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ABSTRACT: The EcoRV restriction endonuclease cleaves not only its recognition sequence on DNA, GATATC, 
but also, a t  vastly reduced rates, a number of alternative D N A  sequences. The plasmid pAT153 contains 
12 alternative sites, each of which differs from the recognition sequence by one base pair. The EcoRV nuclease 
showed a marked preference for one particular site from among these alternatives. This noncognate site 
was located a t  the sequence GTTATC,  and the mechanism of action of EcoRV a t  this site was analyzed. 
The mechanism differed from that a t  the cognate site in three respects. First, the affinity of the enzyme 
for the noncognate site was lower than that for the cognate site, but, by itself, this cannot account for the 
specificity of EcoRV as measured from the values of kcat/K,,,. Second, the enzyme had a lower affinity 
for Mg2+ when it was bound to the noncognate site than when it was bound to its cognate site: this appears 
to be a key factor in limiting the rates of D N A  cleavage at  alternative sites. Third, the reaction pathway 
at  the noncognate site differed from that a t  the cognate site. A t  the former, the EcoRV enzyme cleaved 
first one strand of the D N A  and then the other while a t  the latter, both strands were cut in one concerted 
reaction. The  difference in reaction pathway allows D N A  ligase to proofread the activity of EcoRV by 
selective repair of single-strand breaks at  noncognate sites, as opposed to double-strand breaks at the cognate 
site. The  addition of D N A  ligase to reactions with EcoRV made no difference to product formation at  the 
cognate site, but products from reactions a t  noncognate sites were no longer detected. 

x e  mechanism for the interaction of a protein with a specific 
DNA sequence must involve two processes, the recognition of 
the target sequence and the discrimination against alternative 
sequences. In principle, the recognition of the target sequence 
can be accounted for by the array of hydrogen-bonding 
functions along the edge of each base pair (bp)' (Seeman et 
al., 1976). Hydrogen bonds with the edges of the base pairs 
are now known to play major roles in the recognition of specific 
DNA sequences by many (though not all) DNA binding 

'This work was funded by the Science and Engineering Research 
Council. 

proteins (McClarin et al., 1986; Anderson et al., 1987; Ot- 
winowski et al., 1988). However, it may be more difficult to 
account for the discrimination against alternative DNA se- 
quences. If the alternative sequence differs from the recog- 
nition sequence by just 1 bp, it might be able to interact with 

~~ ~~~ ~~ ~ 

' Abbreviations: AMP and ATP, adenosine 5'-phosphate and 5'-tri- 
phosphate, respectively; bp, base pair(s); BSA, bovine serum albumin; 
BME, P-mercaptoethanol; DMSO, dimethyl sulfoxide; DTT, dithio- 
threitol; EDTA, ethylenediaminetetraacetic acid; EtdBr, ethidium brom- 
ide; KD, equilibrium dissociation constant; M,, relative molecular mass; 
NAD, nicotinamide adenine dinucleotide; R/M, restriction/modification; 
Tris, tris(hydroxymethy1)aminomethane. 
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the protein with the loss of only one or two hydrogen bonds 
(Rosenberg & Greene, 1982; Rosenberg et al., 1987). Energies 
of hydrogen bonds between proteins and ligands vary sub- 
stantially with the nature of the reacting partners and with 
their stereochemical alignment but typically fall in the range 
2-15 kJ/mol (Fersht et al., 1985). The bottom of this range 
corresponds to a shift in an equilibrium constant by a factor 
of 2 and the top to a factor of 425. For some proteins such 
as the c l  and cro repressors, the observed discrimination be- 
tween alternative DNA sequences falls within this range 
(Ohlendorf et al., 1982; Hochschild et al., 1986). For other 
proteins, including that analyzed here, the discrimination 
factors are much larger and cannot readily be accounted for 
by one or two hydrogen bonds. 

Type I1 restriction enzymes must discriminate effectively 
between their cognate recognition sequences and all alternative 
sequences on the DNA (Modrich, 1982; Bennett & Halford, 
1989). In  vivo, a cell carrying a R / M  system would not 
remain viable if the nuclease had significant activity against 
noncognate DNA sequences. In vitro, all of the applications 
of restriction enzymes in the manipulation of DNA depend 
on this discrimination. However, the majority of the quan- 
titative data currently available on the activity of restriction 
enzymes toward noncognate DNA sequences comes from 
studies with oligonucleotide substrates containing nucleoside 
analogues [for example, see Brennan et al. (1986), McLaughlin 
et al. (1987), and Fliess et al. (1988)l. Consequently, we report 
here on the activity of the EcoRV restriction enzyme both at 
its single recognition site on the plasmid pAT153 and at the 
noncognate DNA sequence that forms the next best site for 
EcoRV on this plasmid. These data yield a kinetic mechanism 
for the DNA sequence specificity of EcoRV. 

At present, EcoRI forms the archetype for type I1 restriction 
enzymes (Modrich, 1982; Halford, 1983; McClarin et al., 
1986). However, reactions of restriction enzymes at  non- 
cognate DNA sequences are often too slow to measure except 
at high concentrations of the enzyme, and the EcoRV enzyme 
is soluble at much higher protein concentrations than EcoRI 
(Luke & Halford, 1985). The EcoRV restriction enzyme is 
similar to EcoRI with respect to its requirement for Mg2+ as 
a cofactor for catalysis, its M ,  value for the protein subunit 
(28 600), and its dimeric structure in solution (Luke et al., 
1987). There is, however, no homology between its amino acid 
sequence and that of EcoRI (Bougueleret et al., 1984). Large 
amounts of the EcoRV restriction enzyme are available from 
an overproducing strain (Bougueleret et al., 1985), and it is 
one of the few restriction enzymes to have been crystallized 
(D'Arcy et al., 1985). 

EXPERIMENTAL PROCEDURES 
Proteins. The EcoRV restricton enzyme was purified as 

described by Luke et al. (1987), except that the protein from 
the Blue Sepharose column was precipitated with ammonium 
sulfate (75% saturation). The slurry was stored at 4 O C .  Prior 
to each series of experiments, the protein was collected from 
a sample of the slurry by centrifugation and resuspended in 
the requisite volume of buffer [ l o  mM K2HP0,, 100 mM 
NaCI, 5 mM BME, 0.5 mM EDTA, and 50% (v/v) glycerol, 
pH 7.01: these aliquots were stored at  -20 OC. The enzyme 
retained full activity throughout these stages. Protein con- 
centrations were determined by amino acid analysis (Halford 
& Goodall, 1988), and molarities of the EcoRV restriction 
enzyme are given in terms of the dimeric protein of M ,  57 000. 

