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ABSTRACT: In the presence of MgCl,, the EcoRV restriction endonuclease cleaves its recognition sequence 
on DNA at  least a million times more readily than any other sequence. In this study, the binding of the 
EcoRV restriction enzyme to DNA was examined in the absence of Mg2+. With each DNA fragment tested, 
several DNA-protein complexes were detected by electrophoresis through polyacrylamide. No differences 
were observed between isogenic DNA molecules that either contained or lacked the EcoRV recognition site. 
The number of complexes with each fragment varied with the length of the DNA. Three complexes were 
formed with a DNA molecule of 55 base pairs, corresponding to the DNA bound to 1, 2, or 3 molecules 
of the protein, while >15 complexes were formed with a DNA of 381 base pairs. A new method was developed 
to analyze the binding of a protein to multiple sites on DNA. The method showed that the EcoRV enzyme 
binds to all DNA sequences, including the EcoRV recognition site, with the same equilibrium constant, 
though two molecules of the protein bind preferentially to adjacent sites on the DNA in a cooperative fashion. 
All of the complexes with a substrate that contained the EcoRV site dissociated upon addition of competitor 
DNA, but when the competitor was mixed with MgCl,, a fraction of the substrate was cleaved at the EcoRV 
site. The fraction cleaved was due mainly to the translocation of the enzyme from nonspecific sites on the 
DNA to the specific site. 

%e occupancy of a given site on DNA by a protein is a 
function of not only the affinity of the protein for that site but 
also its affinity for the rest of the DNA molecule: the latter 
is governed by both its affinity for alternative sites on the DNA 
and the number of the alternatives (von Hippel & Berg, 1986). 
Many proteins fulfill their biological functions by simply 
binding to a specific site on DNA, and, in these cases, dis- 
crimination between DNA sequences can arise only from 
differences in binding energies. In other cases such as the 
restriction enzymes, the protein binds to a specific DNA se- 
quence and catalyzes a reaction. For an enzyme, the dis- 
crimination between alternate substrates can stem from either 
the binding or the catalytic reaction, or both (Jencks, 1975). 
The type I1 restriction endonucleases recognize short DNA 
sequences, typically 4-8 bp,' and cleave both strands of the 
DNA at their recognition sites (Bennett & Halford, 1989; 
Rosenberg, 1991). These enzymes need Mg" as a cofactor; 
they have no catalytic activity in the absence of divalent 
cations. To date, the most extensively studied restriction 
enzyme is EcoRI. In  the absence of Mg2+, this protein binds 
its recognition sequence much more tightly than any other 
DNA sequence (Halford & Johnson, 1980; Terry et al., 1983). 
The difference in binding energies makes a major contribution 
to the specificity of EcoRI for DNA cleavage at its recognition 
site (Thielking et al., 1990; Lesser et al., 1990). 

The EcoRV endonuclease is one of the few restriction en- 
zymes apart from EcoRI to have been overproduced (Boug- 
ueleret et al., 1985) and crystallized (D'Arcy et al., 1985). 
High-resolution structures of the EcoRV nuclease have been 
solved by X-ray crystallography for the free protein in the 

absence of DNA, the protein bound to a duplex oligonucleotide 
containing the EcoRV recognition sequence, and the protein 
bound to nonspecific DNA [ F. Winkler, personal communi- 
cation; reviewed by Rosenberg (1 99 l)]. EcoRV has no hom- 
ology to EcoRI in either primary or tertiary structures 
(Bougueleret et al., 1984; Winkler et al., 1991). The EcoRV 
enzyme is a dimer of identical subunits, and it cleaves both 
strands of the DNA at the center of its recognition site, GA- 
TATC (Schildkraut et al., 1984; D'Arcy et al., 1985). The 
enzyme is extremely specific for this sequence. Under standard 
reaction conditions, k,,,/Km for the reaction of EcoRV at its 
recognition site on pAT153 is 3 X lo7 M-' s-l, while k,,/Km 
for double strand breaks at the next best site on this plasmid 
is 36 M-I s-l; the next best site is one of the locations on 
pAT153 that has the sequence GTTATC (Taylor & Halford, 
1989). This 1 bp change in DNA sequence therefore produces 
a million-fold reduction in k,,/Km. The other sites on PAT153 
that differ from the cognate site by 1 bp are cleaved even more 
slowly (Halford et al., 1986). In oligonucleotide substrates 
for EcoRV, most base analogues also cause large reductions 
in activity (Fliess et al., 1988; Mazzarelli et al., 1989; Newman 
et al., 1990). 

When the EcoRV restriction enzyme is bound to its cognate 
site on DNA, the protein has a high affinity for Mg2+ ions, 
but when bound to noncognate sequences, it has a low affinity 
for Mg2+ (Taylor & Halford, 1989). This accounts for at least 
part of the difference in catalytic rates at cognate and non- 
cognate sites. It also accounts for a difference in the mode 
of DNA cleavage: concerted double-strand scission at the 
recognition site; sequential single-strand breaks at other sites 

'This work was supported by the Science and Engineering Research 

Department of Biochemistry, Duke University 
Council. 

Medical Ccnter, Durham, NC 27710. 
Present address: 

I Abbreviations: bp, base pair(s); BME, 8-mercaptoethanol; BSA, 
bovine serum albumin; dNTP, deoxyribonucleotide triphosphate; EDTA, 
ethylenediaminetetraacetic acid: kb, 1000 bp; M,, relative molecular 
mass; Tris, tris(hydroxymethy1)aminomethane. 

0006-2960/91/0430-8743$02.50/0 0 1991 American Chemical Society 



8744 Biochemistry, Vol. 30, No. 36, 1991 

(Halford & Goodall, 1988; Taylor & Halford, 1989). Pre- 
sumably, both subunits of the protein bind Mg2+ during the 
reaction at the cognate site, but, at a noncognate site, only one 
subunit at a time is likely to bind Mg2+. One consequence 
of the different modes of cleavage is that the effective spe- 
cificity of EcoRV in vivo is even higher than that measured 
in vitro, due to proofreading by DNA ligase (Taylor et al., 
1990). 

This report describes equilibrium binding studies on the 
EcoRV endonuclease with DNA fragments that either contain 
or lack the EcoRV recognition site. The binding was carried 
out in the absence of Mg2+ to prevent DNA cleavage. In its 
catalytic reaction, the EcoRV enzyme has a compulsory-order 
mechanism, binding first to DNA and then to Mg2+ (Taylor 
& Halford, 1989). Hence, DNA-protein complexes formed 
in the absence of Mg2+ should be equivalent to intermediates 
in the catalytic reaction. Binding was monitored primarily 
by the gel shift method (Garner & Revzin, 1981; Fried & 
Crothers, 1981). For restriction enzymes, another method for 
monitoring the binding of the nuclease to its recognition site 
is the preferential cleavage assay (Jack et al., 1982), and this 
was also used. 
EXPERIMENTAL PROCEDURES 

Proteins. The EcoRV restriction endonuclease was purified 
and its concentration determined as before (Luke et al., 1987; 
Halford & Goodall, 1988). The molarities cited are for the 
enzyme dimer of M ,  57000 (D'Arcy et al., 1985; Luke et al., 
1987). Apart from EcoRI (purified here by C. N. Parker), 
all other enzymes for DNA manipulation were obtained from 
either Gibco BRL or Boehringer Mannheim and were used 
as advised by the supplier. Nuclease-free solutions of BSA 
(Sigma) and proteinase K (Boehringer Mannheim) were 
prepared as described in Taylor and Halford (1989). 

Plasmids. Three plasmids were used: pATl53 (Twigg & 
Sherratt, 1980), pAT153b (Taylor & Halford, 1989), and 
pACYC184/5 (Taylor, 1991). The sequence of pAT153b 
differs from that of pATl53 by the insertion of an 8 bp BglII 
linker at  the EcoRV site. Plasmid pACYC184/5 is a 3.9 kb 
derivative of pACYC184 (Chang & Cohen, 1978) that has 
one site for EcoRV located 1.7 kb from the EcoRI site (Taylor, 
1991). The plasmids were used to transform Escherichia coli 
HB101, and the DNA was purified as described previously 
(Halford & Goodall, 1988). 

