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ABSTRACT: A seteof dA and T analogues suitable for the study of protein D N A  interactions have been 
incorporated into the central d(ATAT) sequence within d(GACGATATCGTC). The individual analogues 
have one potential protein contact (either a hydrogen-bonding group or a CH3 group capable of a van der 
Waals interaction) deleted. In general, the modified bases do not perturb the overall structure of the 
dodecamer, enabling results obtained to be simply interpreted in terms of loss of protein DNA contacts. 
We have used the modified oligodeoxynucleotide set to study the recognition of DNA by the EcoRV restriction 
endonuclease [recognition sequence d(GATATC)]. The k,, and K ,  values for the set have been determined, 
and a comparison with results seen with the parent oligodeoxynucleotide (containing no modified bases) 
has been carried out. Three classes of results are seen. First, some analogues lead to no change in kinetic 
parameters, meaning no enzyme contact a t  the altered site. Second (this is seen for most of the modified 
oligodeoxynucleotides), a drop in the k, , , /K ,  ratio relative to the parent is observed. This comes mainly 
from a decrease in kcat, implying that the endonuclease uses the interaction under study to lower the 
transition-state barrier rather than to bind the substrate. Analyses of these results show that the drop in 
k, , , /K ,  is what would be expected for the simple loss of a hydrogen bond or a CH3 contact between the 
enzyme and the oligodeoxynucleotide. This implies a contact of these types a t  these sites. Third, some 
analogue-containing oligodeoxynucleotides are not substrates; Le., the k, , , /K ,  drop is much greater than 
would be expected for loss of a single hydrogen bond or CH3 contact. These results are interpreted in terms 
of a cooperative mechanism whereby the loss of one interaction causes a rearrangement at  the enzyme active 
site leading to a consequent loss of further protein substrate contacts. However, in these cases gross structural 
changes in the oligodeoxynucleotide conformation cannot be excluded. I t  is found that the endonuclease 
makes very many interactions to the d(ATAT) sequence within its d(GATATC) recognition site, and these 
occur in both the major and minor grooves. The results obtained have been used to explain how the enzyme 
achieves the high degree of cleavage specificity for d(GATATC) as compared to all other sequences. 

All biological processes depend on reversible and weak 
noncovalent interactions such as hydrogen bonds, salt bridges, 
the hydrophobic effect, and van der Waals dispersive forces. 
These forces are especially important in the binding of sub- 
strates by enzymes where they act to provide specificity and 
catalysis. X-ray crystallography is the best technique for 
determining the presence of noncovalent interactions between 
enzymes and substrates. Unfortunately, this method gives little 
indication of the strength of a particular interaction and the 
role i t  plays during each step of the catalytic cycle. To get 
an indication of the strengths of these interactions, it is nec- 
essary to perform binding or kinetic studies. The most popular 
approach uses substrate analogues in which the functional 
group responsible for the noncovalent interaction under study 
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has been removed, usually by replacement with a hydrogen 
atom. Comparison of the binding and kinetic properties of 
the analogue with the parent gives an indication of the con- 
tribution that the group makes to binding and catalysis. More 
recently, site-directed mutagenesis has made it possible to 
selectively replace individual amino acids in proteins, leading 
to the production of "enzyme analogues" in which the roles 
of protein amino acids during catalysis can be probed. A 
kinetic analysis of enzymes altered by mutagenesis has been 
developed by Fersht (1985, 1987a,b, 1988). Although used 
in these cases for altered enzymes, it is also applicable to 
substrate analogues. 

When enzymes are being considered (i.e., when catalysis 
rather than just binding is taking place), the contribution that 
a particular group on a substrate makes to the binding energy 
can be estimated from the equation 

AGapp = R T  In [(kcat/Km)analogue/(kc,t/Km)~arentl (1) 

k, , , /K,  is the specifity constant in the Michaelis-Menten 
equation for either the parent (Le., the unmodified natural 
substrate) or the analogue in which the group under study has 
been deleted. Usually the deleted group is actually replaced 
by a hydrogen atom (e.g., replacement of a hydrogen-bonding 
NH2 group with H or conversion of a CH3 group capable of 
van der Waals interactions to H). As the kCat/Km ratio de- 
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termines the specificity that an enzyme shows for a particular 
substrate, the AGapp obtained from eq 1 is strictly a measure 
of the discrimination that the enzyme shows between the two 
substrates. In  general, however, the measured value of AGapp 
does not equal AGbind, which is the actual binding energy that 
the group under study contributes to the enzyme substrate 
complex. This arises because AGbind relates the interaction 
of the group under study with the enzyme as compared to the 
interaction of the free enzyme and the free group with solvent. 
AC,,, compares the interaction of the parent and the analogue 
in which the group has been deleted with the enzyme. In 
addition, problems can arise from injudicious choice of ana- 
logue. An ideal analogue should have the group under study 
replaced with no effects to the rest of the molecule (a con- 
servative or nondisruptive change). In particular, no extra bulk 
should be introduced and the group should simply be removed 
and not replaced by another type (e.g., a potential hydro- 
gen-bond donor should not be replaced by an acceptor). Even 
when the group under study is replaced by the small hydrogen 
atom, care is needed to ensure that other parts of the molecule 
are not perturbed. Despite these difficulties, the use of ana- 
logues to probe the roles of individual groups and evaluation 
of AG,,, values using eq 1 is a useful biochemical method 
capable of giving information on how important a particular 
group on a substrate is in enzyme catalysis. 

In the preceding paper we prepared a set of dA and T 
analogues suitable for studying protein nucleic acid interac- 
tions. Most of these analogues had potential hydrogen-bonding 
functions or CH, groups replaced by hydrogen. These were 
incorporated into the central d(GATATC) site of the self- 
complementary dodecamer d(GACGATATCGTC). d(GA- 
TATC) is the recognition site for the EcoRV restriction en- 
donuclease and modification methylase (Kholmina et al., 1980; 
Schildkraut et al., 1984; D'Arcy et al., 1985; Nwosu et al., 
1988), and the oligodeoxynucleotide set prepared was used to 
probe the recognition of dA and T bases by these enzymes. 
These initial studies involved determining rates at the single 
oligodeoxynucleotide concentration of 20 pM for the prelim- 
inary identification of important enzyme substrate contacts. 
This paper extends the studies with the endonuclease in that 
K ,  and k,, values have been determined and used to evaluate 
AG,,, values by using eq 1. We have compared the AG,,, 
values obtained with those seen for other proteins. Further- 
more, the results have led to ideas as to how the endonuclease 
recognizes its d(GATATC) cognate site and discriminates 
against noncognate sites. It is known that cognate sites are 
cut at least lo6 times faster than the best noncognate sequences 
(Taylor & Halford, 1989). 