DNA ligase from bacteriophage T4, that had been purified 
by the method of Murray et al. (1979), was a gift from L. R. 
Evans (this department). Escherichia coli DNA ligase was 
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from Boehringer (Mannheim, FRG). All other enzymes for 
DNA manipulation were either from this supplier, Amersham 
International p.1.c. (Amersham, U.K.), or from Anglian Bio- 
technology Ltd. (Colchester, U.K.) and were used as advised 
by the supplier. BSA (Sigma) in 10 mM Tris was adjusted 
to pH 7.5 and heated for 16 h at 67 OC to inactivate con- 
taminating nucleases. 

DNA. A derivative of PAT1 53 (Twigg & Sherratt, 1980) 
was constructed by inserting a BglII linker at the EcoRV site: 
we refer to this molecule as pAT153b. The following proce- 
dure was carried out as in Maniatas et al. (1982). The oc- 
tadeoxynucleotide CAGATCTG (Anglian Biotechnology Ltd.) 
was phosphorylated with polynucleotide kinase, ligated to 
pAT153 that had been cut previously with EcoRV, and then 
digested with BglII. After purification by electrophoresis 
through agarose, this DNA was treated successively with T4 
DNA ligase and EcoRV and then used to transform E. coli 
HBlOl (Boyer & Roulland-Dussoix, 1969). Transformants 
were identified by resistance to ampicillin and sensitivity to 
tetracycline (PAT1 53 confers resistance to both antibiotics, 
but its EcoRV site is within the gene for tetracycline resist- 
ance). These cells contained a plasmid that was shown by 
restriction analysis to be identical with pAT153 except for a 
single BglII site in place of the EcoRV site. 

Transformants of E. coli HBlOl with either pAT153 or 
pAT153b were used as sources of these plasmids. Procedures 
for labeling the DNA by the incorporation of [methyL3H]- 
thymidine in vivo and for plasmid purification were as in 
Halford and Goodall (1988). Analysis of the purified plasmids 
by electrophoresis through agarose showed that generally 
>90% of the DNA was the covalently closed form of the 
plasmid in its monomeric state, with < 10% as either open-circle 
DNA or multimers of the plasmid. (The recA mutation in 
HB 101 reduces intermolecular recombination between plasmid 
molecules.) 

The DNA sequence of pAT153 was taken from that of 
pBR322 (Sutcliffe, 1979; Peden, 1983) with adjustment for 
the deletion of nucleotides 1649-2353 from pBR322 (Twigg 
& Sherratt, 1980). All sequences given here are from the "top" 
strand and are numbered from the first base of the sequence. 
Computer analysis of this sequence was with the UWGCG 
programs (Devereux et al., 1984). 

Kinetic Methods. For reactions at >50 nM EcoRV nu- 
clease, the ammonium sulfate precipitate of the enzyme was 
resuspended as above and an aliquot of this (1-5 pL) added 
to a solution of 3H-labeled pAT153 or pAT153b (195-199 pL) 
in buffer at 20 OC. Samples (10 or 15 pL) were removed from 
the reaction mixture at timed intervals and immediately 
vortexed with 8 yL of stop-mix [0.1 M EDTA, 0.1 M Tris, 
40% (w/v) sucrose, and 100 yg/mL bromophenol blue, pH 
8.01. The samples were incubated with proteinase K (1 1 L  
of 20 mg/mL) for 20 min at 20 OC, heated at 67 "C for 20 
min, and then quenched on ice (otherwise, the high concen- 
trations of EcoRV enzyme interfered with electrophoresis of 
the DNA). An aliquot (1 5 pL) from each sample was then 
analyzed by electrophoresis through 1.2% (w/v) agarose in 
Tris-acetate (Johnson & Grossman, 1977). Unless noted 
otherwise, the electrophoresis buffer also contained 0.5 pg/mL 
EtdBr. After electrophoresis, slices of the gel containing either 
substrate DNA or the product(s) were analyzed by scintillation 
counting (Halford & Goodall, 1988). Reactions at <50 nM 
EcoRV nuclease were carried out as above with prior dilution 
of the enzyme as in Halford and Goodall (1988). 

For all reactions, zero time points were taken from the DNA 
solution before the addition of enzyme. Further samples of 
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the DNA were incubated a t  20 O C  for the duration of the 
reaction, in the same buffer as the reaction but in the absence 
of EcoRV enzyme. In  both sets of samples, the fraction of 
the DNA in its covalently closed form was measured as above. 
For all experiments described here, these two values were 
within 2% of each other. Hence, the observed reactions must 
be due to the EcoRV restriction enzyme rather than any 
contaminant nuclease that might have been present in the 
buffer. 

Rate constants (either zero or first order as appropriate) 
were evaluated from substrate or product concentrations as 
a function of time by regression analysis using ENZFITTER 
(Elsevier-Biosoft, Cambridge, U.K.). The same program was 
also used for the direct fitting of data to hyperbolic functions. 

Buffers. The following buffers were used: buffer A, 50 m M  
Tris-HCI, 100 m M  NaCI, 10 m M  MgCI2, 10 m M  BME, and 
100 pg/mL BSA, pH 7.5; buffer B, same as buffer A except 
at pH 8.5; buffer C, 50 mM Tris-HCI, 100 mM NaCl, 10 m M  
MgCI2, 10 mM BME, 100 pg/mL BSA, and 10% (v/v) 
DMSO, pH 8.5; buffer D, same as buffer C but without NaCI. 