DNA Fragments. Fragments of DNA were obtained by 
either oligonucleotide synthesis (carried out by L. Hall, this 
department, using a Dupont Coder 300 DNA Synthesizer) or 
by restriction digests on either pATl53 or PAT1 53b followed 
by electrophoresis through polyacrylamide. The fragments 
were labeled at the Y-ends by using the Klenow fragment of 
DNA polymerase I with [ L U - ~ ~ P I ~ A T P  (NEN Research 
Products, 3000 Ci/mmol) and, if needed, one or more addi- 
tional dNTPs (Sambrook et al., 1989). After labeling, flush 
ends were generated by adding all four dNTPs to the Klenow 
reactions. The lengths of the DNA fragments given below are 
for the duplex DNA after end-filling, and the positions of 
restriction sites are numbered from the first base of the rec- 
ognition sequence. 

position 0 to 375 on pAT153. This includes the EcoRV site 
at position 185. 

Nonspecific 389-mer: An EcoRI-BamHI fragment 
equivalent to the above but from pATl53b. The 8 bp DNA 
inserted at  the EcoRV site on this plasmid disrupts the se- 
quence and neither cognate or noncognate sites for EcoRV 
were regenerated (Taylor & Halford, 1989). 

Specific 235-mer: The EcoRI-NheI fragment from position 
0 to 229 on pAT153. 

Specific 381-mer: The EcoRI-BamHI fragment from ' 

Taylor et al. 

Specific 100-mer: The MuaI-NheI fragment from position 
131 to 229 on pAT153. All preparations of this fragment 
showed two bands of similar mobilities when analyzed by 
electrophoresis through polyacrylamide. Both contained the 
EcoRV site from pAT153. The stocks of MuaI were probably 
contaminated with an exonuclease. 

Nonspecific 55-mer: Two self-complementary oligo- 
nucleotides of 5 1 bases were synthesized that, when annealed, 
generated a 47 bp duplex DNA with four-base 5'-extensions 
at  both ends, one matching an EcoRI extension and the other 
NcoI. The duplex region had the same sequence as positions 
1707-1753 on pAT153. This section contains the next best 
site for the EcoRV nuclease on pAT153, GTTATC at 1734 
(Taylor & Halford, 1989), but no cognate site for EcoRV. 

Specific 55-mer: Identical with that immediately above, 
except that the GTTATC sequence for the next best site was 
replaced with the recognition sequence for EcoRV, GATATC. 

Gel Shijt Assays. These were performed as described by 
Garner and Revzin (1981). The binding buffer was 50 mM 
TrivHCI, 100 mM NaCI, 10 mM BME, 100 pg/mL BSA, 
and 0.1 mM EDTA, pH 7.5. The stock solutions of EcoRV 
were diluted to the appropriate concentration directly before 
use in the same buffer supplemented with 2 mM spermine. 
The reactions contained up to 0.1 nM 32P-labeled DNA 
fragment and 0-300 nM EcoRV restriction endonuclease in 
20 p L  of binding buffer. (In the majority of experiments, the 
only DNA in the binding reactions was the 32P-labeled sub- 
strate, but, for some experiments noted below, the reactions 
also contained various amounts of unlabeled pATl53b). The 
mixtures were incubated for 15 min at 20 OC before adding 
8 pL of loading buffer (binding buffer with 40% (w/v) sucrose 
and 0.01 % (w/v) bromophenol blue). Aliquots (1 5 pL) from 
these mixtures were immediately loaded on to 6% poly- 
acrylamide gels and subjected to electrophoresis at  room 
temperature. The voltage across the gels was 3 V/cm during 
loading and 13 V/cm both before and after loading: the gels 
were run for 2 h before use to ensure constant temperature. 
The electrophoresis buffer was TBE (Sambrook et al., 1989). 
[The following changes to the protocol made no difference to 
the results: leaving BSA out of the binding buffer; altering 
the incubation time of the DNA-protein mixtures from 0.5 
to 30 min before adding the loading buffer; replacing the 
sucrose in the loading buffer with either 15% Ficoll 400 
(Pharmacia LKB) or 33% glycerol; varying the voltage for 
electrophoresis or the percent polyacrylamide in the gels.] 
After electrophoresis, the gels were fixed in l:l:8 acetic 
acid/methanol/H20, dried, and analyzed by autoradiography 
with preflashed Hyperfilm MP (Amersham International) at 
-70 OC. Band intensities on the autoradiographs were mea- 
sured in a Joyce-Loebl densitometer (with software for data 
capture and analysis from A. Halestrap, this department). 
DNA concentrations were evaluated from the band intensities 
by reference to a linear scale established with known amounts 
of DNA. To ensure that the measured intensities fell within 
the linear range, the autoradiographs for each gel were gen- 
erally taken at several different exposures (4-40 h). 

Preferential Cleavage Assays. The assays were carried out 
on EcoRV essentially as in previous studies on the EcoRI 
restriction enzyme (Jack et al., 1982; Terry et al., 1983). The 
following DNA fragments were used as substrates: 
pACYCl84/5 linearized with EcoRI; the nonspecific 389-mer; 
the specific 381- and 55-mers. They were labeled with [a- 
32P]dATP and the ends filled in as above. Samples (20 pL) 
containing the substrate DNA (10.1 nM) and the EcoRV 
enzyme (0-20 nM) in binding buffer at 20 "C were mixed with 
aliquots ( 5  pL) from a solution of binding buffer containing 
100 nM unlabeled pATl53 and 50 mM MgCI,. These were 
left for 30 s before terminating the reaction by adding 8 pL 
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of stop mix (0.1 M EDTA, 0.1 M Tris-HCI, 40% sucrose, 0. I % 
bromophenol blue, pH 8.0) followed by 1 pL of proteinase K 
(20 mg/mL). The solutions were incubated for 30 min, and 
the DNA was then analyzed by electrophoresis through either 
6% polyacrylamide or 1% agarose. For the 381- and the 
S-mers, the relative concentrations of the substrate DNA and 
the 32P-labeled EcoRV product were determined by densito- 
metry, as described above, and the agarose gels were used 
solely to check that not all of the PAT1 53 had been cleaved 
by EcoRV before the termination of the reaction: this was 
the case for all reactions reported here. For pACYC 184/5, 
substrate and product concentrations were determined by 
scintillation counting on slices from the agarose gels (Halford 
& Goodall, 1988). 

Computer Methods. Data fitting to single equilibrium 
constants was by nonlinear regression with ENZFITTER (Biosoft, 
Cambridge, U.K.). Multiple equilibrium constants were fitted 
to experimental data by numerical integration with FACSIMILE 
(Chance et al., 1977). 

RESULTS 
DNA Binding by EcoRV. The binding of the EcoRV re- 

striction cndonuclease to DNA in the absence of Mg2+ ions 
was examined by both the gel shift method (Garner & Revzin, 
1981; Fricd & Crothers, 1981) and by filter binding [the latter 
experiments followed the procedure used previously with the 
EcoRl enzyme (Halford & Johnson, 1980)l. DNA-protein 
complexes were readily detected by gel shift (Figure l), but 
when the same mixtures of DNA and protein were applied to 
nitrocellulose filters, virtually none of the DNA was retained 
on the filtcrs (data not shown). Perhaps the complexes have 
very low filter retention efficiencies, though filter binding 
studies on EcoRV have been reported previously (Fliess et al., 
1988). 

Gel shift experiments were carried out initially with a pair 
of isogenic DNA fragments: one of 381 bp that contains a 
single copy of the EcoRV recognition sequence and a second 
of 389 bp that differs from the first only in the disruption of 
the EcoRV site by an additional 8 bp DNA (Figure la,b). The 
gel shift method is based on DNA-protein complexes having 
different clcctrophoretic mobilities from the free DNA. It can 
be used to separate the free DNA from DNA-protein com- 
plexes, but complexes with different protein stoichiometries 
on the same DNA can also be separated from each other 
(Fried, 1989). Consequently, if the EcoRV restriction enzyme 
were to bind to DNA only at is recognition sequence, gel shift 
analysis would show a single retarded band of DNA with a 
specific 381-mer but no retarded bands with the 389-mer. 
However, if the protein were to bind to both the recognition 
site and to other DNA sequences, additional bands of retarded 
DNA would be observed with the 381-mer, and these addi- 
tional bands would also be formed with the 389-mer. But, 
given the extreme specificity of the EcoRV restriction enzyme 
for DNA cleavage at its recognition site (Taylor & Halford, 
1989), one might expect to observe additional bands only at 
very high concentrations of the protein. None of these ex- 
pectations were met. 