MATERIALS A N D  METHODS 

Most of the materials and methods such as oligodeoxy- 
nucleotide and enzyme preparation, oligodeoxynucleotide 
purification and characterization, HPLC systems and the 
sources of many of the chemicals are given in the preceding 
paper. [y-,*P]ATP (3000 Ci mmol-I) was purchased from 
Amersham International, Aylesbury U.K. Polynucleotide 
kinase (from phage T4 infected Escherichia coli) was the 
product of Boehringer-Mannheim, Lewes, East Sussex, U.K. 
Ail the reagents used for gel electrophoresis were of Electran 
grade and were purchased from BDH Chemicals, Poole, 
Dorset, U.K. 

Gel Electrophoresis. Polyacrylamide gels were prepared 
in volumes of 60 mL consisting of Tris-borate buffer, pH 8 
(0.9% w/v  Tris base, 0.46% w/v boric acid), 2 mM EDTA, 
7 M urea, and 16.7% polyacrylamide [prepared from a 
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deionized 30% polyacrylamide stock solution containing 29% 
acrylamide and 1% bis(acrylamide)] . Polymerization was 
initiated by the addition of 0.3 mL of a freshly prepared 10% 
(w/v) ammonium persulfate solution and 0.04 mL of N,N,-  
N',N'-tetramethylethylenediamine. This solution was poured 
into a standard gel electrophoresis apparatus giving a gel of 
dimensions 20 cm X 20 cm X 1 mm. A buffer consisting of 
Tris-borate, pH 8 (1.08% w/v Tris base and 0.55% w/v boric 
acid), containing 2 mM EDTA was used to run these gels. 
Volumes of 5-1 0 pL of the quenched samples of the EcoRV 
endonuclease reaction mixtures were loaded and the gels run 
at 30-mA constant current until the bromophenol blue dye 
marker had migrated about two-thirds of the distance of the 
gel. The positions of these dodecamers and hexamers were 
determined by autoradiography. The radioactive gel slices 
corresponding to the 12-mers and 6-mers were excised from 
the gel and the counts in them determined by liquid scintil- 
lation counting. 

Oligodeoxynucleotide Phosphorylation. Oligodeoxy- 
nucleotides were end labeled by 5'-phosphorylation using 
modifications of well-established procedures (Maniatis et al., 
1982). In all cases two phosphorylations were carried out, one 
with nonradioactive ATP and the other with [Y-~*P]ATP. 
Nonradioactive phosphorylations were performed in volumes 
of 100 gL containing 50 mM Tris-HCI, pH 9.5, 10 mM 
MgCI,, 5 mM dithiothreitol, 5% (v/v) glycerol, 20 mM ATP, 
0.1 mM (10 nmol total) double-stranded dodecamer, and 10 
units (as defined by the manufacturer) of polynucleotide ki- 
nase. These solutions were incubated at 30 "C for 48 h. 
Radioactive phosphorylations were performed in two stages. 
Initially, 100 pL of the above buffer again containing 0.2 mM 
(20 nmol total) double-stranded dodecamer but with 0.05 mM 
(5 nmol total) nonradioactive ATP and 100 pCi (about 0.03 
nmol total) [ Y - ~ ~ P ] A T P  was incubated with 10 units of po- 
lynucleotide kinase at 30 OC for 48 h. After this time, l pmol 
of nonradioactive ATP (giving an ATP concentration of 10 
mM) and a further 10 units of kinase were added, and the 
mixture was incubated for 24 h at 30 OC. Phosphorylated 
oligodeoxynucleotides were purified by reverse-phase HPLC 
chromatography using octadecylsilyl (C 18) columns (see 
previous paper for more details). These columns were de- 
veloped with a linear gradient formed from 0.1 M triethyl- 
ammonium bicarbonate, pH 8, containing 5% acetonitrile 
(buffer A) and 0.1 M triethylammonium bicarbonate, pH 8, 
containing 65% acetonitrile (buffer B). A gradient of 0-25% 
buffer B over 20 min at a flow rate of 1 mL min-' and at room 
temperature was used. Excess ATP eluted at about 3 min and 
the required phosphorylated oligodeoxynucleotide at about 10 
min. Traces (usually less than 2%) of the nonphosphorylated 
starting materials eluted at about 12 min. The peak corre- 
sponding to the desired phosphorylated oligodeoxynucleotide 
was collected and solvents removed by evaporation in a Savant 
SpeedVac. Excess triethylammonium bicarbonate was re- 
moved by coevaporation using 3 X 100 pL of methanol. The 
products were dissolved in 100 pL of H 2 0  and stored frozen 
at -20 "C. They were used as soon as possible and within 2 
weeks as substrates for the EcoRV endonuclease. 

Characterization of Phosphorylated Oligodeoxynucleotides. 
The purity of all the phosphorylated oligodeoxynucleotides was 
checked by reverse-phase HPLC using the systems given in  
the preceding paper for purity determination of the un- 
phosphorylated parents. In addition, small samples of the 
32P-labeled oligodeoxynucleotides had their purity evaluated 
by polyacrylamide gel electrophoresis followed by autoradi- 
ography as detailed above. The concentrations of the stock 
solutions of the phosphorylated oligodeoxynucleotides were 
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mination more accurate. A constant amount of EcoRV en- 
donuclease was used for each of the phosphorylated dode- 
camels (although this amount varied among different dode- 
camers). This amount was selected to be the minimum that 
gave measurable rates over reasonable time courses. Time 
courses varied from between 0 and IO min for good substrata 
to between 0 and 360 min for poor substrates. The rates were 
determined as above. K,,, and km values were determined from 
graphs of substrate concentration divided by velocity against 
velocity. 

RESULTS AND DISCUSION 

In the preceding paper we measured the rates of EcoRV 
endonuclease catalyzed hydrolysis of oligodwxynuclwtides 
using an HPLC-based procedure. However, assays based on 
labeling of dodecamers with 12P at their 5'-hydroxyl position 
and separation of the radioactive substrates and products by 
gel electrophoresis are faster, more sensitive, and more accurate 
than those based on HPLC and so are more suited to K,,, and 
k,, determination. As an example Figure I shows the time 
course for the hydrolysis of [3rP]dp(GACGATATCGTC) (for 
the exact conditions see figure legend). Assays of this kind 
have been previously used to study endonuclease-catalyzed 
hydrolysis of oligodwxynuclwtides (Dwyer-Hallquist et al., 
1982: Ono et al.. 1984; Kita et al., 1985; Yolov et al., 1985; 
Jiricny et al., 1986; Brennan et al., 1986; McLaughlin et al., 
1987; Ono & Ueda, 1987; Hayakawa et al., 1988; Mamrelli 
et al., 1989). We have used standard enzymological methods 
based on polynucleotide kinase and ATP to prepare phos- 
phorylated 12-mers (Maniatis et al., 1982). No difficulties 
were experienced in the preparation of nonradioactive phos- 
phorylated 12-mers as the use of large quantities of kinase, 
a large excess of ATP, and long incubation time gave essen- 
tially 100% yields of the desired products. In preparing I2P- 
labeled derivatives, some care must be taken to ensure that 
the phosphorylation proceeds in high yields (approaching 
100%) and that the product is of the requisite high specific 
activity. The two-stage approach given under Materials and 
Methods where 20 nmol of oligodeoxynucleotide is initially 
incubated with 5 nmol of ATP containing 100 pCi of 32P and 
then subsequently incubated with a large ex- of unlabeled 
ATP was optimal in giving both 100% phosphorylation yields 
and a high specific activity. Increasing the 5 nmol of ATP 
in the initial incubation (while keeping the 100 pCi of "P 
present constant) reduced the specific activity of the final 
product. However, decreasing this 5 nmol at a constant 100 
pCi of I2P also decreased the specific activity of the product. 
This is probably because the low levels of ATP present in the 
initial incubation lead to low levels of enzyme-catalyzed 
phosphorylation and l2P incorporation a t  this stage. After 
purification of the phosphorylated oligodwxynuclwtides by 
reverse-phase HPLC, we obtained products that were ex- 
tremely pure both by HPLC (>98% of the UV-absorbing 
material and >98% of the 12P eluted in a single sharp peak 
for all the phosphorylated oligodeoxynuclwtides, data not 
shown) and by gel electrophoresis (>98% of the 32P-labeled 
material ran in a single band of the gel corresponding lo a 
dodecamer, data not shown). 

