
hydrolysis or alternatively by earlier steps preceding the
hydrolytic step, for example, enzyme isomerization or DNA

binding. To get more insights into the pre-steady-state
cleavage of plasmid DNA, single-turnover experiments were

conducted using a rapid-quench techniql®.(The reaction
was carried out by mixing a solution of pUCGK-4 (1.5 nM)
andMunl (2.4 nM) contained in one syringe with a MgCl

solution in another syringe and quenched after different time

intervals by the addition of EDTA (see Experimental

Procedures). A representative time course of SC plasmid

DNA cleavage byMunl (pH 7.0, 2.5 mM MgC}, 25°C) is

shown in Figure 4. The observed reaction pattern is sugges-

5.5 and 6.0 and at p# 6.0 and [MgC}] < 2.0 mM), the
single turnover of pUCGK-4 cleavage is slow enough to
follow the reaction by manual mixing dflunl—DNA and
MgCl, solutions. At all pH and MgGlconcentrations tested
reaction profiles were qualitatively similar to those shown
in Figure 4, suggesting that the reaction of plasmid DNA
cleavage byMunl follows the sequential pathway (eq 3).
Therefore, a similar fitting routine has been applied to obtain
values ofk; and k, at different pH and varying MgGl
concentrations. The Mg dependence for reaction rate
constantk; for the cleavage of pUCGK-4 biunl under
single-turnover conditions is displayed in Figure 5. Similar
Mg?" dependences were obtained far(data not shown).
Under all experimental conditions, the value kf ap-
proximately exceeded the value laf by a factor of 2.

The Mg+ dependences of thk;, and k. values were
qualitatively different at different pH values (Figure 5). At
pH values above 7.0, saturation with Mds achieved, while
at pH values below 6.5k values increase linearly with
increasing MgClJ concentration over the entire range (6.1
10 mM) tested. We suppose that the increase of the DNA
cleavage rate with increasing Mg@oncentration observed
at pH> 7.0 is due to the progressive saturation of khenl
active sites with Mg". Then eq 4 should describe the fg
dependences df; andk; at fixed pH values:

k= KnadMg* V(Kyyg + [Mg*']) (4)
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Ficure 5: MgCl, concentration dependence of the rate constant
k, for the cleavage of the first strand of the supercoiled form of
pUCGK-4. Reactions were performed at 26 at different pH
values and MgGl concentrations, and data were analyzed as in
Figure 4. (a)k, values at pH 8.00), pH 7.0 @), pH 6.5 @&).
Solid lines represent the optimal fit of the experimental data to eq
5 with parametersit = 7.8 £ 0.2, Kygt = 1.5+ 0.5 mM, and
kmax = 1.9+ 0.2 s'L. (b) k; values at pH 6.0H) and pH 5.5 Q).
Solid lines represent linear fits to the data.

wherek is a single-turnover rate constant for the first or
second DNA strand cleavage bylunl, knax is the rate
constant at saturating Mgg&toncentration and fixed pH, and
Kwg is the equilibrium constant for Mg dissociation from
E-SC or EOC. According to eq 4, aKwyg < [Mg?'], the
dependence ok; should exhibit a hyperbolic dependence
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of an acidic residue. The solid lines in Figure 5 (panel a)
were obtained by fitting eq 5 to the experimental data for
ki. The fitting routine yielded the following optimal values
of the individual parameters:Ka! = 7.8 + 0.2, Kyg! = 1.5

+ 0.5 MM, knad = 1.9+ 0.2 s, Equation 5 satisfactorily
describes the experimental data. Thus, the analysis of the
pH dependences of Mg binding by Munl supports the
assumption that Mg and H" ions compete for the binding
to the same residue(s) at the active sit&lofl. Noteworthy,
values of phosphodiester bond cleavage rate condtpatsl

k., determined forMunl were close to those reported for
EcaRlI (10), BanHI (25), EcaRV (20, 24, andTad (22).
However, for the latter enzymes Kigdependences df;
andk; at different pH values were not determined. It would
be interesting to see if the subtle interplay betweertMg
and H" binding at the active site dflunl is also important

in the regulation of cleavage activity/binding specificity of
other restriction enzymes.