Following the electrophoresis of the specific 38 1 -mer with 
the EcoRV enzyme, at least 15 discrete bands of DNA were 
counted on the autoradiographs (Figure 1 a). The protein 
concentration needed to produce this number of bands was only 
slightly higher than that needed for the formation of the first 
shifted band. Both the free DNA and several retarded bands 
were found together in some samples. Electrophoresis of the 
389-mer with the EcoRV enzyme gave a similar series of 
discrete bands (Figure I b). For both the specific 38 1 -mer and 
the nonspecific 389-mer, the decrease in the concentration of 

FIGURE 1: Gel shift assays on DNA with and without EcoRV sites. 
The reactions contained the EcoRV restriction endonuclease at the 
concentrations (nM) indicated above each lane and approximately 
0.1 nM 32P-labeled DNA in binding buffer. Lane 0 is in the absence 
of the enzyme. For panel a, the DNA was the specific 381-mer from 
PAT1 53. For panel b, the DNA was the nonspecific 389-mer from 
pATl53b. Aliquots from each mixture were subjected to electro- 
phoresis through 6% polyacrylamide, and the gel was analyzed by 
autoradiography. The mobility of the free DNA is marked on the 
left of both autoradiographs. 

the free (unretarded) DNA, caused by increasing concentra- 
tions of the enzyme, was measured by densitometry (Figure 
2). No significant difference was found between the two 
DNA molecules. 

The simplest explanation for the multiple bands of DNA 
is that the least retarded band in the gel shifts (immediately 
above the free DNA) corresponds to the DNA bound to 1 
molecule of the enzyme dimer while the second retarded band 
is the DNA complexed with 2 molecules of the enzyme and 
so forth. This explanation implies that the EcoRV restriction 
enzyme binds to DNA with little, if any, sequence specificity. 
The EcoRV recognition site cannot be the prime requirement 
for the association of this protein with DNA: only one of the 
two DNA molecules used in Figure 1 contains the site. Most 
sequences that differ from the EcoRV recognition site by 1 
bp can also be cleaved by this enzyme, albeit slowly (Halford 
et al., 1986). However, the number of bands seen by gel shift 
(Figure 1) far exceeds not only the number of cognate sites 
for EcoRV but also the number of noncognate sites: the 
38 1 -mer has only one noncognate site (GAAATC at position 
91). Moreover, if the EcoRV enzyme bound specifically to 
one site on these DNA molecules, the decrease in the con- 
centration of free DNA with increasing levels of protein 
(Figure 2) should follow a rectangular hyperbola (Clore et al., 
1982), but this was not observed (the deviations were especially 
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FIGURE 2: Binding curves for DNA with and without EcoRV sites. 
Mixtures of the EcoRV restriction enzyme and either the specific 
381-mer (0) or the nonspecific 389-mer (m) were analyzed by 
electrophoresis. The percent of the input DNA found as free DNA 
was measured at each enzyme concentration. Each data point is an 
average from 3-5 separate experiments of the type shown in Figure 
1. The line drawn is the theoretical line from the equation from Clore 
et al. ( 1  982) for nonspecific binding of a protein to DNA without 
cooperativity (i.e.. the same equilibrium constant for all potential sites 
on the DNA) fitted to the data assuming that n = 25. The optimal 
fit was with an equilibrium constant of 1.6 X IO7 M-I. 

large as the level of free DNA approached zero). Instead, the 
binding curves could be reconciled to an equation from Clore 
et al. ( 1982) for nonspecific binding of a protein to multiple 
sites on the DNA (Figure 2). 

Binding Buffers. The buffer used for the binding reactions 
was the same, except for the absence of MgCI,, as the buffer 
in which the EcoRV nuclease shows both optimal activity for 
DNA cleavage at its recognition sequence and optimal dis- 
crimination against other DNA sequences (Halford & Goo- 
dall, 1988; Taylor & Halford, 1989). Binding reactions with 
the nonspecific 389-mer, which lacks the EcoRV site, were 
also carried out in the presence of 2 mM MgCI,, and the 
products were analyzed by gel shift as above: for these sam- 
ples, the EDTA in the electrophoresis buffer was also replaced 
by 2 mM MgCI,. The gels showed the same series of bands 
as that in Figure lb. The same number of DNA-protein 
complexes were formed in either the presence or absence of 
Mg2+ ions. However, in the presence of MgCI,, the concen- 
tration of EcoRV enzyme needed to produce the retarded 
bands, and to reduce the amount of free DNA to zero 
(measured as in Figure 2), was about 3 times higher than that 
in the absence of MgC1, (data not shown). 

When the concentration of NaCl in the binding buffer was 
raised above 100 mM, large numbers of discrete bands were 
again observed, but, as in the presence of MgCI,, the products 
were formed only at higher protein concentrations than those 
used in Figure 1 (data not shown). Thus the affinity of the 
EcoRV enzyme for nonspecific DNA is affected by both 
MgClz and NaCI. Part of the free energy for the association 
of a protein with DNA usually comes from the displacement 
of counterions such as Na+ or Mg2+ (Record et al., 1978), and 
this probably applies to EcoRV. 

DNA Length Dependency. Gel shift assays on the EcoRV 
restriction enzyme were also carried out with DNA fragments 
of different lengths (Figure 3). All three fragments used for 
Figure 3 contain the EcoRV recognition sequence. Two of 
these, the 235-mer and the 100-mer (Figure 3a,b), are re- 
striction fragments from pAT153 that span the EcoRV site 
on this plasmid, just like the 381-mer. The third, the specific 
55-mer (Figure 3c), is a synthetic DNA that carries the 
EcoRV site flanked by sequences from elsewhere in pATl53. 

0 0.250.5 1 2 3 4 5 1020 
I I I A I  I *  

I -- -- -- - -- 

I . - ’I” 

FIGURE 3: Gel shift assays on DNA fragments of different lengths. 
The reactions contained the EcoRV endonuclease at the concentrations 
(nM) indicated above each lane and approximately 0.1 nM 32P-labeled 
DNA in binding buffer. Lane 0 is in the absence of the enzyme (not 
shown in panel a). Aliquots from each mixture were subjected to 
electrophoresis through 6% polyacrylamide, and the gels were analyzed 
by autoradiography. The mobility of the free DNA is marked on the 
left of all three autoradiographs. The DNA fragments were (a) the 
specific 235-mer, (b) the specific 100-mer. and (c) the specific 55-mer. 

Further experiments were done with the nonspecific 55-mer, 
a DNA that is identical with the specific 55-mer except for 
1 bp in the EcoRV site (see Experimental Procedures). Gel 
shift assays on the EcoRV enzyme with the nonspecific 55-mer 
gave results that were indistinguishable from those with the 
specific 55-mer (as in Figure 3c). 

