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Synopsis

The rate constant values of the reaction catalyzed by restriction endonuclease, EcoRI, at individual recognition
sites in #DNA were estimated in the presence or absence of monoclonal anti-DNA antibody. The time-
course of the product formation was experimentally obtained by agarose-gel electrophoresis, and the data
were analyzed by numerical analysis of a differential equation derived from the kinetic model for the 2 DNA
degradation to each fragment. From the data-fitting procedure, the rate constant value of the cleavage at the
recognition site located near the terminal of 4 DNA was found to be considerably larger than those at the sites far
from the terminal. The rates of cleavage were enhanced by preincubating the DNA with monoclonal anti-
DNA antibodies obtained from systemic lupus erythematosus patients. The enhancement was more intensive at the
recognition site located near the terminal than those at other sites. These findings suggest that the thermal motion of

the 2 DNA molecule might be involved in the recognition and binding mechanisms of the enzyme and the antibodies

toward the DNA molecule.

Introduction

It has been recognized that DNA-protein
interaction plays an important role in regulation of
gene expression. Although a lot of works on the
DNA-protein interaction have been done, the
recognition mechanism of DNA molecule by the
proteins have not been understood vet. A
restriction endonuclease reaction which recognizes
a specific nucleotide sequence of DNA molecule
can be considered as one of the most appropriate
system for the elucidation of the recognition
mechanism. Most of the works on the reaction
mechanism of endonucleases were performed
with oligonucleotides as the substrate'*.
However, polynucleotides should have a

conformational factor which does not occur in

oligonucleotides, and the reaction of endonucleases
toward polynucleotides might exhibit some aspect
different from that in the enzymatic reaction
toward oligonucleotides.

The analysis of the 2 DNA-cleavage reaction
by restriction endonuclease, EcoRI, was first made
by Thomas and Davis” with an electron
microscope observation, and demonstrated that
the cleavage frequencies of the individual
recognition sites were different from each other.
This result indicated that the restriction enzyme,
EcoRI, recognizes not only the sequence composed
of six nucleotides (GAATTC) but one of the other
structural factors in the DNA molecule. For the
elucidation of the recognition mechanism,
therefore, it is essential to determine the kinetic
constant of the cleavage reaction at each
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recognition site under various conditions. On the
other hand, Halford et al."” reported the kinetic
analysis of the DNA-cleavage reaction by EcoRI.
Since they used a derivative of the 2 DNA
molecule, which carry only one recognition site for
EcoR]1, as the substrate, the result obtained seems
to contain some uncertainty. In fact, the results
obtained in the report are inconsistent with the
results obtained by Thomas and Davis”. Here, it
is highly desirable to establish the method which
can afford the kinetic constant of the cleavage at
each restriction site using the intact 2 DNA.

In the studies on the monoclonal anti-DNA
antibodies obtained in the sera of patients with
systemic lupus erythematosus, the antibodies were
found to exhibit an broad specificity toward
various types of DNA"”. An electron microscopic
observations by means of a ferritin-antibody
conjugate suggested that the antibody sparsely
binds to the surface of the DNA molecule (Goto
et al., unpublished), indicating that there might be
some specificity in the recognition of DNA
molecule by the antibodies as in the case of the
endonuclease recognition. Therefore, it is quite
interesting to investigate the effect of the anti-
DNA antibodies on the kinetic parameters for
the reaction catalyzed by the endonuclease, EcoRI.

This paper deals with a method to obtain the
rate constant of the % DNA cleavage by EcoRI at
each recognition site, and reports that the rate
constants of the individual cleavage sites are
considerably different from each other and the
rates of the cleavages are enhanced by
preincubation of the 4 DNA with DNA antibody.

Materials and Methods

Materials —— i DNA (from cI857 Sam 7
Lysogen of E. colt M65) and restriction
endonuclease EcoRI (from E. coli RY13) were
purchased from Nippon Gene Co. Ltd.
Acridineorange used for staining of DNA
fragments in agarose-gel was from Wako Pure
Chemical Co. Monoclonal anti-DNA antibodies,
1A2 and 2C10, were obtained by the method

previously reported”. All other reagents were of
analytical grade commercially available.

Enzyme and substrate concentrations —— The
concentration of the enzyme was determined from
units of enzyme activity according to the method
of Halford"”, and that of 7 DNA was from the
absorbance at 260 nm using E2s0 nm = 20. The
molar concentrations of DNA in solutions are
determined in terms of the entire i DNA molecule
taking 30.8 x 10° for the molecular weight of the
2 DNA.