Table I shows that EcoRV endonuclease concentrations of 
between 0.05 and 0.5 pM were required for K,,, and k,, de- 
termination. Using [y-"P]dp(GACGATATCGTC), we have 
demonstrated that the cleavage rate increases in a linear 
fashion for EcoRV concentrations betwen 0.05 and 1.2 pM 
(data not shown). This linear increase avoids any complica- 
tions due to concentration-dependent changes in specific ac- 
tivity of the enzyme. In a recently published paper, Halford 

FIGURE I: Autoradiogram of the time course of hydrolysis of 
["PJdp(GACGATATCGTC) to ["P]dp(GACGAT) and d p  
(ATCGTC) by the EcoRV endonuclease. 

determined by using absorbam at 254 nm. We have assumed 
that the extinction coefficients of the phosphorylated I2-mers 
are the same as those of their unphosphorylated dodecamer 
parents (see previous paper for these extinction coefficients). 
These concentration determinations showed that the yields of 
the phosphorylation reactions were about 95%. The specific 
activities of the products were about 5 pCi nmol-I. 

EcoRV Endonuclease Assays. The effect of endonuclease 
concentration on hydrolysis rates was determined by using 
[yJ2P]dp(GACGATATCGTC). A volume of 50 pL con- 
taining 50 mM Hepes-KOH, pH 7.5.100 mM NaCI, IO mM 
MgCI,. and 20 pM oligodwxynucleotide (specific activity 
about 2 pCi nmol-I) was used. EcoRV endonuclease was 
added to give final concentrations of 0.05,0.1,0.5.0.8, and 
I .2 pM. At appropriate times 5-pL aliquots were withdrawn 
and the reactions quenched by adding IO pL of a form- 
amide/water (91 v/v) mixture containing 0.02% bmnophemol 
blue and heating at 100 OC for 5 min. The number of counts 
in the substrate dodecamer and product hexamer were de- 
termined by liquid scintillation counting after electrophoresis 
and autoradiography as described above. These figures were 
used to produce initial rates. The variation in enzyme-cata- 
lyzed rates as a function of Mg2+ concentration was investi- 
gated by using the parent phosphorylated dodecamer and the 
two phosphorylated dodecamers containing dU instead of T 
within the recognition hexamer. The above buffer system was 
used but the Mg2+ concentration was varied, and the NaCl 
concentration was also altered to maintain an ionic strength 
equal to the IO mM MgCI, plus 100 mM NaCl buffer used 
previously. Five buffers were used that contained 2 mM 
MgCI2/124mMNaCI,5mM MgC12/I15mMNaCI, IOmM 
MgCl2/I00 mM NaCI, 20 mM MgC1,/70 mM NaCI, and 
40 m M  MgC12/I0 mM NaCI. Once again, 20 pM concen- 
trations of the three oligodeoxynuclwtides (specific activity 
I pCi nmo1-l) were used. The concentration of EcoRV dimer 
was 0.1 pM for the parent phosphorylated dodecamer, 2 pM 
for dp(GACGAUATCGTC), and 5 p M  for dp(GACGA- 
TAUCGTC). Aliquots were withdrawn at various times and 
rates determined as before. The dependence of EcoRV-cat- 
alyzed hydrolysis as a function of phosphorylated oligo- 
dwxynuclwtide concentration was investigated to allow K,,, 
and k,, determination. Assays were performed in 100-pL 
volumes of 50 mM Hepes-KOH, pH 7.5, containing 55 mM 
NaCl and 25 mM MgCI2. The oligodwxynuclwtide con- 
centrations varied between 0.25 and IO pM (double stranded) 
as all K,,, values were within this range. The specific activities 
of the substrate 12-mers used varied and were produced by 
adjusting the relative amounts of nonradioactive and radio- 
active 12-mers to give the final desired concentration. The 
lower substrate concentrations had more radioactive dode- 
camer relative to nonradioactive and so a greater specific 
activity as compared to the higher substrate concentrations. 
With this approach the decrease in counts due to the lower 
substrate concentrations is compensated by the increase in 
specific activity, and this makes counting and so rate deter- 
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Table 1: k,.,, K,, and k,,/K,,, Values Found for the Parent Oligodeoxynucleotide and Those Containing Modified Bases" 
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[EcoRV] (pM) k,, ( m i d )  K ,  (pM) k,,/K,,, [S-I M-I (%)I AG,,, (kJ mol-') 
d(G ACG ATATCGTC) 0.05 6.9 3.8 30.2 x 103 (loo) - 

- GPTATC too slow to measure - 
- - G[7CA]TATC 0.0 - (0) - 

G[3CA]TATC 0.2 0.057 4.0 238 (0.8) -6.0 

GAUATC 
G A [4ST] ATC 
GA [4HT] ATC 
G A [*ST] ATC 
GATPTC 
G A ['CA]TC 
GAT [ 3CA]TC 

0.5 0.013 3.8 56 (0.2) -7.8 
0.1 0.016 0.5 533 (1.8) -5.0 
- - 0.0 - (0) - 
0.1 1.87 1 .o 32.9 X lo3 (108) +o. 1 

0.25 0.067 8.0 139 (0.5) -6.7 

0.05 0.1 1.4 1.2 x 103 (4) -4.8 
0.05 1.9 0.8 39.6 X I O 3  (131) +0.3 

GATAUC 0.5 0.006 6.5 15.4 (0.05) -9.4 
GATA[4ST] C 0.0 - (0) 
G ATA [ 4HT] C 0.0 - (0) 
G ATA [2sT] C 0.1 0.1 4.0 417 (1.4) -5.3 

- - - 
- - - 

'The [EcoRV] used in these determinations is also given. The AG,,, values have been calculated from eq 1. Initial values were divided by 2 to 
give a figure for loss of one interaction (see text). 