The results of site-directed mutagenesis experiments
suggest that D83 and E98 carboxylate residues chelaté Mg
at the active site oMunl. It was supposed5] that active
site carboxylate residue(s) bfunl exhibit anomalously high
pKa values (above 7.0) and protonation of this residue affects
DNA binding specificity ofMunl in the absence of divalent
metal ions. At pH below 7.0, carboxylate residues become
protonated and this stimulates formation of the tight sequence-
specific complex betweelMunl and DNA. However, if H
and Mg"™ compete for the same carboxylate residues,
protonation at pH below 7.0 will interfere with effective
binding of Mg at the active site and should reduce DNA
cleavage activity oMunl. At high pH values, active site
residues are deprotonated and effectively bind divalent metal
ions. Deprotonation of active site residues reduces DNA
binding affinity of Munl in the absence of Mg ions.
However, effective binding of Mg at the active site
compensates for the loss of a proton at the active site because
metal ion binding decreases the negative charge at the active
site and presumably increases complex stability similarly as
proton binding at lower pH. Increased DNA binding affinity

on MgChL concentration. Indeed, such a dependence is of Munl at pH 8.0 in the presence of &aions supports this

observed at pH 8.0 fok; (Figure 5a). IfKyg > [Mg?*],
according to eq 4k; andk, depend linearly on the Mg
concentration. Linear dependencekgbn Mg?™ concentra-
tion is observed at pH 5.5 and 6.0 (Figure 5b). Thus,

assumption®). It is tempting to speculate that both"tdnd
metal ions at the active site d¥flunl perform a similar
function with respect to DNA binding by increasing protein
DNA complex stability; however, only chelation of Nig

experimental data presented in Figure 5b suggest that at pHat the active site supports catalysis. Binding of ¥éns

< 6.0 the active site oMunl is not saturated with Mg
ions even at the highest MgQloncentration tested (10 mM);

probably stabilizes the transition state of the reaction enabling
catalysis while the effects of €aions and H are mainly

however saturation is achieved at higher pH values (Figure manifested at the ground state.

5a). If one assumes that only Kfg-enzyme-substrate
complexes are productive and iftind Mg " ions compete
for the same binding site in thiglunl—substrate complex,
eq 5, qualitatively similar to the equation for competitive

Carboxylate residues are often involved in chelation of
metal ions at the active sites of metal ion-dependent enzymes
involved in hydrolysis of nucleic acids and phosphoryl
transfer. Interestingly, anomaloukvalues of carboxylate

inhibition of enzymatic reactions, should describe the data residues coordinating Mg ions at the active sites have been

in Figure 5:
k= KnadMg* V[ Kyg(L + [HVKS) + [Mg*]] (5)

wherek is a single-turnover rate constant for the first or the
second DNA strand cleavage bylunl, knax is the rate
constant value at saturating KfgconcentrationKyyg is the
equilibrium constant for MY dissociation from ESC or
E-OC, andK, is the equilibrium constant for deprotonation

reported in the literature. A carboxylate residue involved in
chelation of M@" ion at the active site of CheY protein
exhibits an increasediky value @6). Analysis of hetero-
nuclear two-dimensional NMR titration experiments with
RNaseH revealed that the Aspl10 carboxylate at the active
site has an anomalously higiKpvalue of 6.1 27).

In the quenched-flow experiments described above the
reaction was initiated by rapid mixing of a preincubated
Munl—pUCGK-4 solution with a MgGl solution. If slow
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Ficure 6: Mixing order dependence of the rate of formation of
linear DNA. Experiments were performed at pH 7.0, with 5 mM
MgCl, and 1.5 nM pUCGK-4 and using a manual mixing technique.
Solid symbols correspond to reactions started by adding MgCl
solution to the preincubatetunl—pUCGK-4 solution. Open
symbols correspond to reactions performed by mixing a solution
containingMunl and MgCk with a separate solution containing
pUCGK-4. Data represented by squarlk ) refer to 2.2 nM
Munl, and data represented by circla, ©) refer to 9 nMMunl.

conformational rearrangements do not accompany Mg
binding to the pre-equilibrateMlunl—pUCGK-4 complex,

Sasnauskas et al.