RESULTS AND DISCUSSION 
Assay Systems. In  the presence of Mg2+ ions, the EcoRV 

restriction endonuclease cleaves both strands of the DNA a t  
the center of its recognition sequence, GATATC (Schildkraut 
et al., 1984; D'Arcy et al., 1985). The enzyme can also cleave, 
albeit very slowly, a number of alternative sites on the DNA 
(Halford et al., 1986). As with other restriction enzymes 
(Rosenberg & Greene, 1982; George & Chirikjian, 1982; 
Nasri & Thomas, 1986; Barany, 1988), the DNA sequence 
a t  each additional site differs from the recognition sequence 
by 1 bp. For EcoRV, the alternative sites include 14 out of 
the 18 possible sequences that show 5/6 homology to GA- 
TATC: sequences where the G was replaced by either C or 
T (or the symmetric equivalent, replacement of C by A or G) 
were cleaved too slowly to count as alternative sites. In ad- 
dition, two of the noncognate sites for EcoRV, GAGATC and 
GATCTC, were only cleaved on DNA that lacked dam me- 
thylation: both contain the sequence GATC, the target for 
the dam methylase of E. coli (Hattman et al., 1978). We have 
used the plasmid pAT153 from a dam' strain of E. coli as 
a substrate for the reactions of EcoRV a t  both cognate and 
noncognate DNA sequences. This DNA molecule (3658 bp) 
contains one copy of the cognate recognition sequence for 
EcoRV. It also contains 12 further sites that can be cut by 
EcoRV (Halford et al., 1986), and these include representa- 
tives of 8 out of the 12 possible DNA sequences for noncognate 
EcoRV sites on dam+ DNA. 

At low concentrations of EcoRV nuclease (for example, 0.5 
nM enzyme), the reactions over the time scales being con- 
sidered here (<5 h) occur exclusively at the cognate site (Luke 
et al., 1987). These were monitored by analyzing samples from 
the reactions by electrophoresis, in order to determine the 
relative amounts of the supercoiled form of pAT153 (cova- 
lently closed DNA, intact in both strands), the open-circle form 
(cut in one strand), and the linear form (cut in both strands). 
At high concentrations of EcoRV nuclease (for example, 1 pM 
enzyme), pATl53 is cleaved first a t  the cognate site to yield 
the linear form of the plasmid, but this is subsequently cleaved 
a t  other sites to yield a series of smaller fragments (Luke et 
al., 1987). Samples from these reactions were also analyzed 
by electrophoresis in order to separate the full-length linear 
DNA from the smaller fragments: this detects product for- 
mation only when both strands of the DNA have been cleaved 
at a noncognate site. The rate of the reaction was measured 
from the decline in the concentration of linear pAT153. This 
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Table I :  Specificity of the EcoRV Restriction Endonuclease 

A (Tris, NaCI, 0.9' 0.Y 3 X lo7 36 1 X IO6  
MgC12, pH 7.5) 

B (same as A, pH 8.5) 0.8 d 180 
C (sameas B + DMSO) 0.3 2 2.5 X IO6 1700 I X IO' 
D (same as C - NaCI) 0.4 d 2150 

Buffer compositions are given in full under Experimental Procedures. 
*The recognition site and the next best site refer, respectively, to the DNA 
sequences GATATC and GTTATC at positions 185 and 1734 in pAT153: 
see text. 'Halford and Goodall (1988). dNot determined. 

rate could be due either to the reaction a t  the next best site 
on pAT153, if one noncognate site is cleaved preferentially 
to the others, or to multiple reactions at several sites. We show 
below that the former is the case. 

Experimental Conditions. The ability of restriction enzymes 
to discriminate between DNA sequences varies with the re- 
action conditions. This was discovered first with the EcoRI 
enzyme, relaxed specificity being observed at high pH and low 
salt concentrations and also in the presence of water-miscible 
organic solvents (Polisky et al., 1975; Tikchonenko et al., 
1978). These or similar reaction conditions have since been 
shown to relax the specificities of many other restriction en- 
zymes including EcoRV (Halford et al., 1986; Bennett & 
Halford, 1989). The activities of the EcoRV restriction en- 
zyme against both its recognition site on pAT153 and its next 
best site on this DNA molecule, under a variety of reaction 
conditions, are given in Table I. (The experiments that yielded 
the values in Table I are described below.) These data define 
the specificity of the EcoRV nuclease, the specificity of an 
enzyme being given by the ratio of the values for k,,/K, with 
cognate and noncognate substrates (Fersht, 1985). 

In buffer A (Tris, NaCI, and MgCI2 a t  pH 7.5; see Ex- 
perimental Procedures), the standard conditions used previ- 
ously for EcoRV reactions (Halford & Goodall, 1988), this 
restriction enzyme discriminates very effectively against 
noncognate DNA sequences. Under these conditions, the value 
for k,,,/K, a t  the next best site on pAT153 was lower than 
that for the cognate site by a factor 1 X lo6 (Table I ) .  
However, successive alterations to buffer A, by first raising 
the pH, second adding DMSO, and third omitting NaCl 
(buffers B-D), each resulted in increased values for k,,/K, 
a t  the noncognate site (Table I). In contrast, the activity of 
EcoRV at the cognate site underwent only minor alterations 
with these changes in reaction conditions. Consequently, in 
buffer C, the value for k,,/K,,, at the next best site on PAT153 
was lower than that for the recognition site by a factor of only 
1 X lo3. The change in reaction conditions between buffer 
A and buffer C thus caused a 1000-fold reduction in the 
specificity of EcoRV. This reduction is similar to that obtained 
from relative rates for the TuqI nuclease (Barany, 1988). 

The rate a t  which the EcoRV enzyme cleaved noncognate 
DNA sequences in buffer A was so slow (viz., Figure 6b) that 
it was difficult to accumulate kinetic data under these con- 
ditions. Hence, the majority of these experiments were carried 
out in buffer C, where the enhanced reaction rates a t  non- 
cognate sites facilitated the kinetic analysis. (Rates a t  non- 
cognate sites were even higher in buffer D, but the absence 
of NaCl in this buffer meant that any change in the concen- 
tration of MgClz also caused a general ionic strength effect.) 
However, given enough time, the EcoRV nuclease cleaved the 
same series of noncognate sites on pAT153 in buffer A (not 
shown), buffer C (this study), and buffer D (Halford et al., 
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FIGURE 1: Reaction at  the cognate site on pAT153. The reaction 
contained 0.5 nM EcoRV restriction endonuclease and 10 nM pAT153 
in buffer C at 20 OC. (A) Samples were withdrawn from the reaction 
at  the times indicated above the gel, quenched, and subsequently 
analyzed by electrophoresis through agarose. Only a representative 
selection of the samples that were taken from this reaction was run 
on the gel shown. The electrophoretic mobilities of the supercoiled, 
open-circle, and linear forms of PAT1 53 are marked as S ,  0, and L, 
respectively. (B)  The concentrations of the supercoiled (0), the 
open-circle (O), and the linear (0) forms of pAT153 were determined 
relative to the total DNA at each time point during the reaction. 