Rate 
nmol min" 
(parent 
oligomer) 

0.1 

0.05 

0.002 

0.001 
Rate 
nmol min' 
(dU containing 
oligomers) 

20 40 

[Mg2*l (mM) 

FIGURE 2: Effect of [Mg2+] on the hydrolysis of dp(GACGA- 
TATCGTC) (O), dp(GACGAUATCGTC) (m), and dp(GACGA- 
TAUCGTC) (0) by the EcoRV endonuclease. The concentration 
of enzyme used was 0.1 pM for the parent oligodeoxynucleotide, 2 
pM for dp(GACGAUATCGTC), and 5 pM for dp(GACGA- 
TAUCGTC). I t  should be noted that in this graph the rates have 
not been normalized to units of [enzyme] to allow plotting of the three 
lines on a single graph. 

and his co-workers demonstrated that part of the discrimi- 
nation between cognate and noncognate sequences shown by 
EcoRV endonuclease relied on changes in enzyme affinity for 
the essential cofactor Mg2+ (Taylor & Halford, 1989). These 
experiments were carried out with two circular pBR322 type 
plasmids that contained either a single EcoRV cognate rec- 
ognition hexamer d(GATATC) or a nearly cognate sequence 
d(GTTATC). By use of these two plasmids, it was demon- 
strated that the K ,  for Mg2+ at the cognate d(GATATC) site 
was < I  mM, while that found for the d(GTTATC) sequence 
was >10 mM. As Mg2+ is an absolute requirement for ca- 
talysis by the EcoRV endonuclease, it is clear that part of the 
reason for the slower cleavage of nearly cognate against 
cognate sequences lies in a decreased affinity for Mg2+. We 
have investigated the effects of Mg2+ concentration on the rate 
of hydrolysis of the parent oligodeoxynucleotide and the two 
modified oligodeoxynucleotides in which the T bases in the 
d(GATATC) recognition sequence have been replaced by dU. 
These two modified oligodeoxynucleotides are among the most 
slowly cleaved, and if the affinity for Mg2+ is decreased with 
poor substrates, one would expect it to be most pronounced 
with these two oligomers. The results are summarized in 
Figure 2, which shows the initial rates of the hydrolysis of the 
three oligodeoxynucleotides as a function of Mg2+ concen- 
tration. Although the two dU-containing oligomers are cut 
much more slowly than the parent, all three oligodeoxy- 
nucleotides show a similar rate dependence as the Mg2+ 
concentration varies. We have not performed similar exper- 
iments with our other modified base containing oligodeoxy- 
nucleotides but have assumed that they too have a similar 

Mg2+ rate dependence. In the subsequent experiments for K ,  
and k,, determination we have used a Mg2+ concentration of 
25 mM, a level at  which hydrolysis is Mg2+ independent. 
Thus, any effects in K ,  and k,, variations observed can be 
completely ascribed to the base substitutions. 

We have determined the K ,  and k,, values for the EcoRV 
endonuclease catalyzed hydrolysis of the dodecamer set by 
measuring the initial velocities as a function of oligodeoxy- 
nucleotide concentration. To analyze accurately these 
steady-state measurements, two standard criteria have to be 
met. First, the substrate concentration must be greater than 
that of the enzyme, usually by at least a factor of 10. Second, 
the substrate concentration used should be varied around its 
K, value. Table I shows the K ,  values for the entire oligo- 
deoxynucleotide set lie between 0.5 and 8 pM, with 2-4 pM 
being typical. Unfortunately, with some of the poor substrate 
oligodeoxynucleotides, using these substrate levels and the 
consequent 10 times reduced enzyme levels gave rates that 
were sometimes too slow to be measured accurately over a 
reasonable time course. The actual enzyme and substrate 
levels used for each experiment are shown in Table I. Each 
K, and k,, determination involved five oligodeoxynucleotide 
concentrations, and in  all cases the top four were at  least 
10-fold higher than the enzyme concentration utilized. With 
some of the slower oligodeoxynucleotides (as can be seen from 
Table I) the lowest substrate level used was only 4 or 5 times 
higher than the endonuclease levels. Under these conditions 
we have been able to obtain K ,  and k,,, values for all the 
substrate oligodeoxynucleotides except one. Unfortunately, 
dp(GACGPTATCGTC) was cleaved so slowly by the endo- 
nuclease that it proved impossible to determine K ,  and k,,, 
values under sensible conditions. This is not due to this oli- 
gomer having a much higher K ,  value than the others shown 
in Table I as rate determinations at 10 and 25 pM produced 
about equal velocities, implying a K ,  value below 10 pM and 
presumably within the range of values given in Table I. Figure 
3 gives some representative examples on which the data shown 
in Table I are based. Figure 3a shows the amounts of product 
formed as a function of time for five different concentrations 
of the parent dodecamer dp(GACGATATCGTC). Figure 3b 
shows a replot of these data as substrate concentration/velocity 
versus substrate concentration for the determination of K, and 
k,,, values. Parts c and d of Figure 4 present the same data 
for dp(GACGATPTCGTC), and finally parts e and f of 
Figure 4 show the results seen with the dp(GACGA- 
TAUCGTC) (the poorest substrate for which K, and k,,, 
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,r 

Turnover no. 

p M  min" 0.03 0.25 

1.5 3 6 12 5 10 
Time (min.) [Substrate] ( p  M) 

[Substrate] 

Turnover no 

0 14 

0 a7 

I /  1 1 
6 12 75 150 

Time (min.) [Substratel (pM) 

, 

I 1 
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Time (mln 1 [Substrate] ( p  M) 

FIGURE 3: K ,  and k,, determination for selected oligodeoxy- 
nucleotides. (a) shows the amount of product formed with time for 
the parent 12-mer dp(GACGATATCGTC) at the following substrate 
levels: 0.5 (A), 1 (A), 2 (0). 5 (e), and 10 pM (0). The concentration 
of endonuclease used was 0.05 pM. (b) is a replot of these data 
([substrate]/turnover number versus [substrate]) to allow K, and 
k,,, determination. (c) shows product formation against time for 
dp(GACGATPTCGTC) at oligonucleotide levels of 1 (A), 2 (A), 4 
(O) ,  7 (0-0-e), and 12 pM (0). The EcoRV concentration used 
was 0.25 pM. (d) is a replot of (c) for kinetic constant determination. 
(e) gives dp(GACGATAUCGTC) (the slowest substrate for which 
kinetic constants could be determined) at substrate levels of 2 (A) 
4 (A), 6 (e), 8 (e), and 10 pM (0). An enzyme concentration of 
0.5 pM was used. (f) is a replot of the data in (e) for kinetic constant 
evaluation. 