sC ky

E+SC ESC: EOC%EL (6)
deC

wherek,SCis the association rate constant fdunl binding

to its recognition sequencdySC is the dissociation rate
constant of the specifiiunl—DNA complex, respectively,
andk; andk; are rate constants for the phosphodiester bond
cleavage. Equation 6 was applied for the analysis of the
experimental data obtained at various pH values, enzyme
concentrations, and mixing procedures. Optimal values for
rate constantgy, ko, kon>%, andkq>C at various pH values
were obtained by fitting numerical solutions of differential
equations corresponding to eq 6 to the experimental data. It
should be pointed out that obtaindg>¢ and k¢ values
should be treated only as estimates. Valuds ahdk, were
very close to those obtained by single-turnover quench-flow
experiments at the same pH and [Mgdkee, above). The
pH dependences of the obtained® andk,5¢ are presented

in Figure 7. The estimatetlunl—DNA association rate
constant valuek,,>¢ monotonically decrease with pH from
the value 3x 1 M1 st at pH 7.0 to the value % 10’
M~1s1atpH 9.0. The dissociation rate constiif is close

to 0 between pH 7 and 7.5 and monotonically increases in

single-turnover rates observed under these conditions referthe pH range 8.69.0 from 0.03 to 0.3 3 (Figure 7). All
to the chemical step of phosphodiester bond cleavage.experimental data sets used in the analysis of scheme 6 were

However, if the reaction is initiated by mixing separktanl
and pUCGK-4 solutions, rates of binding of enzyme to DNA

obtained at low M§" concentrations (25 mM at pH 7.0,
1-2 mM at pH 7.5, 1 mM at pH 8:69.0). Under these

or monomolecular conformational changes might become conditions, according to eq 5, only a small fraction of the

rate-limiting. To examine this possibility, we studied pUCGK-4
cleavage byunl under pre-steady reaction conditions (with

Munl—pUCGK-4 complexes is saturated by MgThus, the
values for the apparent rate constadgts© andk,>C obtained

enzyme equal or in excess over substrate) starting theby the fitting routine most likely represent association

reactions from preincubatedlunl—pUCGK-4 solution or
separateMunl and pUCGK-4 solutions.
Indeed, at pH 7.0 slower rates of linear DNA accumulation

dissociation rates of binary (M¢-free) Munl—pUCGK-4
complex. The equilibrium dissociation constdft values
for Munl—pUCGK-4 complex were calculated from tR¢

were observed in the reactions, started by mixing separatek,°C ratio. The calculatedy values are<0.03 nM at pH

Munl and pUCGK-4 solutions rather than in the reactions
initiated from the preincubateMunl —pUCGK-4 solution

(Figure 6). Moreover, while in the case of preincubated
Munl—pUCGK-4 solution, cleavage rates were invariant with

7.0 and 15.0 nM at pH 9.0, respectively. Gel shift analysis
of DNA binding by Munl revealed a stablélunl—DNA
complex at pH=< 7.0; however at pH values above 8.0 it
was not detectable in the gé)( The K4 values estimated

enzyme concentration, the cleavage rates in the reactionsfrom the ks5%k,,°C ratio suggest that th®lunl —pUCGK-4

started from separabdunl and pUCGK-4 solutions increased
with Munl concentration until the reaction rate level observed
with preincubatedvunl and pUCGK-4 solutions is reached
(Figure 6). Similar reaction patterns were observed at pH
7.5 and 8.0. However, at pk 8.0 reaction rates became
dependent oMunl concentration regardless of the mixing
procedure (data not shown).

complex exists throughout the pH range #90; however
its stability and lifetime decrease with increasing pH. The
failure to detectMunl—DNA complexes in gel shift experi-
ments at pH> 8.0 might be due to the increaskg® of the
Munl—DNA complex. Hence, it is tempting to speculate that
ionization of the active site carboxylate residue atpH.0
might cause the increase k¢ and destabilize thiunl —

The enzyme concentration dependence of substrate cleavbNA complex. Binding of the metal ion at the active site at

age rate in principle rules out the possibility that differences

pH > 7.0 probably increases complex stability. Indeed, stable

in progress curves of product accumulation observed with Munl—DNA complexes are observed at pH 8.3 in the

different mixing modes (Figure 6) are due to the slow
conformational rearrangements of enzyme or DNA. Such

presence of Cd (5).
During the steady-state cleavage of pUCGK-4Nynl

structural changes should be monomolecular, but the reactionFigure 1) the amount of open circle form remains constant

rate dependence oNRlunl concentration in the reactions

and does not exceed the background level. Such a reaction

initiated from separate enzyme and DNA solutions suggestsprofile is consistent with a concerted DNA cleavage mech-

a bimolecular nature of the process, preceding the phos-

anism in whichMunl cuts both strands of its recognition

phodiester bond cleavage. Thus, conformational changessequence during the lifetime of an enzynwibstrate com-

accompanyingMunl binding to the cognate DNAK) are
probably sufficiently fast in the time scale of the experiments
presented here and do not limit the observed rates.