Enzymatic reaction —— i DNA (3.7 nM) and
EcoRI (0.74 nM) were mixed in 80 mM Tris-HCl
buffer (pH ’f.S) containing 60 mM NaCl, 5 mM
MgCl2, and 6 mM 2-mercaptoethanol at an
appropriate temperature. After incubation of a
given period, an aliquot withdrawn from the
reaction mixture was mixed with 0.5 M EDTA
solution in order to terminate the reaction. 0.5 %
agarose gel electrophoresis was performed to
separate the reaction products, and the gel was
stained with 0.4 % acridineorange in 1 M acetic
acid for 60 min. After destaining with 0.2 N acetic
acid for 15 hr, gel-scanning was carried out with
a dual wavelength TLC scanner, Shimadzu CS-
910. In the measurement, the wavelengths for the
sample and the reference were fixed at 492 nm
and 410 nm, respectively. From the peak areas
obtained by the gel-scanning, the molar
concentrations of the DNA fragments were
calculated and plotted against the reaction time.

For investigation of the effect of DNA
antibody, 4 DNA and the antibody, 1A2 or 2C10,
were mixed and preincubated for 30 min under
the same conditions as those for the enzymatic
reaction. The enzyme was then added to the
mixture to obtain the reaction time-course with the
method described above.

Kinetic model —— 1In the degradation process of
2 DNA to each EcoRI-fragment, 14 species of the
intermediate fragments can be considered as
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shown in Fig. 1. Here, 21 reaction species which
include one initial substrate and six final
reaction products were taken into consideration

for the construction of the mathematical model.
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Fig. 1. Reaction model for 2z DNA cleavage by
restriction endonuclease, EcoRI. Each
cleavage process is assumed to be first
order reaction.

Furthermore, one cleavage reaction process by
EcoRI was assumed to be one-step first order
reaction with the rate constant, & (i = 1, 2, 3, 4,
and 5). Thus, the simultaneous differential
equation for the reaction species can be described

as follows;

it =knem-1 'Z[Fln |
n-1 m-2
+kna ‘Z [.Fn+m-i,i-J -IrFm,n} ‘Z Fn+i
im1 i=0
(m=1~6,n=1~7-m) (1

d [ Fun I &

where Fu. indicates the DNA fragments including
the initial substrate and all possible intermediate
fragments, and & the rate constant of the cleavage
at each restriction site, as shown in Fig. 1. Fs1 is
the initial substrate, the entire molecule of 4/
DNA. Fun (m=2~ 5) are the intermediates
consisting of m pieces of EcoRI fragments of
DNA. Fi.. are the end products of the EcoRI
digestion of 4 DNA. The differential equation was
numerically solved by Gear's method”, and the

W

reaction time-course of the zDNA cleavage was
theoretically obtained.

Estimation of rate constants —— The values of
the rate constants (ki =1, 2, 3, 4, and 3) were
estimated by sensitivity method. First, roughly
guessed values were allocated to five rate
constants and plausible values of the rate
constants which gave theoretical time-courses
more fitted to the experimental ones were found
by repeating the calculation with revised values.
Next, further calculations were conducted with
the plausible values varied within a narrow range.
The deviation between theoretical and
experimental profiles was evaluated by the

equation;

D= Z Z Z ( (Fmnlt*~[ Fmnlt*)* 2

m n

where e and ¢ are the experimental and the
calculated concentrations at each reaction time,
and t the reaction time. The values of D were
plotted against the rate constant values used for
the calculations. Finally, a set of the rate constant
values which gave the smallest D value (deviation)
was chosen as the most reliable values of the rate

constants.

Results

Determination of DNA fragments produced by
enzymatic digestion —— At first, 2 DNA and
EcoRI were mixed and incubated for 30 min at pH
7.5, and at 37C. The reaction conditions allow a
complete digestion of the DNA. After the
separation of the reaction mixture with agarose
gel electrophoresis, the gel was stained with 0.4%
acridineorange and scanned by means of the 492
nm light absorption derived from the
acridineorange molecules bound to DNA
fragments. The typical profile of the
electrophoresis is shown in Fig. 2a. Although the
peaks for the fragments, 5804 bp and 5643 bp,
were overlapped, the other fragments were

successfully separated from each other. The peak
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areas would reflect the amounts of acridineorange
bound to equimolar DNA fragments. The
relationship between the peak area and the length
of 42 DNA fragment is shown in Fig. 2b.
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Fig. 2. (a) Electrophoretic profile of 4 DNA/
EcoRI digest. 0.5% agarose gel was used
for the separation, and the gel-staining
was done with 0.4% acridineorange in
1M acetic acid for 60 min. The profile
was obtained by a dual wavelength TLC
scanner, Shimadzu CS-910. The
individual peaks were assigned to 21226
bp, 7421 bp, (5804 +5643) bp, 4878 bp,
and 3530 bp, respectively, from left to
right. (b) Relationship between the peak
area obtained and the length of the DNA
fragments. The DNA length was
converted into the molar concentration
in terms of the base pair unit. (c)
Relationship between the peak area and
the concentration of 21226 bp fragment
obtained by the complete digestion with
EcoRI.