determinations were possible). As can be seen from Table I, 
the K ,  value for the parent dodecamer is 3.8 pM and the K,  
values for the oligodeoxynucleotides containing modified bases 
all lie between 0.5 and 8 pM. Thus, the K ,  values seen are 
relatively invariant. The k,,, values show a much larger 
variation. A value of 6.9 min-' is seen for the parent, and this 
is lower for all the analogue oligomers. This decrease is often 
very large, for example, about 1000-fold in the case of the 
slowest substrate dp(GACGATAUCGTC). Table I also gives 
the k,,,/K, ratios which reflect the specifity of an enzyme for 
alternate substrates (Fersht, 1985). A value of 30.2 X lo3 s-I 
M-' is seen for the parent oligodeoxynucleotide, and two ol- 
igomers, namely dp(GACGA[2ST]ATCGTC) and dp- 
(GACGAT[7cA]TCGTC), have similar values, implying 
equally efficient recognition by the endonuclease and therefore 
no enzyme substrate contacts at these loci. With all the other 
oligodeoxynucleotides a large drop in this constant is observed, 
and as mentioned above most of this decrease is due to lowered 
k,, values. Also shown in Table I are AG,, values in kilojoules 
per mole obtained by using eq 1 in the introduction. It should 
be noted that the true substrate for the endonuclease is a 
self-complementary duplex and that the endonuclease acts as 
a dimer. Therefore, each enzyme substrate complex contains 
a symmetrical arrangement in which one DNA strand in the 
double helix interacts with one protein subunit and the other 
strand the second subunit. The analogue oligodeoxynucleotides 
therefore are different to the parent in two positions during 
catalysis. The k,, /K, values given in Table I therefore rep- 
resent two changes in the analogue as compared to the parent 
oligomer. However, we have divided the initial AG,,, value 
obtained from a ratio of k, , , /K,  values (calculated by using 
eq 1) by 2. Thus, the AG,,, values given in this table refer 
to the loss of one and not two enzyme oligodeoxynucleotide 
contacts. This is to allow a simpler comparison with AG,,, 
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values in the literature. The significance of these k,,/K, ratios 
and the AG,,, values are discussed under Conclusion. 

CONCLUSION 

(a )  Comparison of Our Results with Published Data Using 
Oligodeoxynucleotides Containing Modified Bases To Study 
the EcoRV Endonuclease. In a recent study with the EcoRV 
endonuclease a K ,  of 4 pM and a k,,, of I min-' were seen 
for the unmodified oligodeoxynucleotide d(AAAGATATCTT) 
(Fliess et al., 1986, 1988). This is in excellent agreement with 
the 6.9 min-' and 3.8 pM we have determined for d- 
(GACGATATCGTC) despite differences in both oligo- 
deoxynucleotide sequence and reaction conditions (1 1 "C and 
IO mM MgCI, for the former oligomer, 25 OC and 25 mM 
MgCI2 here). These investigators also performed experiments 
using d7CA replacement for the two dA bases within the d- 
(GATATC) recognition site of d(AAAGATATCTT), and 
again the results are in excellent agreement with ours. Thus, 
substitution of the first dA by dlCA produces an oligodeoxy- 
nucleotide that is not a substrate, whereas changing the second 
dA to d7CA has very little effect on the k, , , /K,  value as 
compared to the parent. Finally, dU for T substitutions in 
d(AAAGATATCTT) were reported to completely abolish 
substrate activity. In our hands extremely poor substrates are 
obtained with the T - dU change, and we have been able to 
determine K, and k,, values. A second study with the EcoRV 
endonuclease based on the self-complementary decamer d- 
(CTGATATCAG) has also been undertaken (Mazzarelli et 
al., 1989). A K ,  of 0.46 pM and a k,,, of 0.7 min-l were 
observed. These differ from the values we observed with 
d(GACGATATCGTC). A possible rationalization is a dif- 
ferential interaction of the endonuclease with the bases flanking 
the d(GATATC) recognition seqeunce. These were d- 
(CT)-d(AG) for Mazarelli and d(AC)-d(GT) in our case. One 
might envisage the endonuclease making different interactions 
with these flanking bases, leading to alterations in K ,  and kat 
values. Although these interactions are not vital for specificity, 
they could affect the overall strength of the enzyme substrate 
interaction. This idea is supported by endonuclease-catalyzed 
cleavage of plasmids containing several restriction sites where 
different reaction rates at each site are often seen, e.g., for 
EcoR1. These sites vary only in flanking sequences which are 
assumed to be responsible for these effects (Halford, 1983). 
Unfortunately, the low rate of 0.7 min-' seen by Mazzarelli 
makes the accurate measurement of slow hydrolysis of oli- 
godeoxynucleotides containing modified bases very difficult. 
Thus, d(CTGATATCAG) derivatives that contain dP for dA 
or dU for T give "traces" of cleavage. These are in agreement 
with our results which show that these changes greatly slow 
the rates. However, we have been able to determine k,, and 
K,  values for three of the four modified oligodeoxynucleotides 
that contain dP or dU, in contrast to Mazzarelli. In our case 
only d(GACGPTATCGTC) was hydrolyzed too slowly for K ,  
and k,, determination and so corresponds to the trace activity 
seen by Mazzarelli. 

(b)  Comparison of EcoRV Hydrolysis of Oligodeoxy- 
nucleotides and Plasmids. The k,, and K,  values of 6.9 m i d  
and 3.8 pM we obtained for dp(GACGATATCGTC) give a 
k,, /K, ratio of 30.2 X M-' s-l. Recently these param- 
eters have been determined by using plasmid pAT153 which 
contains a single GATATC EcoRV site, and values of k,, of 
0.9 m i d  and K ,  of < O S  nM were found, giving a k,,,/K, 
ratio of >3 X IO7 M-I s-I. With plasmid DNA the rate-lim- 
iting step in  EcoRV-catalyzed hydrolysis has been proposed 
to be product release (Halford & Goodall, 1988), as deter- 
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mined from single-turnover and transient kinetics. As we have 
only undertaken steady-state kinetics we do not as yet know 
the slowest step for endonuclease-catalyzed hydrolysis of small 
oligodeoxynucleotides. However, the most likely reason for 
the differences in k,,, values is that the 0.9 m i d  seen with 
the plasmid reflects rate-limiting product release. The increase 
to 6.9 min-’ observed with the dodecamer probably means that 
product release is no longer the slowest step. Although it is 
tempting to speculate that the chemical hydrolysis step is rate 
limiting with oligodeoxynucleotides, we have no proof for this 
at present. The micromolar K, value seen with the oligomer 
as compared to the nanomolar values obtained with plasmids 
is typical for restriction endonucleases. The value of 3.8 pM 
we have found with dp(GACGATATCGTC) is about 4 orders 
of magnitude higher than that of C0.5 nM seen for the d- 
(GATATC) site on pAT153. Similar results have been seen 
with EcoRI, where d(GAATTC) cognate sites in many 
plasmids were cut with K ,  values in the 2-35 nM range 
(Greene et al., 1975; Modrich & Zabel, 1976; Halford & 
Johnson, 1981), whereas the values seen for the (GAATTC) 
sequence in short oligodeoxynucleotides (8-1 2 base pairs in 
length) varied between 0.1 and 7 pM (Greene et al., 1975; 
Brennan et al., 1986; McLaughlin et al., 1987). Several 
reasons could account for these changes. First, the short 
oligodeoxynucleotides may not entirely fill the binding site with 
nonspecific protein contacts being made to, for example, 
phosphate groups in the DNA flanking the recognition se- 
quence. This has been observed for EcoRI by both protection 
from reaction with ethylnitrosourea (Lu et al., 1981) and X-ray 
crystallography (McClarin et al., 1986). However, the most 
likely reason for the K ,  variation is the presence of facilitated 
diffusion of the enzyme when plasmids are used. This can 
occur by the enzyme binding nonspecifically to noncognate 
sites and then “sliding” along the DNA until the cognate site 
is found (von Hippel & Berg, 1989). No such sliding can occur 
with short oligodeoxynucleotide substrates, and hence their 
higher K ,  values reflect the absence of the nonspecific binding 
crucial to this process. 