1986). The same processes occur in each of these buffers. 
Reactions at the Cognate Site. In buffer A, the EcoRV 

enzyme simultaneously cleaves both strands of the DNA at 
its recognition site on PAT1 53 in one concerted reaction (Luke 
et al., 1987; Halford & Goodall, 1988). However, several 
restriction enzymes are known to follow different reaction 
pathways under different reaction conditions (Rubin & 
Modrich, 1978; Maxwell & Halford, 1982), and these include 
EcoRV (Halford & Goodall, 1988). Hence, comparisons of 
cognate and noncognate sites required data for the reaction 
at the cognate site in buffer C. 

In  buffer C, as in buffer A, the steady-state reaction of 
EcoRV at  its recognition site on pAT153 resulted in the su- 
percoiled DNA being converted directly to linear DNA: none 
of the open-circle DNA was formed during the reaction 
(Figure 1). Initial rates were measured from both the decline 
in the concentration of supercoiled DNA and the increase in 
the concentration of linear DNA with time. The rates were 
determined across a range of concentrations of the DNA 
substrate ( 1-20 nM), steady-state conditions being maintained 
with [E,] << [So] for all reactions: the concentration of MgC12 
was held constant a t  10 mM. Direct fitting of these data to 
the Michaelis-Menten equation yielded values (for this con- 
centration of MgC12) of 0.3 min-' for kcat and 2 nM for K,. 
Hence, in buffer C, the value for k,, is slightly lower and the 
value for K ,  slightly higher than in buffer A, with the result 
that kca, /K,  is reduced 10-fold (Table I). 

Steady-state velocities were also measured from the reac- 
tions of EcoRV at  its cognate site on pAT153 in buffer C 
across a range of concentrations of MgC12 (1-10 mM) at  a 
fixed DNA concentration: no systematic variation was ob- 
served (Figure 5b below). Hence, this system must be fully 
saturated with Mg2+ at the lowest concentration of MgC12 
tested. 

For the equivalent reactions in buffer A, Halford and 

4: z 

0 15 

TIME (mins) 

30 

FIGURE 2: Reactions at  noncognate sites on pAT153. The reaction 
contained 1.2 pM EcoRV restriction endonuclease and 10 nM pATl53 
in buffer C at 20 O C .  (A) Samples withdrawn from the reaction at  
the indicated times were analyzed as in Figure 1A. Two DNA 
fragments produced during this reaction are marked X and Y .  (B)  
The concentration of the full-length linear form [ (o) marked above 
as L] of pAT153 was determined at each time point during the reaction 
and is shown in semi-logarithmic format. (At zero time, the con- 
centration given is the sum of the supercoiled and open-circle forms 
of the DNA.) 

Goodall (1988) had used a scheme involving the following 
forms of the DNA: 

kl k2 k3 k4 
S-S S (E*E) [S*S + SOP __* P-PI __* POP (1) 

where S-S is the DNA duplex with an intact EcoRV site and 
SOP and POP are DNA molecules cut at the EcoRV site in one 
or both strands; forms within the brackets are bound to (E-E), 
the protein dimer. However, the coupling between the two 
hydrolytic reactions (i.e., k3 >> k2)  was dependent on both 
subunits of the enzyme binding Mg2+. Otherwise, the two 
reactions were no longer coupled, and k2 was then twice as 
large as k3 (Halford & Goodall, 1988). The rate-limiting step 
was the final dissociation of P.P., the DNA cut in both strands. 
Since the reactions in buffer C yielded the same profile as those 
in buffer A, this mechanism for cleaving the cognate site also 
applies to the buffer conditions used here. 

Reactions at Noncognate Sites. Figure 2 shows an identical 
reaction with that in Figure 1, except for a 2400-fold increase 
in the concentration of EcoRV restriction endonuclease. At 
this enzyme concentration, the recognition site for EcoRV on 
pAT153 was cleaved in both strands to give the linear form 
of the DNA within 1 min. The full-length linear form of 
PAT153 was then cleaved at  one further site to give two 
products of approximately 2100 and 1550 bp: these are labeled 
in Figure 2A as X and Y. These two DNA fragments were 
subsequently cleaved by EcoRV at other sites to yield a series 
of smaller fragments of DNA (Figure 2A). As pAT153 
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contains only one copy of the cognate recognition sequence 
for EcoRV, both the conversion of the linear form of PAT1 53 
to X and Y and the subsequent fragmentation of the DNA 
must be due to EcoRV reactions at noncognate sites. At low 
enzyme concentrations (Figure l) ,  these must have been too 
slow to detect. 

In Figure 2A, the initial cleavage of the linear forms of 
PAT153 into two defined fragments, X and Y, indicates that 
1 out of the 12 noncognate sites for EcoRV is more susceptible 
to the enzyme than the others. (If all 12 noncognate sites had 
been cleaved at similar rates, the linear form of pAT153 would 
have given a complicated mixture of fragments.) We refer 
to this as the next best site, after the recognition site, for the 
EcoRV nuclease on pAT153. The location of this site was 
mapped relative to the Sal1 and PstI sites on pAT153. This 
placed the preferred noncognate site a t  about position 1700 
in the sequence of this plasmid. Inspection of the DNA se- 
quence in this vicinity revealed three sequences that form 
noncognate sites for EcoRV: GGTATC at  position 1704, 
GTTATC at position 1734, and GATAAC at position 1753. 
Further mapping, relative to the NspHI site at position 1769 
on pATl53, identified the middle of these as the next best site 
for EcoRV: band X (Figure 2A) yielded a DNA fragment 
of about 40 bp when digested with NspHI (data not shown). 

At present, we do not know why the DNA sequence 
GTTATC, at position 1734 on pAT153, is more susceptible 
to EcoRV than any other site on this molecule apart from the 
cognate recognition sequence, GATATC. It cannot be the 
sequence itself GTTATC occurs at two other sites on the 
plasmid, neither of which is particularly susceptible to EcoRV. 
Moreover, the EcoRV modification enzyme methylates the 
first A within GATATC (Nwosu et al., 1988), and hence this 
base is likely to be critical for recognition by the EcoRV 
nuclease. However, with DNA substrates that contain several 
copies of the recognition sequence for a restriction enzyme, 
the reactivity at each site can be different (Thomas & Davis, 
1975), and this could also apply to noncognate sites. With 
other plasmids as substrates for EcoRV, such as pACYC184 
(Chang & Cohen, 1978) and pA03 (Oka et al., 1979), there 
was no one noncognate site that was preferred over the others 
on these DNA molecules (data not shown). With pAT153, 
the existence of a preferred noncognate site means that the 
kinetics of the reaction at an individual noncognate site can 
now be measured (Figure 2B). 