To evaluate associatierdissociation rates for thelunl —
pUCGK-4 interaction, we used scheme 6:

plex. However, at low Mg concentrations (0.025 mM) the
amount of open circle pUCGK-4 exceeds that of the enzyme
by a factor of 3, suggesting that open circle DNA is released
into the solution (data not shown). Noteworthy, a similar
release of open circle DNA at low Mg concentrations has
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Ficure 7: pH dependence of the apparent association rate constan
kor>C and the dissociation rate constégfc for the Munl—pUCGK-4
interaction k,,°C (@) andksSC values O) were obtained by applying

a simultaneous fitting routine to the experimental data sets of
plasmid DNA cleavage byMunl obtained at various enzyme
concentrations and using different mixing procedures (see Experi-
mental Procedures).

been reported earlier foEcoRV (24). Under particular

reaction conditions supercoiled plasmid pUCGK-4 was
converted into the open circle form with high yield (see
Experimental Procedures). The obtained open circle DNA
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dependence suggests that protonation of the active site
residue or of the product affects the rate of product release.

Quenched-flow experiments of plasmid DNA cleavage
initiated by adding MgGlto the premixedMunl—pUCGK-4
solution revealed that open circle DNA is an obligatory
intermediate in the reaction pathway of plasmid DNA
cleavage byMunl. Under optimal reaction conditions, open
circle DNA remains bound t&unl; however it is released
into the solution under suboptimal reaction conditions (low
[MgCl)).

Rate constants for the firsk,) and the secondkf) strand
cleavage of the closed supercoiled form of pUCGK-4 plasmid
treferring to the rates of phosphodiester hydrolysis were
determined from quenched-flow experiments at saturating
Munl concentrations. The pH and Migdependence ok,
and k, reveals that, at pH 7.0, saturation by Mg is
achieved; however at pH values below 7.0, bkttand k,
increase linearly with increasing Mgconcentration. Such
Mg?" dependences are consistent with the assumption that
both H" and Mg* ions compete for the binding to the same
active site carboxylate residue. The lower DNA cleavage
activity of Munl at pH < 7.0 is therefore presumably due to
the decreased affinity of Mg for the active site.

was used subsequently as a substrate in the kinetic studies. Y& Suppose that ionization of the same active site
Equation 7, including the reversible step of open circle carboxylate residue(s) determines both the metal and specific

substrate dissociation, was used for analysis of the experi-DNA binding properties oMunl. At pH < 7.0, protonated
mental data, obtained for the cleavage of supercoiled andcarboxylate residue(s) favor formation of the tight sequence-

open circle pUCGK-4 forms bWunl (see Experimental
Procedures):

ko © Ky k;
E+SC—ESC—-EOC—>EL
deC kdoci k ocC (7)
E+ OC

where the rate constants are defined as in eq 6kai®

and kq°¢ are association and dissociation rate constants of
the EOC complex, respectively. Regression analysis yielded
values for six apparent rate constaksC, kiS¢, ki, ko, kon°C,
andk4°¢. The estimated value of 0.04%s(pH 7.0, 5.0 mM
MgCl,) was obtained for the rate constgftC. If we assume
that, at pH 7.0, 5 mM Mg, 25°C, thek, value is~0.3 s'%,
than the ratidk/ks°¢ would be close to seven. This means
that only few EOC complexes dissociate and release OC
plasmid before its conversion into linear DNA. Therefore,

specific complex betweekunl and DNA. However, pro-
tonation interferes with effective binding of Mg at the
active site and leads to the decreased DNA cleavage rate.
At pH > 7.0, active site residue(s) become deprotonated and
effectively chelate metal ion. Chelation of the Mdons at

the active site neutralizes the overall negative charge at the
active site, increases the stability of the specific complex,
and promotes catalysis. Thus, binding of both&hd metal
ions at the active site dflunl probably increases protein
DNA complex stability by neutralizing the negative charge
of the active site carboxylate residue(s). Binding of Vg
ions, however, probably stabilizes the transition state of the
reaction favoring catalysis while the effect of ik mainly
manifested at the ground state. It would be interesting to
see if the subtle interplay between kgand H™ binding at

the active site oMunl is also important in the regulation of
cleavage activity/binding specificity of other restriction
enzymes.
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CONCLUSIONS

The kinetic analysis of pUCGK-4 cleavage yunl
indicates that product release limits the overall reaction rate
under multiple-turnover conditions. The turnover numkgr
exhibits a sigmoidal pH dependence: it is independent of
pH in the range 6.86.5, increases in the pH range +.0
8.5, and reaches a limiting value at pH 8.5. Such pH
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