As well as differences in K ,  and k,, values for the EcoRV 
endonuclease with plasmids and oligodeoxynucleotide, we have 
also observed different behavior toward Mg2+. This metal ion 
is an essential cofactor for hydrolysis, probably being bound 
to the scissile phosphate group. With the d(GATATC) site 
on pAT153 the K ,  for Mg2+ was below 0.5 mM (Halford & 
Goodall, 1988; Taylor & Halford, 1988). With a noncognate 
site on pATl53 [in this case d(GTTATC)] a much higher level 
of Mg2+ was required ( K ,  > 10 mM) for maximum rates. 
This noncognate site is cut much more poorly than the cognate 
(kca l /Km for cognate site >3 X lo7 M-’ s - I .  , k , , , /K, for non- 
cognate site 36 M-’ s-’). With dp(GACGATATCGTC) and 
the two oligodeoxynucleotides that contained dU in place of 
T, we observed the same dependence on Mg2+ levels for the 
hydrolysis, and in all cases high Mg2+ levels (> lo  mM) were 
required for maximum rates. These dU-containing oligo- 
deoxynucleotides are much poorer substrates than the parent 
and can therefore be considered analogous to the noncognate 
site on pAT153, where a base substitution has taken place. 
It is clear that in plasmids changing from a cognate to a 
noncognate sequence raises the K, for Mg2+ but that this does 
not happen in oligodeoxynucleotides. At present, the reasons 
underlying these differences in behavior with Mg2+ for oli- 
godeoxynucleotides and plasmids remain obscure. These 
changes. make the kinetics seen with plasmids and oligo- 
deoxynucleotides difficult to compare directly. A full un- 
derstanding of these effects is, however, clearly required for 
a thorough explanation of how the endonuclease works. 
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( c )  Interpretation of the Results Seen with Oligodeoxy- 
nucleotides Containing Modified Bases. From Table I it can 
be seen that the modified base containing oligodeoxy- 
nucleotides can be divided into three classes. The first class 
consists of two dodecamers [recognition sequences d(GA- 
[2ST]ATC and d(GAT[7CA]TC] that have a k,,,/K, ratio 
similar to that of the parent. These results imply that the 
endonuclease makes no contact with the 2-keto oxygen of the 
first T and the 7-ring nitrogen of the second dA in the d- 
(GATATC) sequence, As mentioned in the previous paper, 
from CD spectroscopy, it is not clear whether 2ST-containing 
oligodeoxynucleotides have the same overall structure as the 
parent. The similar values of the constants seen here for 
d(GA[2ST]ATC) and d(GATATC) would seem to argue 
against a large conformational difference, which would be 
expected to change the k,,,/K, values. The second class of 
oligodeoxynucleotides, comprising most of the members listed 
in Table I, are substrates for the endonuclease, but have 
lowered k,,/K, values as compared to the parent. As can be 
seen from Table I ,  the decrease in k,, , /K, values is largely 
due to a drop in k,,, values (which vary over 3 orders of 
magnitude) rather than any change of K ,  (which is relatively 
constant with only a IO-fold variation). The term k,, describes 
the process by which the ES complex is converted to EP, 
providing all the binding steps are fast and only one ES com- 
plex is present. The much faster k,,, value seen with the 
cognate dodecamer as opposed to most of the oligodeoxy- 
nucleotides containing modified bases implies that many of 
the individual binding interactions are used to reduce the 
transition-state energy barrier (and thereby speed up the ES 
to EP conversion) rather than to increase substrate binding 
(which would affect K,).  We have performed only steady- 
state kinetics, and if product release is rate limiting, it can 
contribute to k,, values. This would seem to be unlikely here 
as all the analogues are turned over more slowly that the 
parent. These modified substrates must turn over to modified 
products, and one would not expect that these would be re- 
leased more slowly than the cognate products, leading to the 
observed drop in k,,,. Often when product release is rate 
limiting, analogues are handled faster than the true substrate 
as the analogue product formed is rapidly released. Never- 
theless, contributions to k,, due to product release steps cannot 
be entirely eliminated. 

Many of the base analogues we have used delete a potential 
hydrogen-bonding partner with the endonuclease. Many 
studies have been carried out to evaluate the strengths of 
enzyme substrate hydrogen bonds. These have involved de- 
termination of the k,,/K, ratios for parent and analogue and 
subsequent evaluation of the AG,,, values using eq 1. Usually 
the deletion of a hydrogen bond that does not leave a charged 
partner costs between 2 and 7.5 kJ mol-’ (Fersht, 1987a,b, 
1988). Abolition of a hydrogen bond leaving a charged partner 
resulted in a loss of binding energy of between 12 and 25 kJ 
mol-’. With d(G[3CA]TATC), d(GATPTC), and d(GAT- 
[’cA]TC) a hydrogen-bonding group on the oligodeoxy- 
nucleotide is deleted, and the AG,,, values found consequent 
on these changes lie between -4.8 and -6.7 kJ mol-l. The 
simplest explanation is that the endonuclease forms a hydrogen 
bond to each of these positions. The AGapp values also suggest 
that the groups on the protein responsible for these bonds are 
uncharged. Evidence for this comes from the crystal structure 
of the endonuclease (F. Winkler and S .  Halford, personal 
communication), which shows that most of the amino acids 
near the DNA binding site are uncharged. With d(GPTATC) 
we have been unable to obtain k,,, and K,,, values, as it is a 
very poor substrate. However, the 6-NH2 group of the first 
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dA is clearly important for the endonuclease, and we would 
postulate a direct enzyme substrate hydrogen bond at this site 
also. Poor substrates are also obtained when the T residues 
in the d(GATATC) sequence are replaced with dU, a con- 
version of a CH3 group to H. This gives AG values of -7.8 

The energy contributed by a substrate CH, group has been 
analyzed for several proteins and varies between 6.5 kJ mol-' 
for chymotrypsin (Dorovska et al., 1972) and 14 kJ mol-I for 
various aminoacyl-tRNA synthetases (Loftfield & Eigner, 
1966; Owens & Bell, 1970; Fersht & Dingwall, 1979; Fersht 
et al., 1980). The values of -14 kJ mol-' kJ mol-' seen with 
tRNA synthetases indicate an extremely well formed CH, 
binding hole that makes a very tight interaction with the 
methyl group. The values we see of -7.8 and -9.0 kJ mol-I 
show a poorer fit between the endonuclease and the two CH, 
groups on T as compared to synthetases. Nevertheless, it is 
obvious that the enzyme interacts with both CH, groups and 
that these contacts are important in determining specificity. 
The importance of the CH, group of thymidine in a variety 
of protein nucleic acid complexes has been discussed (Ivarie, 
1987). 