With all DNA fragments tested, multiple bands of DNA 
were observed after electrophoresis of the DNA-protein 
mixtures (Figure 3). However, the concentration of the 
EcoRV enzyme required to generate these products varied with 
the length of the DNA, more protein being needed with the 
shorter fragments. This is as expected for nonspecific binding 
of a protein to DNA (McGhee & von Hippel, 1974): a further 
analysis is given below. In addition, the number of bands that 
were resolved from the free DNA varied with the length of 
the DNA. The autoradiographs showed at least I2 discrete 
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FIGURE 4: Electrophoretic mobilities from gel shifts. With each of 
the DNA fragments used in gel shift assays, the electrophoretic 
mobilities of the retarded bands were measured relative to the mobility 
of thc free DNA, and these values were plotted against values of log 
M, for the DNA-protein complexes. The values of log M, were 
calculated by assuming that thc first in  a series of retarded bands 
from a givcn DNA dcnotes the DNA bound to one molecule of the 
EcoRV enzyme, the second the DNA bound to two molecules, and 
so forth: the M, of the EcoRV nuclease (dimer) was taken as 57 000 
and 1 bp as 662. Data from the following fragments were analyzed: 
thc specific 38 I-mer (0): the specific 235-mer (W); the specific 100-mer 
(A); and the nonspecific 55-mer (+). 

bands of retarded DNA with the 235-mer, 6 retarded bands 
with the 100-mer, but only 3 retarded bands with either the 
specific or nonspecific 55-mers. The variation in the number 
of bands is consistent with each series of bands coming from 
one DNA molecule bound to serially increasing numbers of 
protein molecules. If the resolved bands represent all possible 
protein-DNA stoichiometries on that DNA, then only three 
molecules of the protein dimer can bind to the 55-mer and six 
to the 100-mer. Hence, it appears that the EcoRV restriction 
enzyme covers about 15 bp when bound to DNA. If  so, 15 
bands should be visible with the 235-mer and 25 with the 
381-mer. I n  both cases, the numbers of discrete bands that 
could be seen on the autoradiographs, 12 and 15, respectively 
(Figures la and 3a), were smaller than predicted. The deficit 
is probably due to inadequate separation of complexes con- 
taining large numbers of protein molecules at the top of the 
gels. 

The estimate of 15 bp per protein is consistent with the 
crystallography on the EcoRV nuclease (F. Winkler, personal 
communication). The dimeric protein is in direct contact with 
10 bp, but, given the overall shape of the protein, the cen- 
ter-to-center distance between two protein dimers cannot be 
much less than 15 bp. 

Electrophoretic Mobilities. The multiple bands of DNA 
observed in gel shift assays with the EcoRV restriction en- 
donuclease (Figures 1 and 3) are not necessarily due to DNA 
fragments being bound to 1, 2, or n molecules of the protein. 
An alternative is that the multiple bands correspond to con- 
figurational isomers of the DNA bound to one molecule of the 
protein (Fried, 1989): maybe the complexes differ from one 
another only in the location of the protein on the DNA, and 
each location for the protein causes a different electrophoretic 
mobility. Another possibility is that the bands correspond to 
conformational isomers of a single DNA-protein complex that 
could perhaps be generated by bending the DNA to differing 
extents (Gartenberg & Crothers, 1988). 

To distinguish between these possibilities, M, values were 
calculated for the postulated complexes (Le., the DNA frag- 
ment and 1, 2, or more molecules of the EcoRV dimer), and 
these values were analyzed against the relative electrophoretic 
mobilities of the retarded bands (Figure 4). Linear rela- 
tionships between log M, and relative electrophoretic mobility 
have been established previously for several proteins that form 
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FIGURE 5: Competition assays. The EcoRV restriction enzyme and 
32P-labeled specific 381-mer were incubated in 20 pL binding buffer 
at 20 "C. Various amounts of pATl53b in 5 pL binding buffer were 
added and the samples were subsequently analyzed by electrophoresis 
through 6% polyacrylamide: an autoradiograph of the gel is shown 
with an arrow on the left to mark the mobility of the free DNA. The 
reactions contained 16 nM EcoRV enzyme, 0.05 nM 381-mer and 
either no pAT153b (lane 0) or pAT153b at one of the following 
concentrations (nM); 0.12,0.25,0.5, I ,  2, 3.5.7, 14 and 27 nM (lanes 
A-I respectively). 

DNA-protein complexes with multiple stoichiometries and that 
give multiple bands in gel shift assays (Fried & Crothers, 198 1 ; 
Bading, 1988; Fried, 1989). I n  each series of retarded bands 
produced by the EcoRV enzyme, the decrease in mobility from 
one band to the next was correlated to the change in M, value 
expected from one additional molecule of the protein dimer 
(Figure 4). 

Competition Assays. For DNA-protein complexes detected 
by gel shift, the distinction between specific and nonspecific 
complexes can be made by first mixing the protein with a 
radiolabeled DNA that carries the recognition sequence and 
then adding an unlabeled competitor DNA that lacks this 
sequence (Strauss & Varshavsky, 1984). Subsequent analysis 
by electrophoresis followed by autoradiography should show 
only the specific complexes. This method was tried with the 
EcoRV restriction enzyme. The EcoRV enzyme was first 
mixed with a 32P-labeled DNA that contains the EcoRV 
recognition site; the reactions contained enough EcoRV en- 
zyme to generate the multiply bound form of the DNA (Figure 
5, lane 0). When these were challenged with increasing 
amounts of an unlabeled DNA that lacks the EcoRV site 
(pAT153b), none of the retarded bands survived (Figure 5, 
lanes A-I). If one of the retarded bands from DNA fragments 
carrying the EcoRV site had been due to preferential binding 
of the EcoRV nuclease to this site, the competitor DNA would 
have converted the multiple binding pattern to a single retarded 
band. This was not observed; instead, the competitor caused 
the dissociation of all of the complexes from the substrate 
DNA. 

Preferential Cleavage Assays. For the EcoRI restriction 
enzyme, the fractional saturation of an EcoRI site on DNA 
can be measured by the preferential cleavage assay (Jack et 
al., 1982; Terry et al., 1983). In this assay, the restriction 
enzyme is added to a DNA substrate in the absence of Mg2+, 
and the binding reaction is then mixed with a solution that 
contains both MgCI, and a competitor DNA. The competitor 
must contain the recognition site for the restriction enzyme 
so that both DNA molecules will be attacked in the presence 
of Mg2+, but the hydrolytic reactions are terminated before 
the enzyme can catalyze repetitive turnovers. The concen- 
tration of the competitor DNA must be in excess of both the 
substrate DNA and the enzyme so that any free enzyme in 
the binding mixture will react with the competitor rather than 
the substrate. However, the enzyme in the binding mixture 
already on the substrate may be able to cleave that DNA 
before it dissociates from it (Jack et al., 1982). For preferential 
cleavage assays on EcoRV, PAT1 53 was used as the compe- 



8148 Biochemistry, Vol. 30, No. 36, 1991 Taylor et al. 

Preferential cleavage assays on the EcoRV nuclease were 
also carried out on two other DNA molecules that have the 
EcoRV site, a 3.9 kb plasmid and the specific 55-mer. Both 
yielded results that were similar to those with the specific 
381-mer (Figure 6): the DNA was cleaved solely at the 
recognition site, but this was observed on the 3.9 kb DNA at 
lower concentrations of the enzyme than with the 381-mer, 
while the 55-mer needed higher concentrations (data not 
shown). In both cases, the increase in the fraction of cleaved 
DNA, with increasing concentrations of the enzyme, again 
followed a rectangular hyperbola and these gave values for 
Kerf at 1 X lo9 M-l with the 3.9 kb DNA and about 5 X lo7 
M-' with the 55-mer. The three DNA molecules yield sub- 
stantially different values for Kerf This variation could have 
been due to the sequences flanking the EcoRV recognition 
sites, but exchanging these flanking sequences made no dif- 
ference to EcoRV activity at  the recognition site (Taylor, 
1991). The value of Keff thus depends on the length of the 
DNA molecule carrying the EcoRV site. 

ANALYSIS~ 
Binding Parameters. If a DNA molecule has N bp and if 

one molecule of the protein covers 1 bp when bound to the 
DNA, the DNA contains N - I + 1 potential binding sites for 
the protein. But not all of the sites can be occupied simul- 
taneously on account of the overlaps between sites (McGhee 
& von Hippel, 1974). The binding of a protein to multiple 
sites on a DNA molecule cannot be examined by a conven- 
tional Scatchard analysis. A Scatchard analysis fails because, 
after the binding of one or more molecules of the protein to 
the DNA, the number of free binding sites that remain depends 
on the location of the protein on the DNA. The only excep- 
tions to this are when one site on the DNA has a much higher 
affinity for the protein than all other sites or, alternatively, 
when two or more proteins bind to nonoverlapping sites and 
the occupancy of each site can be measured [by, for example, 
gel shifts or DNase I footprints (Fried & Crothers, 1981; 
Brenowitz et al., 1986)l. These exceptions cannot apply to 
EcoRV as the enzyme bound equally well to isogenic DNA 
fragments that either possessed or lacked the EcoRV site, 
generating in  both cases a large number of DNA-protein 
complexes (Figure 1). There is no reason to suggest that the 
binding sites for the EcoRV nuclease are nonoverlapping. 