Kinetics a t  the Noncognate Site. Given the following 
conditions, the decline in the concentration of substrate during 
an enzyme-catalyzed reaction should follow a single expo- 
nential: this yields a first-order rate constant that is equal to 
(kcat/Km) [E,]. The conditions are that the enzyme obeys 
Michaelis-Menten kinetics and that the enzyme concentration 
is higher than that of the substrate but lower than the K ,  value 
(Halford & Johnson, 1981). These apply to the reaction shown 
in Figure 2. However, one exponential is insufficient to de- 
scribe the decline in the concentration of the substrate for the 
reaction at the noncognate site (the full-length linear form of 
pAT153 generated during the first minute of the reaction). 
The semi-log plot in  Figure 2B shows a lag phase preceding 
the exponential phase. The simplest explanation for the lag 
phase, confirmed below, is that it corresponds to the cleavage 
of one strand of the DNA at the noncognate site: this yields 
a nicked linear DNA molecule that has the same electro- 
phoretic mobility as the linear DNA substrate. The expo- 
nential phase corresponds to the cleavage of the second strand 
of the DNA at this noncognate site. 
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FIGURE 3: Reactions at noncognate sites on PAT1 53b. The reaction 
contained 1.2 pM EcoRV restriction endonuclease and 10 nM 
pAT153b in buffer C at 20 O C .  (A) Samples withdrawn from the 
reaction were analyzed as in Figure 1 A. (B) The concentrations of 
the supercoiled (O), open-circle (a), and full-length linear (0) forms 
of pAT153b were determined at each time point during the reaction: 
the electrophoretic mobilities of these forms are marked above as S ,  
0, and L, respectively. 

The first-order rate constant from the exponential phase in 
Figure 2B, when normalized against the enzyme concentration, 
is therefore equal to kcat/Km for double-strand breaks at this 
particular site. The values for k,,/Km for the EcoRV enzyme 
at its next best site on pAT153 (Table I) were determined by 
this method from reactions in buffers A-D. In buffers A and 
B, the reactions were monitored over a longer time base 
(typically 5 h). In each case, the values were checked by 
repeating the measurements at several different enzyme con- 
centrations. The kinetic data in Table I thus refer to the 
formation of product cleaved by EcoRV in both strands of the 
DNA, at  either the single recognition site on PAT153 (as in 
Figure 1) or the noncognate site at position 1734 in the DNA 
sequence (as in Figure 2), this being preferred to the other 
noncognate sites under all conditions tested (data not shown). 
The other noncognate sites must yield k,,/Km values that are 
even lower than those reported in Table I for the preferred 
noncognate site. 

Mechanism at  the Noncognate Site. In order to analyze 
the mechanism of action of the EcoRV nuclease at its preferred 
noncognate site, we constructed a derivative of pAT153 by 
inserting 8 bp of DNA in the middle of the cognate recognition 
sequence for EcoRV (Experimental Procedures). This de- 
rivative, PAT1 53b, no longer contains the EcoRV recognition 
sequence, and no new noncognate sites were generated by the 
insertion. Hence, any cleavage of pAT153b by the EcoRV 
restriction enzyme must be at one or more of the noncognate 
sites present on the parent plasmid. 

A reaction of the EcoRV nuclease at the same high enzyme 
concentration as in Figure 2, with pAT153b as the substrate, 
is shown in Figure 3. In this reaction, the supercoiled form 
of the plasmid was converted initially to its open-circle form 
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FIGURE 4: Enzyme concentration dependence. Reactions at 20 OC 
contained EcoRV restriction endonuclease (at the concentration in- 
dicated) and IO nM DNA (either pAT153 or pAT153b) in a buffer 
identical with buffer C except the concentration of MgClz was 2 mM. 
With pAT153 as the substrate, apparent rate constants (0) were 
evaluated from the exponential phase in the decline in the concentration 
of the full-length linear form of the DNA. With pAT153b as the 
substrate, values for the apparent rate constants k,  (0) and kb (0) 
were determined from the decline in the concentrations of the su- 
percoiled and the open-circle forms of the DNA, respectively. The 
lines drawn are theoretical lines from eq 3 with the following pa- 
rameters: K, at 3 pM, Kc >> [MI, and k,[M]/K,at either 0.45 min-' 
(upper line) or 0.09 m i d  (lower line). 

b 
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by nicking one strand of the DNA, then to its full-length linear 
form by cleaving both strands a t  the same site, and finally to 
a series of smaller DNA fragments. The sites on pAT153b 
that had been cleaved in one or both strands, to yield the 
open-circle and linear forms, respectively, were identified by 
restriction mapping: both reactions had occurred a t  the same 
position as the preferred noncognate site on pAT153 (data not 
shown). For mapping the position of the nick on the open- 
circle DNA, we used alkaline agarose gels where the DNA 
runs in its single-stranded form (McDonnell et al., 1977): we 
did not determine whether one strand was cleaved preferen- 
tially to the other. 

The reaction in Figure 3B was fitted to two first-order rate 
constants: one for the decline in the concentration of the 
supercoiled form of pAT153b (starting from zero time) and 
a second for the decline in the concentration of the open-circle 
DNA (starting from a time point subsequent to where the 
open-circle form was a t  its maximum during the reaction). 
This yields two apparent rate constants, k, and kb,  respectively, 
for the EcoRV reactions that cleave the first and the second 
strands of the DNA a t  its preferred noncognate site. In the 
reaction shown, the value for k, (0.56 m i d )  was 4 times larger 
than that for kb (0.14 min-I). The reactions of the EcoRV 
enzyme on pAT153b were also carried out at a series of dif- 
ferent enzyme concentrations (at a fixed concentration of 
MgCI2) and at a series of different MgCl, concentrations (at 
a fixed concentration of enzyme). All of these reactions yielded 
profiles similar to that in Figure 3. The values for k,  and k, 
varied considerably with the concentrations of MgClz and 
enzyme (Figures 4 and sa), yet the ratio of k,/ kb was always 
about 4/1. With the parent pAT153 as the substrate, we also 
measured the apparent rate constants for double-strand breaks 
a t  the preferred noncognate site as in Figure 2B: over the 
range of enzyme and MgCI2 concentrations tested, these 
agreed closely with the values for kb from equivalent reactions 
with pAT153b (Figures 4 and 5a). 