We also obtained poor substrates when some keto oxygen 
atoms were converted to sulfur. This situation is more difficult 
to analyze than simple deletion of a functional group by re- 
placement with hydrogens. First, the C=S bond distance is 
0.04 nm longer than the C=O, and sulfur (0.185 nm) has a 
larger van der Waals radius than oxygen (0.14 nm) (Saenger, 
1984), leading to the introduction of some degree of steric 
hindrance. Second, the thioketo group can still form hydrogen 
bonds, although to a lesser extent than the parent keto function 
(Saenger, 1984). With d(GATA[2ST]C) a much lower 
k,,,/K,,, as compared to the parent was seen as may be ex- 
pected if the enzyme contacts the oligodeoxynucleotide in this 
position. However, as detailed in the previous paper this 
oligodeoxynucleotide has an irregular CD spectrum that is 
possibly indicative of an overall conformational change. 
Therefore, we feel it would be premature to postulate an en- 
zyme contact to the 2-oxygen atom of the second T at this 
stage. With d(GA[4ST]ATC) a large lowering of k,, /K, is 
measured. This is indicative of the importance of this 4-oxygen 
atom. This drop in k,,,/K,,, could be due to either an enzyme 
substrate hydrogen bond or the inability of the endonuclease 
to tolerate any bulk at this site. 

The third category of base-modified oligodeoxynucleotides 
gives no measurable cleavage by the endonuclease. Into this 
group fall d(G[7CA]TATC), d(GA[4HT]ATC), d(GATA- 
[4HT]C, and d(GATA[4ST]C). With the exception of the last 
of this group, all these changes involve the deletion of a hy- 
drogen-bonding function. If the consequence of this was simply 
to eliminate an enzyme substrate hydrogen bond, one would 
expect a AG,,, of between 2 and 7.5 kJ mol-I, giving poor but 
nevertheless measurable substrates (as is found for several 
members of the oligodeoxynucleotides in Table I) .  Two ex- 
planations are possible. First, the above oligodeoxynucleotides 
have altered conformations as compared to the parent [dis- 
cussed further under (e)]. Second, a cooperative mechanism 
of discrimination proposed for the EcoRI endonuclease 
(McClarin et al., 1986; Rosenberg et al., 1987) may be in 
operation. Here the loss of one contact between the enzyme 
and the oligodeoxynucleotide leads to the loss of several other 
favorable interactions. A possible mechanism involves dis- 
placement of the amino acid that forms the contact and a 
consequent alteration of the structure of the enzyme binding 
site. This structural change could result in either the further 
loss of enzyme substrate interactions or the production of an 

kJ mol-] in the first position and -9.4 kJ mol- aPP in the second. 

active site incapable of catalyzing hydrolysis. 
( d )  Discrimination between Cognate and Noncognate Sites 

by the EcoRV Endonuclease. Using the oligodeoxynucleotides 
containing modified bases, we have been able to postulate 
many contacts between the endonuclease and the T and dA 
bases within the d(GATATC) recognition sequence. In the 
major groove these are the 6-NH2 and 7N of the first dA, and 
the 6-NH2 of the second dA and the 4-keto oxygen and 5-CH3 
groups of both T bases. In the minor groove, the two N-3 ring 
nitrogens of dA appear to contact the enzyme. The high 
specificity of cleavage shown by the endonuclease is mainly 
due to only the cognate sequence making the correct and 
maximal number of interactions to the enzyme. The lowering 
of k,,/K, on loss of an interaction is mainly due to a decrease 
in kat, and the enzyme primarily uses these binding interac- 
tions to lower the transition state of the reaction rather than 
to bind the substrate in the ground state. Only with the 
cognate sequence are all the enzyme protein contacts made, 
the k,,/K, maximized, and the transition-state barrier lowered 
enough to allow efficient catalysis. Discrimination could also 
be amplified by the cooperative mechanism outlined above. 
Noncognate sequences arising from natural base substitutions 
(in contrast to analogues) not only fail to make the full number 
of interactions but also introduce unfavorable clashes, for 
example, by placing a pair of hydrogen-bond donors or ac- 
ceptors in close proximity. These unfavorable factors would 
be expected to reinforce any discrimination seen due to simple 
loss of an interaction. Therefore, the endonuclease should 
distinguish between its cognate sequence and natural variants 
even more strongly than against variants containing modified 
bases. It should be noted that other discrimination 
mechanisms-not studied here-are also used by the EcoRV 
endonuclease. In elegant studies using plasmids, Halford and 
his group (Taylor & Halford, 1989) have shown that the K ,  
for Mg2+ is much higher for noncognate as compared to 
cognate sequences. With noncognate sequences the dimeric 
endonuclease is therefore likely to only contain one Mg2+ per 
dimer and so only cleave one strand of duplex DNA. This 
nicked DNA can be repaired by cellular DNA ligase. In 
contrast, cognate sequences have endonuclease containing two 
Mg2+ per dimer, and therefore both DNA strands are si- 
multaneously cut. This double-cut structure cannot be re- 
paired. This means that incorrect cleavage at noncognate 
sequences can be repaired, adding to enzyme fidelity. 