Analytical equations have been solved for multiple binding 
equilibria at overlapping sites on a homogeneous lattice 
(McGhee & von Hippel, 1974; Clore et al., 1982). However, 
these equations are not generally applicable to binding data 
obtained by the gel shift method of Garner and Revzin (1981) 
and Fried and Crothers (1981). First, the derivations were 
for long DNA molecules ( N  > 1000),3 whereas the gel shift 
method is most effective with short molecules ( N  < 500). 
Second, the previous methods utilize only a fraction of the data 
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FIGURE 6: Preferential cleavage assays. Samples (20 gL) from 
solutions of binding buffer at 20 OC containing varied concentrations 
of the EcoRV restriction enzyme (as shown on the abscissa) and 0.1 
nM '*P-labeled DNA (given below) were mixed with aliquots ( 5  rL) 
of binding buffer containing 100 nM pAT153 and 50 mM MgCI,. 
After 30 s, DNA cleavage was terminated as described under Ex- 
perimental Procedures, and the 32P-labeled DNA was analyzed by 
electrophoresis through 6% polyacrylamide followed by autoradiog- 
raphy. The fraction of the labeled DNA that had not been cleaved 
was assessed by densitometry and is given as a percent of the total. 
The labeled DNA was either the specific 381-mer (0) or the non- 
specific 389-mer (m). The line drawn through the data with the 
381-mer is the theoretical line for a rectangular hyperbola with Ken 
at 2.5 X IO8  M-I. 

titor DNA because it contains the EcoRV recognition site, in 
contrast to the competitor for the gel shifts in Figure 5 
(PAT1 53b). Moreover, the concentration of competitor was 
set so that, at  equilibrium in the absence of Mg2+, all of the 
complexes on the substrate DNA would have dissociated 
(Figure 5). The time interval for the DNA cleavage reactions 
(30 s) was long enough for the EcoRV nuclease to make one 
double-strand break on DNA but not long enough for further 
reactions (Halford & Goodall, 1988). 

Preferential cleavage assays on the EcoRV restriction en- 
donuclease were carried out initially with the specific 38 1-mer 
and the nonspecific 389-mer. With the nonspecific 389-mer, 
the addition of MgCI, and the competitor lead to no detectable 
cleavage of this DNA (Figure 6). In the absence of Mg2+, 
each molecule of this DNA binds several molecules of the 
EcoRV nuclease (Figure 1 b). Presumably, all of the molecules 
of the enzyme dissociate from the nonspecific DNA before any 
cleavage reactions can occur. With the specific 381-mer, a 
fraction of the substrate was cleaved upon the addition of 
MgCI, and competitor DNA (Figure 6). The only product 
was that from cutting the EcoRV recognition site: products 
that could have arisen from reactions at other sites were not 
detected (data not shown). However, the fraction of the 
substrate DNA that was cleaved in this assay was much 
smaller than the fraction of the DNA bound to the EcoRV 
nuclease, as judged by gel shift. For example, at 4 nM EcoRV 
enzyme, 190% of the DNA molecules were bound to protein, 
and the majority of these carried >5 molecules of the EcoRV 
enzyme (Figures 1 a and 2), yet only 50% of the DNA was cut 
in the preferential cleavage assay (Figure 6 ) .  The relationship 
between the fraction of the specific 381-mer that was cleaved 
by the EcoRV nuclease and the concentration of the enzyme 
was fitted to a rectangular hyperbola (Figure 6). The specific 
38 1 -mer yielded a value of 2.5 X lo8 M-' for KeR, the effective 
equilibrium constant for binding the EcoRV restriction enzyme 
to its recognition sequence. 

The terms used in the analysis of binding equilibria are defined as 
follows: Kappi, the apparent equilibrium constant for the binding of the 
ith molecule of the protein to the molecule of DNA; Kerf, the effective 
equilibrium constant for binding to the recognition sire as measured by 
preferential cleavage; Kin,, the intrinsic equilibrium constant for the 
binding of the protein to a single isolared site on the DNA; Ku, the 
equilibrium constant for protein-protein associations (the binding con- 
stant to a site on the DNA adjacent to another molecule of the protein 
is therefore Kin, X KJ; 1, length of DNA (bp) covered by 1 molecule of 
the protein; N ,  number of bp in the DNA molecule; n, maximum number 
of protein molecules that can bind to the DNA. One molecule of the 
EcoRV restriction enzyme is taken as the protein dimer. 

McGhee and von Hippel (1974) derived conditional probabilities in 
order to handle overlapping binding sites. The numerical solutions were 
obtained by summing the probabilities over infinitely long lattices. The 
same expressions were also used by Clore et al. (1982). 
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available from gel shifts. The experimental data needed for 
the equations of McGhee and von Hippel (1974) are values 
of u at different ligand concentrations, where u, the binding 
density, is defined as moles of ligand per mole of lattice residue. 
Though u may be a suitable parameter for binding data ob- 
tained by spectroscopic methods, it is ill-suited to gel shift 
assays. In principle, values of u could be calculated from the 
data in Figures 1 and 3 by first determining the concentrations 
of all of the separate DNA-protein complexes, then nor- 
malizing each against the number of proteins bound, and 
finally summing the total. However, if DNA molecules bound 
to 1,  2, or n molecules of the protein can be separated from 
each other by electrophoresis, then the gel shift data contain 
information about the individual binding reactions and only 
part of this information is utilized in the evaluation of u.  

Multiple binding equilibria on DNA can also be followed 
by monitoring the concentration of the free DNA, the pa- 
rameter measured in  filter binding experiments (Clore et al., 
1982). This approach was used to analyze the binding of 
EcoRV to the specific 381-mer and the nonspecific 389-mer 
(Figure 2), even though these fragments are shorter than ideal 
for this method. The data with both fragments were consistent 
with a model in which all of the potential sites on the DNA, 
regardless of their sequence, bind the EcoRV restriction en- 
zyme with the same equilibrium constant and there is no 
cooperativity in binding to multiple sites (Figure 2). However, 
the more rigorous analysis given below revealed that the 
binding of EcoRV to DNA is cooperative, though the coop- 
erativity constant is not large. The value of the equilibrium 
constant determined by the method from Clore et al. (1982), 
1.6 X lo7 M-I, lies in  between the values for binding to an 
isolated site on the DNA and for binding to a site adjacent 
to one already occupied by the protein (see below). 

Statistical Analysis. Gel shifts can yield the concentrations 
of not only the free DNA (D) as a function of the protein 
concentration (P) but also the DPI, the DP,, and the DP, 
complexes (the DNA bound to 1 ,  2, or n molecules of the 
protein; n is the maximum that can bind to the DNA). Each 
binding reaction can then be analyzed by a simple statistical 
relationship. The apparent equilibrium constant (K,,,,) 
measured for the reaction 

D + P + D P I  (1) 

is related to the intrinsic equilibrium constant (Kinl)  for the 
binding of the protein to an individual site on the DNA by 

(2) 

The term [ ( N  - 1 + l ) / l ]  is the statistical factor set by the 
number of possible states (i.e., configurational isomers) for 
the DP, complex divided by the number of possible states for 
the free DNA (Kelly et al., 1976). The thermodynamic basis 
for the statistical relationship between observed and intrinsic 
equilibrium constants is well known (Edsall & Gutfreund, 
1983). The same relationship can be expressed more generally: 
for the binding of the ith molecule of protein to the DNA, the 
apparent equilibrium constant (Kappi) is given by 

Kappl = Kint[(N - 1 + 11/11 

Kappi = Kin1 [Xi/Xi-~l (3)  

where Xi  and Xi-,  are the number of possible states for the 
DPi and the DPi-I complexes. 
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All requests for the algorithm will be met. The request should 
include an E-mail number for the recipient and should be sent to I.G.B. 
at this address or by E-mail to I.BADCOE@UK.AC.BRISTOL. In a 
DEC MicroVAX 3900, the current code determines all states for the 
55-mer. with I set at 15, in < I  s, but it requires about 100 s for the 
381-mer. 