MgCl, ( mM 1 
FIGURE 5: [MgCI,] dependence at noncognate (a) and cognate (b) 
sites. (a) Reactions at 20 O C  contained 1.2 pM EcoRV restriction 
endonuclease and 10 nM DNA (either pAT153 or pAT153b) in a 
buffer identical with buffer C except for variations in the concentration 
of MgClz as indicated. With pAT153 as the substrate, apparent rate 
constants (0) were evaluated from the exponential phase in the decline 
in the concentration of the full-length linear form of the DNA. With 
pAT153b as the substrate, values for the apparent rate constants k,  
(0) and kb (a) were determined from the decline in the concentrations 
of the supercoiled and the open-circle forms of the DNA, respectively. 
(b) Reactions contained 0.5 nM EcoRV restriction endonuclease and 
10 nM pAT153 but were otherwise identical with (a). Values for 
kc,, ( 6 )  were determined from the steady-state reaction velocities. 

The data in Figures 4 and 5a are consistent with a com- 
pulsory order mechanism: 

K* KC kb 
E + S + M E-S r E S M  - E*P (2) 

where S is the target site on the DNA and M is MgZ+: K, and 
K, are the KD values for binding the DNA and the magnesium 
cation, respectively, and kh is the rate constant for the hy- 
drolytic reaction. If the bimolecular steps are faster than the 
hydrolytic reaction and if the initial concentration of substrate 
is lower than that of the enzyme (as in our reactions), the 
apparent rate constant for product formation (either k,  or kb, 
depending on whether eq 2 refers to the cleavage of the first 
or the second strand) is then given by 

(3) 

[The data in Figures 4 and 5a eliminate an  alternative 
mechanism in which the enzyme binds Mg2+ before the DNA. 
For this alternative, an equation analogous to eq 3 was derived, 
but it predicted concentration dependencies that were incon- 
sistent with the experimental data (not shown).] 
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For the dependence of either k ,  or kb on the concentration 
of the enzyme, at a fixed concentration of MgC12 (Figure 4), 
eq 3 predicts a hyperbolic relationship, where the maximum 
value of k ,  (or kb)  is equal to k h [ M ] / ( K ,  + [MI) and the 
enzyme concentration that gives half of this maximum is equal 
to K,K,/(K, + [MI). When the value of K, is much larger 
than the concentration of MgCI2 (which is the case for these 
reactions, see below), these two terms simplify to kh( [ M ] / K , )  
and K,, respectively. The dependence of the rates on the 
concentration of EcoRV fitted closely to a hyperbola (Figure 
4), with maximum values for k,  and kb of 0.45 and 0.09 min-', 
and respectively, and an enzyme concentration for the half- 
maximal rate (from either k,  or kb) a t  3 pM. We equate the 
latter with K,, the equilibrium dissociation constant of the 
EcoRV nuclease from its preferred noncognate site on PAT- 
153. 

For the dependence of either k ,  or kb on the concentration 
of MgCI2, at a fixed concentration of the EcoRV enzyme 
(Figure sa), eq 3 again predicts a hyperbolic relationship. In 
this case, the maximum values for the rates will be equal to 
kh, and the concentration of MgC12 for the half-maximal rate 
equal to K,( 1 + K,/[E]) .  However, the values of both k ,  and 
kb increased linearly with increasing concentrations of MgCI2 
over the range tested (up to 10 mM) (Figure 5a). Hence, for 
these reactions, the parameter K,( 1 + KJ [E]) must be very 
much larger than 10 mM. Given the value for K, determined 
from Figure 4 (3 pM), and the fixed enzyme concentration 
used for the experiments in Figure 5a (1.2 pM), it then follows 
that K, itself must be very much larger than 3 mM. I t  was 
impossible to confirm this estimate for K, by extending these 
measurements to higher concentrations of MgC12 because the 
reaction rates were then influenced by general ionic strength 
effects. However, we cannot find any other pair of values, 
other than those given here (K,  at about 3 pM, K, >> 3 mM), 
that are internally consistent with the data in both Figure 4 
and Figure 5a. 

We can now compare the dependencies on MgCI2 concen- 
tration for EcoRV reactions at either its preferred noncognate 
site or its cognate site on pAT153 (Figure 5a and Figure 5b, 
respectively). Across a range of concentrations of MgCI2 
where the rates of the reaction at the noncognate site increased 
linearly with increasing [MgCI2] (Figure sa), the rate of the 
reaction a t  the cognate site showed no increase a t  all (Figure 
5b). The latter is given as k,,, values, measured from 
steady-state kinetics: eq 5 of Halford and Johnson (1981) gives 
the dependence of k,,, on [MgCI2]. Hence, for the reaction 
a t  the cognate site, the lowest concentration of MgCI, tested 
is in large excess of K,. Across the range 1-10 m M  MgC12, 
the EcoRV enzyme is fully saturated with Mg2+ during its 
reaction a t  the cognate site, yet, under the same conditions, 
it has a very low degree of saturation with Mg2+ during the 
reaction a t  the noncognate site. 

Differences between Cognate and Noncognate Sites. The 
reaction of the EcoRV restriction enzyme a t  its preferred 
noncognate site on pAT153 differs in three respects from that 
at its recognition site. First, the reactions proceed by different 
pathways. At the cognate site, both strands of the DNA were 
cleaved in a single concerted reaction (Figure 1; Halford & 
Goodall, 1988). At the noncognate site, the two strands were 
cleaved in sequential reactions with separate kinetics (Figure 
3). All of our data on reactions at noncognate sites came from 
experiments where the enzyme was in large molar excess over 
the plasmid, so it is possible that the DNA nicked a t  the 
noncognate site remains associated with the enzyme (as in eq 
1) .  However, the dependence of both k,  and kb on the enzyme 
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concentration indicates otherwise (Figure 4), and we have 
confirmed that the nicked DNA dissociates from the enzyme 
between the two hydrolytic reactions (see below). Barany 
(1 987) had reported previously a similar difference for the 
TaqI restriction enzyme. 