( e )  Validity of the Use of Oiigodeoxynucleotides Containing 
Modf ied  Bases To Determine Enzyme Substrate Contacts. 
In the above discussion we have assumed that the presence 
of modified bases does not perturb the overall oligodeoxy- 
nucleotide conformation, and this has allowed us to postulate 
several enzyme oligodeoxynucleotide contacts. How valid is 
this assumption, and what are the possible consequences if it 
does not hold? Studies of these kinds are best carried out in 
conjunction with a crystal structure. Thus, an X-ray structure 
can identify contacts conclusively, and use of analogues can 
measure their strengths. This has so far been carried out only 
with the EcoRI endonuclease (Seela & Driller, 1986; Brennan 
et al., 1986; Seela & Kehne, 1987; McLaughlin et al., 1987). 
The crystal structure shows contacts to the 6-keto group and 
7-ring nitrogen of dG and to the 6-NH2 and 7-ring nitrogen 
of both dA's in the GAATTC recognition sequences 
(McClarin et ai., 1986). These interactions were found by 
using appropriate base analogues, and when a contact is seen 
in the crystal structure, the use of analogues seems to repro- 
duce the result. Unfortunately, removal of the 2-amino group 
from dG and the 5-CH3 groups from the two T residues also 
resulted in a drop in k,,,/K,,,, even though no contacts were 
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seen in the crystal structure. Thus, the base analogue approach 
may yield false positives. Possible explanations include the 
crystal structure being performed in the absence of Mg2+ and 
the active site not being assembled. On Mg2+ addition a 
conformational change could take place to produce the active 
site and more enzyme substrate contacts be formed. Alter- 
natively, the base analogues could change the overall DNA 
structure, giving a different oligodeoxynucleotide conformation 
to the parent. This undoubtedly remains the weakness of this 
approach. Clearly, when this occurs, a drop in kat/&, could 
be due as much to the change in conformation as to the specific 
loss of an enzyme substrate contact. In the previous paper 
we showed essentially normal CD and T,,, curves for the entire 
oligodeoxynucleotide set, indicating that they have structures 
that are similar overall. However, these methods may not 
reflect small local distortions that could be critical for endo- 
nuclease activity. These small structural distortions could lead 
to interpretations of the results other than the ones we have 
given, i.e., on the basis of simple loss of enzyme oligodeoxy- 
nucleotide contacts. This would appear to be particularly a 
problem with 4HT, which cannot form any Watson-Crick 
hydrogen bonds with dA. Small independent movements in 
the relative positions of these base pairs could result in a small 
local perturbation of structure relative to that present with a 
dA-T base pair. This small perturbation would slightly alter 
the ability of the enzyme to effectively contact the pyrimidine 
methyl or the purine 6-NH2 or N7 groups and eliminate the 
sequence as a substrate even though no contact to the 4-keto 
group is made. To a much lesser extent this criticism applies 
to all the base analogues. A final possibility is that the 
modified bases may prevent any distortion of the oligo- 
deoxynucleotide that is a consequence of binding the enzyme 
and necessary for catalysis. With the EcoRI endonuclease 
X-ray crystallography has shown rather large distortion of the 
DNA on binding (McClarin et al., 1986). In one instance 
(binding of an operator sequence to phage 434 repressor; 
Aggarwal et al., 1988) the DNA was distorted, and this re- 
sulted in extra (ie., non-Watson-Crick) hydrogen bonds be- 
tween bases. Thus, with analogues that lack hydrogen-bonding 
functions it is possible that these extra interbase hydrogen 
bonds will be unable to form and therefore oligodeoxy- 
nucleotide distortion on protein binding will be prevented, or 
at least hindered. It would be difficult to distinguish exper- 
imentally between loss of an enzyme oligodeoxynucleotide 
hydrogen bond and loss of an extra interbase hydrogen bond 
that is necessary to achieve substrate distortion on binding. 

It is hoped that the crystal structure of the EcoRV endo- 
nuclease will be published soon (F. Winkler, personal com- 
munication). The high-resolution structure, when published, 
together with the analogue work described here should together 
go a long way to explaining the mechanism of EcoRV endo- 
nuclease action and how specificity is achieved. 
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Cross-Linking of the 25- and 20-Kilodalton Fragments of Skeletal Myosin 
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ABSTRACT: The bifunctional photoreactive ATP analogue azidonitrobenzoyl-8-azido-ATP (ANB-8-N3-ATP) 
was synthesized. This ATP analogue carriers photoreactive azido groups at  the eighth position of the adenine 
ring and at  the 3' position of ribose. Photolysis of this analogue in the presence of skeletal muscle a- 
chymotryptic subfragment 1 (S-I) resulted in a new 120-kDa band, while photolysis in the presence of the 
tryptic S-1 produced a new 45-kDa band. The 45-kDa peptide was shown to be combined with the 25-kDa 
N-terminal and 20-kDa C-terminal fragments since it was labeled with a monoclonal antibody specific for 
the N-terminal 25-kDa segment of the S-1 heavy chain, and it was also found to retain the fluorescence 
of (iodoacetamido)fluorescein attached specifically to the SH- 1 thiol of the C-terminal 20-kDa segment. 
These results indicate that the 25- and 20-kDa peptides are in close contact with the ATPase active site. 

I t  is well established that muscle contraction is performed 
by the relative sliding of thick and thin filaments (Huxley, 
1969) in which the energy is supplied by ATP hydrolysis 
catalyzed by myosin. Although this scenario is well estab- 
lished, the molecular mechanism of energy transduction is still 
obscure. To shed light on this problem, it is essential to 
characterize the structure of the myosin active site. The as- 
signment of the functionally important domains has been 
developed by using limited proteolysis. Initially, it was found 
that the head region of the myosin molecule [subfragment 1 
(S- 1 ) ]  (Margossian & Lowey, 1973) contains both the AT- 
Pase and actin binding sites. The 95-kDa heavy chain of S-1 
is further cleaved by trypsin into three substructures connected 
by two protease-sensitive hinges (Balint et al., 1978; Mornet 
et al., 1979; Yamamoto & Sekine, 1979). Beginning with the 
N-terminus of the heavy chain, the approximate sizes of these 
three fragments are 25, 50, and 20 kDa. The N-terminal 
25-kDa peptide contains the reactive lysine residue (Mornet 
et al., 1981a; Hozumi & Muhlrad 1981), while an activity- 
critical carboxyl group (Korner et al., 1983) and part of the 
actin binding site (Mornet et ai., 1981b; Sutoh, 1983) have 
been located on the 50-kDa peptide. The two reactive thiols 

of myosin, termed SH-1 and SH-2, are located on the 20-kDa 
peptide (Balint et al., 1978), and it has been known that the 
modification of these thiols significantly alters the ATPase 
activity of myosin (Sekine et al., 1962). For example, the 
cross-linking of these thiols by bifunctional cross-linking 
reagents in the presence of Mg2+-ADP abolishes the ATPase 
activity (Burke & Reisler, 1977) which is due to the stable 
trapping of Mg2+-ADP on the enzyme (Wells & Yount, 1979). 

To localize the ATP binding site on the myosin molecule, 
several photoaffinity labeling ATP analogues have been used. 
Szilagyi et al. (1 979) showed that arylazido-P-alanyl-ATP 
specifically labeled the 25-kDa tryptic peptide. The 25-kDa 
peptide was also labeled by NANDP, a photoaffinity analogue 
of ADP (Nakamaye et al., 1985; Okamoto & Yount, 1985) 
and Mant-2-N3-ADP (Maruta et al., 1989). On the other 
hand, Mahmood et al. (1984) showed that Bz2-ATP containing 
a photoprobe at the ribose ring labeled the 50-kDa peptide. 
Recently, Maruta et al. (1989) reported that Mant-8-N3-ATP 
labeled the 20-kDa peptide of myosin and suggested the close 
proximity of the 20-kDa peptide to the ATP binding site. In 
this paper, the bifunctional photoreactive ATP analogue 
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I Abbreviations: S-1, subfragment 1; ANB, azidonitrobenzoyl; 
NANDP, N-(4-azido-2-nitrophenyl)-2-aminoethyl diphosphate; Bz,, 
4-benzoylbenzoyl; IAF, 5-(iodoacetamido)fluorescein; Mant, methyl- 
anthraniloyl; SDS, sodium dodecyl sulfate; PAGE, polyacrylamide gel 
electrophoresis; TLC, thin-layer chromatography; IR, infrared; SH-I ,  
reactive thiol 1 ; SH-2, reactive thiol 2; PBS, phosphate-buffered saline; 
DMF, dimethylformamide; MOPS, 4-morpholinepropanesulfonic acid. 
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