A 

B 

C 

D 

E 

F 

G 

H 

- 5  

FIGURE 7: An algorithm to define all states in a DNA-protein in- 
teraction. To provide a systematic method of defining all possible 
complexes between a DNA molecule of N bp and a protein that covers 
1 bp, a numerical notation was devised and is illustrated here for N 
= 5 and I = 2. The notation consists of a set of integers, each of which 
denotes a gap of LO bp between two proteins or between a protein 
and the end of the DNA. State A is free DNA and has the notation 
“5”. When the first protein is placed a t  the extreme left-hand site, 
the new structure (state B) is defined as “0,3”. The next protein is 
placed immediately to the right of the first to give state C, which is 
noted as “0,0,1”. At this point, no more proteins can be bound, and 
the second is then moved to the right in 1 bp steps until it reaches 
the end. In this example, only one more structure is generated, state 
D (notation “0,1,0”). The right-hand protein is then removed, and 
the remaining protein is moved 1 bp to its right to generate state E 
(“1,2”). Repetition of these processes covers all possible states. The 
numerical notation lists all states by starting with N ,  applying the 
following rules sequentially, and then ending when none of the rules 
can be applied: (i) If the last number is 21, subtract I and insert 0 
before it (for example, “5” - “0,3” or ‘0,3” - “O,O,I”). (ii) If the 
last number is <I but >0, subtract 1 and add 1 to the number before 
it (for example, “0,0,1” - “0,1,0” or ‘2,l” - “3,O”). (iii) If the last 
number is 0, remove it, add 1 - 1 to the new last number, and add 
1 to the new penultimate number (for example, “0,1,0” - “1,2” or 
“1,0,0” - “2,l”). The number of proteins bound in any state is given 
by the number of entries in the numerical notation minus 1 (Le., “0,3” 
has one protein bound and ”1,0,0” has two). The number of pro- 
tein-protein contacts in each state is given by the number of zeroes 
in the notation, ignoring the first and last entries. 

To obtain numerical values for the statistical factors, an 
algorithm was written to count the number of possible states 
at all possible DNA-protein stoichiometries (Figure 7).4 The 
algorithm yields the number of isomers of the DP1 complex 
(XI states, though XI must equal N - 1 + l) ,  the DP2 complex 
( X ,  states), and likewise through to the DP, complex ( X ,  
states). It also counts the number of states for each complex 
in which two molecules of the protein are “touching” each 
other, Le., where two proteins are bound to adjacent sites with 
no intervening base pairs. The algorithm can operate with any 
input values of N and 1 though the computer time needed to 
run the FORTRAN code for the algorithm increases to some 
extent as N is increa~ed.~ 

The algorithm was used to analyze the binding of EcoRV 
to the specific 55-mer (Figure 3c). The EcoRV enzyme 
produced three retarded bands with this DNA, due to either 
1, 2, or 3 molecules of protein binding to the DNA (Figure 
4). With only three complexes, the relative concentrations of 
all three, and also the free DNA, could be measured at each 
protein concentration tested (see Figure 8). [The yield of each 
complex with the nonspecific 55-mer was no different from 
that with the specific 55-mer (data not shown).] Given the 
reaction mechanism 
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Table I: Equilibrium Constants for the Binding of the EcoRV 
Restriction Enzyme to the Specific 55-mer 
binding stepa K., (M-l)b statistical factof Kin, (M-')d 

Taylor et al. 

I 5.9 x 107 4111 1.4 X IO6 
2 6.2 x 107 351141 7.2 X IO6  
3 2.9 x 107 2861351 3.6 x 107 

'The step refers to the binding of the first, second, and third mole- 
cule of the EcoRV enzyme to the specific 55-mer, corresponding to the 
three retarded bands in the gel shifts with this DNA (Figure 3c). 
*Values for the apparent equilibrium constants at each step were ob- 
tained by fitting the data to the scheme in eq 4. CThe number of states 
for each complex was determined by the algorithm (Figure 7), and the 
statistical factors are ratios of these numbers. dThe factors were used 
to convert the amarent constants to the intrinsic constants (as in w 3). 

D + P * DPI DP, + DP3 (4) 
apparent values for the three successive equilibrium constants 
(Kappl, Kapp2, and Kapp3) were obtained by using FACSIMILE to 
fit to the concentrations of free protein (assumed to be equal 
to its total concentration; the protein was in large excess of 
the DNA), free DNA, and the complexes (Table I) .  In 
addition, the algorithm (Figure 7) was run with N = 55 and 
1 = 15, and this gave the following values for the number of 
states for each species: 1 for D; 41 for DP1 (the same as N 
- 1 + 1); 351 for DP,; 286 for DP,. The value for 1 came from 
the variation in the number of the complexes with the length 
of the DNA (Figure 3). The apparent equilibrium constants 
were then converted to the intrinsic constants by using the 
numbers from the algorithm (Table I). 

If the EcoRV restriction enzyme had a higher affinity for 
the EcoRV site on the specific 55-mer compared to any other 
site, then Kin, for binding the first molecule of the enzyme to 
the DNA ought to be larger than the values for binding the 
second and third enzymes. Alternatively, if the EcoRV nu- 
clease showed no sequence specificity in binding to DNA, then 
all three equilibria in eq 4 should give the same value for Kint. 
Neither of these predictions were met. Instead, the values for 
Kin, increased at each successive stage in the binding reaction 
(Table I ) .  

Cooperatiuity. The progressive increments in the values of 
Kin, indicate that the EcoRV enzyme binds cooperatively to 
DNA. The cooperativity can be analyzed by identifying how 
many of the 351 possible isomers of the DP, complex contain 
two molecules of the enzyme bound at adjacent sites and 
likewise how many of the 286 isomers of the DP3 complex 
contain one or two sets of protein-protein contacts. This 
information is available from the algorithm (Figure 7). The 
mechanism in eq 4 was modified to 

DP2[0](325) = DP3[0](165) * DP3[1](110) (5) 
rJ 

P + D -f DPj[0](41) 

% DP*[1](26) .f DP3[2](11) 

Next to each intermediate, the number in square brackets 
specifies either zero protein-protein contacts, one set of con- 
tacts between two adjacent molecules of the enzyme, or two 
sets from three molecules and the number in parentheses 
denotes the number of possible isomers of that complex. The 
equilibria shown in eq 5 connect every complex to every other 
complex by one or more steps and are therefore sufficient to 
define the energetics of the system. 

To test whether the scheme in eq 5 adequately describes the 
binding of the EcoRV enzyme to the 55-mer (Figure 3c), the 
concentrations of the free DNA, the DPI, the DP,, and the 
DP3 complexes (measured at  each concentration of the en- 
zyme) were simultaneously fitted to the mechanism (Figure 
8). The fit minimized the sum of the squares of the differ- 
ences between model and data, varying only two equilibrium 
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Eco RV nuclease (nM) 
FIGURE 8: Analysis of the binding of EcoRV to DNA. Autoradio- 
graphs from gel shift assays on the binding of the EcoRV enzyme 
to the specific 55-mer were scanned by densitometry to determine 
the relative amounts of the DNA in its free form (O), in the first 
retarded band (m), in the second retarded band (A), and in the third 
retarded band (+). The amount of each form of the DNA is shown 
as a percent of the total. The values given are means from 5-9 repeat 
experiments at each concentration of the EcoRV nuclease: individual 
values were typically *20% of the means. The lines drawn are 
theoretical lines from eq 5 with Kin, = 1.25 X IO6 M-' and K ,  = 75. 
The lines are (continuous line) D; (dashes) DP,; (dots) DP2 (Le., the 
sum of DP2[O] and DP2[ 11); (alternating dashes and dots) DP, (Le., 
the sum of DP,[O], DP3[1], and DP3[2]). 

constants. The constants were Kin,, the intrinsic binding 
constant to a single site on the DNA, and K,, the protein- 
protein interaction for two molecules bound immediately ad- 
jacent to each other. Each equilibration in eq 5 is then defined 
by either Kin, alone or by KintKw, together with the appropriate 
statistical factor (eq 3). For example, the equilibration be- 
tween DP,[O] and DP3[O] is given by Kin,(165/325) and that 
between DP2[O] and DP,[ 11 by Kin&,( 1 10/325). The fitting 
yielded a value for Kin, at 1.25 X lo6 M-' [5-95% confidence 
limits, (1.0-1.5) X lo6 M-I], which is close to that determined 
above for the binding of the first molecule of the enzyme (1.4 
X lo6 M-I; Table I). The fitted value for K ,  was 75 (5-95% 
limits, 57-101). 