The second difference is in the affinities of the enzyme for 
cognate and noncognate sites. In buffer C, the cognate site 
yielded a K,  value of 2 nM (Table I ) ,  and though K, values 
are not a direct measure of the affinity of an enzyme for its 
substrate, it remains far below the value of 3 pM for K, at the 
noncognate site (Figure 4). However, this may be insufficient 
to account for the large difference in k,,/K,,, between cognate 
and noncognate sites (Table I). The fact that product disso- 
ciation is rate limiting for the cognate site (Halford & Goodall, 
1988) creates an opportunity for compensation between k,,, 
and K, (Fersht, 1985). The product formed a t  a noncognate 
DNA sequence might dissociate from the enzyme more rapidly 
than that formed a t  the cognate site. If product dissociation 
remained rate limiting, the reaction at the noncognate site 
could have a higher k,,, than that a t  the cognate site. 

The third difference is in the affinity of the enzyme for 
Mg2+, depending on whether the protein is bound to its cognate 
site or to a noncognate site on the DNA. The reaction of the 
EcoRV nuclease at its recognition site on pAT153 yields a 
much lower value for K, than that at the next best site (Figure 
5). This appears to be a critical factor in determining the 
DNA sequence specificity of the EcoRV restriction enzyme. 
Even when the enzyme is bound to a noncognate site on the 
DNA, it still cannot cleave the DNA at that site unless it has 
also bound Mg2+ ions. The specificity of the EcoRI restriction 
enzyme is thought to involve a process called "allosteric 
activation" (McClarin et al., 1986; P. Modrich, personal 
communication): the recognition of the correct DNA sequence 
may trigger a conformational change within the DNA-protein 
complex that aligns the catalytic functions of the system, 
whereas an incorrect DNA sequence fails to promote the 
organization of the catalytic center. Our data on EcoRV are 
fully consistent with this proposal. The different affinities for 
Mg2+ indicate that the organization of the catalytic center is 
dependent on the DNA sequence that is bound to the enzyme. 

Cleavage of the noncognate site by two separate reactions, 
as opposed to a single concerted reaction a t  the cognate site, 
is a direct consequence of the different affinities for Mg2+. The 
reaction at the cognate site also involves two separate reactions 
whenever the system is not fully saturated with Mg2+ (Luke 
et al., 1987; Halford & Goodall, 1988), but in this case, k,  
was twice kb instead of the 4-fold difference seen at the 
noncognate site (Figure 3). The change in this ratio can be 
accounted for by different statistical factors that arise from 
the binding of a ligand to a dimeric protein. If each subunit 
of the dimer binds the ligand with the same intrinsic KD, then 
the apparent KD for binding one molecule of the ligand to 
either subunit will be half the intrinsic KD, that for binding 
one molecule to a specified subunit equal to the intrinsic KD, 
and that for binding the second molecule twice the intrinsic 
KD (Edsall & Gutfreund, 1983). This model predicts that the 
EcoRV enzyme requires Mg2+ to be bound to both subunits 
of the dimer in order to cleave the second strand a t  a non- 
cognate site, while the equivalent reaction at the cognate site 
requires Mg2+ on one specified subunit. 

Proofreading by DNA Ligase. Nicked DNA is formed as 
an intermediate during EcoRV reactions at noncognate sites, 
but it is not formed in equivalent reactions at the cognate site 
(Figures 1 and 3). This raises the possibility that DNA ligase 
might be able to edit the specificity of the EcoRV restriction 
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FIGURE 6: Proofreading by DNA ligase. Reactions at 20 OC in 50 
mM Tris, IO mM MgC12, IO mM DTT, 1.3 mM ATP, and 100 
pg/mL BSA, pH 7.5, contained 10 nM pAT153, EcoRV restriction 
endonuclease at either 0.5 nM (a) or 3 pM (b), and either no DNA 
ligase (0) or 10 nM DNA ligase from phage T4 (0) or 10 nM E. 
coli DNA ligase (0).  For reactions containing E. coli DNA ligase, 
the ATP was replaced by 1.3 mM NAD. (a) With 0.5 nM EcoRV 
nuclease, the concentration of the supercoiled form of pAT153 (the 
substrate) was measured over the time scale given. (b) With 3 FM 
EcoRV nuclease, the concentration of the full-length linear form of 
pAT153 (the substrate generated during the first minute of this 
reaction) was measured at timed intervals thereafter. For this reaction, 
the concentration of DNA substrate given at zero time is the total 
concentration of DNA in the reaction. 

enzyme by selectively repairing DNA cut at noncognate sites 
in preference to DNA cut a t  the cognate site. DNA ligase 
catalyzes the synthesis of phosphodiester bonds, either to repair 
nicks in DNA duplexes or to join separate termini (Engler & 
Richardson, 1982). Hence, in the presence of DNA ligase, 
the forms of the DNA generated during EcoRV reactions can 
be interconverted as shown in eq 4 (for the EcoRV recognition 
site) and eq 5 (for a noncognate site). Forms of the DNA 

"I 

WI 

U l  "3 

W1 w3 

s-s z= P.P (4) 

(5) s.s = SOP = P*P 

are defined as in eq 1: u l ,  u2, and u3 and w I ,  w2, and w3 are 
the reaction velocities determined by the concentrations of 
EcoRV nuclease and of DNA ligase, respectively, that are 
present in the mixture. For EcoRV, u1 will be much greater 
than u2 which in turn is 4 times greater than u3. DNA ligase 
has a much higher activity at repairing nicks than at joining 
ends (Sugino et al., 1977), so w2 will be much greater than 
either wI or w3. Efficient proofreading by ligase demands that 
u I  > w I  and that u2 < w2. 

I / , I  

DNA Ligase ( nM 1 
12 24 ' 96 0 

FIGURE 7 :  Repair at noncognate sites. Reactions contained 3 WM 
EcoRV restriction endonuclease and IO nM pAT153 in 50 mM Tris, 
10 mM MgCl,, IO mM DTT, and 100 pg/mL BSA, pH 7.5, with 
either T4 DNA ligase and 1.3 mM ATP (0) or E. coli DNA ligase 
and 1.3 mM NAD (0). The concentrations of DNA ligase are given 
on the abscissa. After 5 h at 20 OC, the concentration of the full-length 
linear form of pAT153 was measured in each reaction. 