Considering that the mechanism in eq 5 contains a large 
number of binding reactions, the theoretical lines calculated 
with just two equilibrium constants were remarkably close to 
the experimental data points (Figure 8). Obviously, a closer 
fit could have been obtained by using multiple values for both 
Kin, and K,, to account for the different sequences at each site 
on the DNA. In addition, the model neglected end effects. 
It is possible that the protein binds more strongly to the ends 
of linear DNA, as has been observed with other systems 
(Melangon et al., 1983). The algorithm (Figure 7) identifies 
the states where the protein is at  the end of the DNA, and 
these could have given different values for Kint. Another 
possibility is that the protein on the end of the DNA overhangs 
the end so that it then covers less than  I bp (B. Connolly, 
personal communication). Analysis with these more com- 
plicated models is not warranted at the present time. 

DISCUSSION 
Binding Specificity. In the presence of Mg2+ ions, the 

EcoRV restriction enzyme cleaves DNA with an extremely 
high specificity for its recognition sequence, GATATC (Luke 
et al., 1987). A change of a single base pair in this sequence 
reduces kcat /K,  by a factor of a million or more (Taylor & 
Halford, 1989). Yet, in equilibrium binding experiments on 
EcoRV in the absence of Mg2+, every DNA fragment tested 
bound 1, 2, 3, or more molecules of the enzyme, giving rise 
to multiple bands in gel shifts (Figures 1, 3, and 4). The 
number of bands observed in each case was far larger than 
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the number of both cognate and noncognate sites for EcoRV 
so the protein must also bind to DNA sequences unrelated to 
the recognition sequence. Moreover, the enzyme bound equally 
well to isogenic DNA molecules that either contain or lack 
the EcoRV recognition sequence (Figure 2). 

The shortest DNA fragments used here were 55 bp long. 
If the EcoRV nuclease covers 15 bp when bound to DNA, 
these fragments contain 41 potential binding sites for the 
protein (from N - 1 + 1). By itself, the lack of preferential 
binding to the specific 55-mer, relative to the nonspecific 
55-mer, shows that the affinity of the EcoRV restriction en- 
zyme for its recognition site cannot be more than 40 times 
higher than that for any other sequence on this fragment. 
However, the intrinsic equilibrium constant determined from 
the binding of the first molecule of EcoRV to the specific 
55-mer is smaller than those for binding the second and third 
molecules (Table I ) .  Instead of indicating a 40-fold preference 
for the recognition site, the data for the binding of EcoRV to 
the 55-mer are consistent with a model in which there is no 
difference in affinities between the recognition site and any 
other DNA sequence (Figure 8): Le., the value of Kin, for the 
binding of EcoRV to an individual site on the DNA is the same 
for all sites including the recognition site. The model accom- 
modated the successive increments in the binding constants 
by using two equilibrium constants to describe binding to a 
site immediately adjacent to one already occupied by the 
protein (eq 5 ) :  the same constant as above for the DNA- 
protein interaction and an additional constant for the pro- 
tein-protein interaction (Figure 8). 

The degree of cooperativity in the binding of the EcoRV 
restriction enzyme to DNA is unlikely to be significant in its 
reaction mechanism. The difference between Kin& and Kin, 
corresponds to a standard free energy of -2.9 kcal/mol. This 
value is comparable to that from transferring the side chain 
of tyrosine from aqueous to organic solvent, -2.3 kcal/mol 
(Creighton, 1984). Hence, the free energy change for the 
cooperativity could easily arise if two molecules of the EcoRV 
enzyme next to each other on the DNA bury a small area on 
the surface of the protein that would otherwise be accessible 
to solvent. 

Site Location. The lack of specificity in DNA binding by 
the EcoRV restriction enzyme creates a problem for this en- 
zyme in locating its recognition site. However, two results from 
the preferential cleavage assays demonstrate that the EcoRV 
enzyme can translocate from a nonspecific site to the specific 
site without dissociating from the DNA. Firstly, preferential 
cleavage yielded values for Kerf, the effective equilibrium 
constant for binding the recognition site, that increased steeply 
with the length of the DNA (from 5 X lo7 M-’ with 55 bp 
to 1 X I O9 M-’ with 3900 bp). If the enzyme encountered the 
recognition site directly, the value for Ken would be inde- 
pendent of chain length (Berg et al., 1981). The variation with 
chain length shows that the encounter must be influenced by 
the remainder of the DNA molecule. Secondly, the intrinsic 
equilibrium constant for the binding of EcoRV to any indi- 
vidual site on the DNA (including the recognition site: Kin, 
= 1.25 X 1 O6 M-I) is smaller than any of the values for KCff, 
even that from the shortest DNA fragment used here. The 
preferential cleavage assay on EcoRV therefore cannot be 
measuring only the occupancy of EcoRV recognition sites by 
the protein at equilibrium. It must also include the fraction 
of the sites that can be reached by the protein before it dis- 
sociates from the DNA. 

The transfer of a protein from nonspecific to specific DNA 
can be achieved by several different mechanisms (Berg et al., 
198 I ;  von Hippel & Berg, 1989). However, for some of these 
mechanisms, two segments of the DNA that are separated 
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from each other along the contour have to be brought into close 
physical proximity. It is highly unlikely that any mechanism 
of this type could operate on a DNA molecule of 55 bp: the 
fragment is shorter than the persistence length of DNA 
(Hagerman, 1988). Consequently, the most plausible mech- 
anism for translocation by the EcoRV restriction enzyme is 
“sliding”, the one-dimensional diffusion of the protein along 
the DNA (von Hippel & Berg, 1989). When bound to DNA, 
the EcoRV enzyme is probably in continual motion along the 
lattice, and any measurement of the occupancy of a given site 
presumably yields a time-averaged value. 

Catalytic Specificity. The lack of discrimination between 
DNA sequences shown by the EcoRV restriction enzyme in 
binding to DNA is obviously in marked contrast to its spe- 
cificity in cleaving DNA at the recognition sequence. Pre- 
viously, it had been noted that base analogues, replacing in- 
dividual bases in oligonucleotide substrates for EcoRV, caused 
major reductions in k,, but only minor changes in K,, and 
it was suggested that EcoRV discriminates between alternative 
substrates primarily at the transition state of the reaction 
rather than at the initial binding of the substrate (Newman 
et al., 1990). The data described here are consistent with this 
view. Our equilibrium binding studies eliminate the possibility 
that the discrimination could be due to the initial association 
of the protein with the DNA. Instead, it must be due to the 
catalytic process. 

The EcoRV nuclease is not the only enzyme involved in 
DNA metabolism that discriminates against noncognate 
substrates mainly in its catalytic reaction rather than at 
substrate binding. One example is DNA polymerase I: with 
a suitable template/primer combination, the dNTP that is 
complementary to the template is bound by this protein with 
the same affinity as noncomplementary dNTPs (Eger et al., 
1991). Another is the dum methyltransferase (Bergerat & 
Guschlbauer, 1990). 

Magnesium Ions. The catalytic reaction of the EcoRV 
restriction enzyme requires Mg2+ ions [or a similar divalent 
cation (Luke et al., 1987)l. The binding of Mg2+ may de- 
termine the catalytic specificity of the nuclease. DNA cleavage 
by EcoRV follows a compulsory-order mechanism: 

E + S + M * ES + M e ESM -. EPM (6) 
where the enzyme (E) binds its target site on the DNA and 
then the Mg2+ ions (M) before catalyzing the hydrolysis of 
phosphodiester bonds. But the affinity of the ES complex for 
Mg2+ varies with the DNA sequence (Taylor & Halford, 
1989). When bound to its recognition site, the EcoRV enzyme 
has a high affinity for Mg2+ (Halford & Goodall, 1988). The 
equilibration between ES and ESM in eq 6 then has a negative 
AG, so Mg2+ ions effectively trap the enzyme at the recognition 
site. In contrast, when the protein is bound at a noncognate 
site for EcoRV, it has a low affinity for Mg2+ (Taylor & 
Halford, 1989). For the protein at a noncognate site, the 
equilibration between ES and ESM has a positive AG at all 
practicable concentrations of MgC12. Thus the nuclease cannot 
be trapped at a noncognate site by Mg2+ ions, and, instead, 
it will continue to “slide” along the DNA. 