To test this model, we analyzed the reactions of the EcoRV 
nuclease, at both its cognate and its noncognate sites on 
pAT153, in the presence of DNA ligase. Two ligases were 
used, that encoded by phage T4 and that from E. coli. The 
two enzymes differ in their cofactor requirement, T4 ligase 
using ATP and E. coli ligase NAD (Engler & Richardson, 
1982): neither ATP nor NAD, at the concentrations used here, 
had any effect on the activities of EcoRV at either cognate 
or noncognate sites (data not shown). The two ligases also 
differ in their relative abilities a t  joining blunt-ended DNA 
fragments: the DNA ligase from phage T4 has a much higher 
activity in this reaction than the E. coli enzyme (Sugino et 
al., 1977; Zimmerman & Pheiffer, 1983). 

At a low concentration of the EcoRV nuclease, the super- 
coiled form of pAT153 is cleaved only at the recognition site 
for EcoRV (Figure 1). The rate at which the EcoRV enzyme 
cleaved its cognate site was unaffected by the addition of either 
T4 DNA ligase or E. coli DNA ligase (Figure 6a). The same 
result was also obtained when the experiments in Figure 6a 
were repeated with a fixed concentration of EcoRV nuclease 
(0.5 nM) but across a range of concentrations of DNA ligase 
(0-600 nM for the T4 enzyme, 0-450 nM for the E. coli 
enzyme) (data not shown). In these experiments, the only 
species of DNA seen on the gels were the supercoiled, open- 
circle, and linear forms of pAT153: products that might have 
arisen by intermolecular ligations were not detected. These 
results were as expected for E. coli DNA ligase, as this enzyme 
would have virtually no activity at joining the blunt ends 
formed by EcoRV reactions at the cognate site. However, the 
rate at which T4 ligase catalyzes blunt-end ligations must also 
be much lower than the rate at which EcoRV cleaves both 
strands of the DNA at its cognate site, even when this ligase 
is present a t  a 1200-fold excess over EcoRV. 

At high concentrations of the EcoRV enzyme, the super- 
coiled form of pAT153 is converted rapidly to its linear form 
to yield a substrate for further reactions at  noncognate sites 
(Figure 2). Under these conditions, in the absence of ligase, 
the linear DNA was cleaved by EcoRV into smaller fragments, 
but in the presence of either T4 or E. coli ligase, the DNA 
remained as its full-length linear form (Figure 6b). The 
amount of DNA ligase that was required to prevent the for- 
mation of any products from EcoRV reactions at noncognate 
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FIGURE 8: Relaxation with EcoRV and ligase. The reaction contained 
60 nM EcoRV restriction endonuclease, 10 nM T4 DNA ligase, and 
10 nM pAT153b in 50 mM Tris, 2 mM MgC12, 10 mM DTT, 1.3 
mM ATP, 100 pg/mL BSA, and 10% DMSO, pH 8.5, at  20 "C. 
Samples were withdrawn from the reactions and subsequently analyzed 
by electrophoresis through agarose in the absence of EtdBr: the time 
of withdrawal is noted above each slot of the gel. The electrophoretic 
mobilities of the supercoiled and the open-circle forms of PAT1 53b 
are marked S and 0 by the left of the gel. 

sites was also determined (Figure 7). More than 90% of the 
DNA remained in its full-length linear form when either ligase 
was present at 0.1% of the level of the EcoRV nuclease. These 
experiments were carried out under conditions similar to buffer 
A (modified for the requirements of DNA ligase), where the 
EcoRV restriction enzyme discriminates between cognate and 
noncognate DNA sequences by a factor of 1 X lo6 (Table I).  
In the presence of ligase, EcoRV reactions at noncognate DNA 
sequences are no longer 1 X lo6 times less frequent than at 
cognate sites but are now too infrequent to detect. 

There remains the possibility that ligase may have enhanced 
the specificity of EcoRV by somehow inhibiting reactions at 
noncognate sites rather than by repairing nicks. However, in 
reactions of the EcoRV enzyme on pAT153b (that lacks 
EcoRV sites) in the presence of T4 DNA ligase, the super- 
coiled form of the plasmid retained its covalently closed 
structure but became topologically relaxed (Figure 8). 
Electrophoresis of the DNA from this reaction through agarose 
in the absence of EtdBr separated the product into a series 
of topoisomers with mobilities similar to that of the open-circle 
form of the DNA (Figure 8). The relaxed covalently closed 
structure of this DNA was confirmed by electrophoresis in the 
presence of chloroquine (Shure et al., 1977). The relaxation 
of pAT153b was not due to the topoisomerase activity of DNA 
ligase (Modrich et al., 1972), as no relaxation was observed 
in the absence of EcoRV (not shown): ligase functions as a 
topoisomerase only in the presence of AMP (Modrich et al., 
1972). Hence, the simplest explanation for the observed re- 
laxation is that, after EcoRV has nicked the plasmid, one 
strand of the DNA is free to rotate around the other before 
ligase reseals the nick. This mechanism demands that the 
DNA, nicked at the noncognate site, dissociates from the 
EcoRV enzyme. 

In its native strain of E. coli (Bougueleret et al., 1984), the 
EcoRV restriction enzyme forms about 0.01% of the total 
protein, which corresponds to a concentration in vivo of about 
200 nM (Le., about 100 molecules/cell). The chromosome 
of E. coli will contain about 12000 noncognate sites for 
EcoRV, given their statistical frequency on random DNA. 
Given these concentrations together with the lowest value of 
k,, /K, for noncognate sites in Table I (that in buffer A), we 
can calculate that the chromosome of E. coli will be subjected 
to about 100 double strand breaks from EcoRV reactions at 

noncognate sites within each cell cycle of 30 min. [No re- 
actions will occur at cognate sites due to the EcoRV methylase 
(Nwosu et al., 1988).] Hence, a bacterial cell that carries the 
R /M system will remain viable only if one or more of the 
following pertain: the restriction enzyme is compartmentalized 
away from the chromosome; the intrinsic activity of the enzyme 
toward noncognate DNA sequences is at least 100 times lower 
in vivo than in vitro; a proofreading system exists to repair 
DNA cut at noncognate sites. E. coli cells contain about 300 
molecules of DNA ligase (Modrich et al., 1973). Hence, if 
we extrapolate from the data in vitro (Figures 6 and 7), the 
ratio of DNA ligase to EcoRV restriction enzyme in vivo would 
result in no repair of double-strand breaks at  the cognate site 
but complete repair of single-strand breaks at noncognate sites: 
Le., noncognate sites would never be cleaved in both strands. 
However, the relative activities of these enzymes in vivo are 
not known. 
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