In the absence of MgC12, competitor DNA caused the 
dissociation of all of the complexes formed between EcoRV 
and a DNA fragment carrying the EcoRV site (Figure 5). But 
in the presence of MgC12, competitor DNA failed to prevent 
the substrate from being cleaved at the recognition site though 
DNA lacking the recognition site was not cleaved (Figure 6). 
The protein at the recognition site must be able to bind Mg2+ 
and remain on the DNA for long enough to cut it while all 
other complexes dissociate before DNA cleavage. The inability 
of Mg2+ to trap the enzyme at noncognate sites was also 
demonstrated by the gel shift experiments with the nonspecific 
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389-mer in the presence of MgCl,. 
In binding buffer supplemented with sufficient MgCl, for 

maximal rates, the value of K, for the reaction of the EcoRV 
endonuclease at its cognate site on pAT153 [0.5 nM (Halford 
& Goodall, 1988)] is much smaller than the reciprocal of the 
equilibrium constant for binding to an individual site on the 
DNA (1 /Kint = 800 nM). In contrast, the kinetics of DNA 
cleavage by EcoRV at a noncognate site on pAT153 yielded 
an equilibrium dissociation constant of 3 @M (albeit in a 
different buffer) (Taylor & Halford, 1989): the latter value 
is much closer to l/Kint than the K, for the recognition site. 
Moreover, in  the presence of Mg2+, the reaction at the rec- 
ognition site on pAT153 is not inhibited by nonspecific DNA 
while that at the noncognate site is inhibited (A. J. Goodall, 
J.D.T., and S.E.H., unpublished). At least part of these 
differences between cognate and noncognate sites can be ac- 
counted for by Mg2+ ions locking the enzyme onto DNA 
specifically at the recognition sequence. 

Binding Energies. In the crystal structure of the EcoRV 
restriction endonuclease bound to its cognate DNA sequence 
in the absence of Mg2+ [F. Winkler, personal communication; 
reviewed by Rosenberg (1991)], there are a large number of 
hydrogen bonds, of the type proposed by Seeman et al. (1976), 
between the protein and functional groups on the edges of the 
bases. These hydrogen bonds have no equivalents in the 
structure of EcoRV bound to nonspecific DNA. Given typical 
‘values for hydrogen-bond energies (Creighton, 1984), the 
difference in hydrogen-bonding patterns ought to result in a 
large difference in free energy for binding to specific and 
nonspecific DNA sequences. But this was not found: the same 
binding constant was observed for all DNA sequences, and 
thus the specific and nonspecific complexes are isoenergetic. 
However, the structure of the DNA in the specific complex 
is distorted radically from the regular structure for B-DNA, 
and the structure of the protein is also altered (F. Winkler, 
personal communication). 

The binding energy available from the recognition of the 
cognate DNA sequence appears to be dissipated within the 
DNA-protein complex, presumably in the distortion of the 
DNA and in the alterations to the conformation of the protein 
[viz. Jencks (1975)J. The active site in the specific complex 
may be organized so that it is ready to bind Mg2+ ions, while 
the active site in the complex at a nonspecific sequence lacks 
the requisite organization. Alternatively, Mg2+ ions may play 
a direct role in recognizing the target sequence: perhaps the 
ion is coordinated between the protein and the DNA in the 
specific complex while this bridging interaction is missing in 
the nonspecific complex. With EcoRV, the specific and 
nonspecific complexes are isoenergetic but they are not isos- 
teric. 

EcoRV Compared to EcoRI. The results and the conclu- 
sions from experiments on EcoRV differ in many respects from 
previous studies on the EcoRI restriction enzyme. First, the 
EcoRl enzyme binds more strongly to a 40000 bp DNA 
molecule that has an EcoRI site compared to the isogenic 
DNA that lacks the site (Halford & Johnson, 1980), while 
the EcoRV enzyme binds equally well to 55 bp fragments with 
and without EcoRV sites. Second, the number of retarded 
bands seen in gel shift experiments with EcoRI was equal to 
the number of EcoRI sites on the DNA (Terry et a]., 1985), 
in contrast to the multiple bands with EcoRV (Figures 1 and 
3). Third, the fraction of the DNA cut by EcoRI in prefer- 
ential cleavage assays is the same as the fraction of the DNA 
molecules that have bound the enzyme (Jack et al., 1982; Terry 
et al., 1983): no such equivalence was seen with EcoRV 
(Figures 2 and 6). From these and other experiments, the 

binding affinities of EcoRI for specific and nonspecific DNA 
differ by a factor of about 1 X I O 5  (Clore et al., 1982; Terry 
et al., 1983; Lesser et al., 1990). An isoschizomer of EcoRI, 
RsrI, behaves similarily (Aiken et al., 1991). However, the 
TaqI restriction enzyme binds readily to both specific and 
nonspecific DNA (F. Barany, personal communication). For 
EcoRV, the ratio of binding affinities is 1. 

In other respects, there are similarities between the EcoRI 
and EcoRV restriction enzymes. With both, it appears that 
at least some of the binding energy available from interacting 
with their recognition sites is dissipated within the DNA- 
protein complex. For EcoRI, this was demonstrated by the 
isolation of a mutant (Gln 11 1) that has almost no activity 
but binds to the cognate sequence more tightly than the 
wild-type enzyme (Wright et al., 1989): the mutation alters 
the protein at the site for Mg2+ (Rosenberg, 1991). In ad- 
dition, the two enzymes use similar pathways for finding their 
recognition sites on DNA. It had been shown previously that 
the EcoRI enzyme “slides” along DNA in both locating and 
leaving its recognition site (Jack et al., 1982; Ehbrecht et al., 
1985; Terry et al., 1985). But at equilibrium in the absence 
of Mg2+ ions, a DNA molecule bound by one molecule of 
enzyme would have EcoRI on its recognition site while EcoRV 
could be anywhere on the DNA. 
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ABSTRACT: Chicken muscle CapZ, a member of the capping protein family of actin-binding proteins, binds 
to the barbed end of actin filaments and nucleates actin polymerization. No regulation of the capping protein 
family has been described. W e  report that micelles of phosphatidylinositol 4,5-bisphosphate (PIP2) bind 
to CapZ and completely inhibit its ability to affect actin polymerization as measured by several independent 
assays. Higher concentrations of other anionic phospholipids also completely inhibit the activity of CapZ. 
Neutral phospholipids have no effect. Mixed vesicles of PIP, with phosphatidylcholine or phosphatidyl- 
ethanolamine also inhibit CapZ, but addition of Triton X-100 both prevents and reverses PIP;s inhibition 
of CapZ. 

C a p Z  is an actin-binding protein that is located at the Z 
line in skeletal muscle and binds to the barbed ends of actin 
filaments in vitro (Casella et ai., 1986). It is a member of the 
capping protein family which are a/@ heterodimers that bind 
the barbed end and do not require Ca2+ for activity (Pollard 
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& Cooper, 1986). Capping proteins have been found in all 
eukaryotic cells examined to date and have been purified from 
Acanthamoeba (Isenberg et al., 1980; Cooper et al., 1984), 
Dictyostelium (Schleicher et al., 1984), bovine brain (Kilimann 
& Isenberg, 1982), chicken skeletal muscle (Casella et al., 
1986; Caldwell et al., 1989a), Xenopus laeuis (Ankenbauer 
et al., 1989), and Saccharomyces cerevisiae.' Capping protein 
genes (two a and one p) are expressed in all of many chicken 

I J .  F. Amatruda and J .  A. Cooper, unpublished data (1991). 
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