The numbers on the abscissa indicate the molar
concentration in terms of base pairs calculated
from the length of the DNA fragment. Since the
fragments, 5804 bp and 5643 bp, were
overlapped, the peak was regarded as the total of
the two fragments in this figure. A linear
relationship was found between the peak area and
the length of the DNA fragment. The complete
digestion experiments were further conducted
with different concentrations of initial substrate,
4~ DNA, and the relationship between the peak
area and the concentration of each DNA fragment
was investigated. As shown in Fig. 2c¢, a linear
relationship was found between the peak areas
and the DNA concentrations as well as in Fig. 2b,
and the slopes of the lines were almost identical
between these figures (Figs. 2b and 2c). This
indicates that the peak area detected by
acridineorange bound to DNA fragment reflects
the molar concentration of each fragment in terms
of base pair.

Time-course of 2 DNA digestion by EcoRI —

+#DNA and EcoRI were incubated at pH 7.5, and
at 15C. The electrophoretic profile of each
reaction time are shown in Fig. 3a. Since the
peaks for the fragments, whose sizes are more
than 20 kbp, were overlapped, 21226 bp end
product could not be determined. From the
profiles, however, the rate of the production of
the 3530 bp fragment was found to be higher than
those of the other fragments. The production rate
of the 4878 bp fragment was lower than those of
the other fragments. The peak areas were
converted into molar concentrations of the
fragments using the linear relation obtained in
Fig. 2, and plotted against reaction time. The
result is shown in Fig. 3b. The overlapped peak
for 5804 bp and 5643 bp fragments was regarded
as the total amounts of the fragments.

Ejyect of anti-DNA antibody on the i DNA
digestion by EcoRI —— i DNA was preincubated
with 3-fold or 9-fold
monoclonal antibody, 1A2, and was applied to the

molar excess of the
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Fig. 3. (a) Time-dependent profile of the

electrophoretic separation of the DNA
fragment obtained by 4 DNA digestion with
EcoRI. The reaction conditions were
described in Materials and Methods.
(b) Time<course of 7 DNA digestion with
EcwRI. The concentrations were calculated
from the peak area obtained in the
electrophoretic profile.
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EcoRI digestion. As shown in Fig. 4a and 4b, the
preincubation of 7 DNA with the antibody clearly
enhanced the rate of the digestion by the
endonuclease, EcoRI, and the enhancement
appears to be dependent upon the amount of the

antibody added. % DNA was preincubated with

500-fold molar excess of monoclonal antibody,
2C10, and then applied to the EcoRI digestion.
The product formations were dramatically
enhanced by the preincubation, as shown in Fig.

5a.

Fig. 4.
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(a) Experimental time-course of i DNA/EcoRI reaction in the presence of the anti-DNA
antibody, 1A2. The molar ratio of the antibody to 4 DNA is 3. (b) Experimental time-course of
4 DNA/EcoRI reaction in the presence of the anti-DNA antibody, 1A2. The molar ratio of the
antibody to 4 DNA 15 9. (¢) Theoretical time-course best fitted to the time-course in (a). The
rate constant values used for the calculation were £1=0.04, k2=0.04, k:=0.055, k:=0.085, and
k5=0.13 min.
constant values used for the calculation were ki =0.06, £:=0.06, k2=0.13, k1=0.20, and k:=0.30

min’.

(d) Theoretical time-course best fitted to the time-course in (b).

The rate
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Fig. 5. (a) Experimental time-course of i DNA/EcoRI reaction in the presence of the anti-DNA
antibody, 2C10. The molar ratio of the antibody to 4 DNA is 500. (b) Theoretical time-course
best fitted to the time-course in (a). The rate constant values used for the calculation were
k1=0.13, %k2=0.10, £2=0.20, k1=0.33, and A3=0.67 min™.

Analysis of experimental time-courses —— First, From the fact that the rate of production of

the calculation was performed with the assumption
that the rates of the cleavages are the same at
any restriction sites. In practice, all of the values
ks,

0.06 min"'. The time-courses thus calculated were

of the rate constants, ki, k2, ..., were set at
considerably different from the experimental time-
This clearly indicated that the
rate constants of the cleavage

courses (Fig. 6a).
at the individual
restriction sites were different from each other.

4878 bp fragment was extremely lower than those
of the others, it is speculated that the ki and k2
were considerably smaller than the other rate
constants. Thus, the calculation was performed
with 0.04 min for & and k-, and with 0.1 min"' for
ks, ki, and ks. However, the calculated result
could not be fitted to the experimental data. In the
time-dependent profiles of electrophoretic
separation of the DNA fragments (Fig. 3a), the

Fig. 6.
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(a) Experimental (left panel) and theoretical time-courses (right panel) of end product
formation of 1 DNA/EcoRI reaction. The theoretical time-course was obtained assuming that
the rate of the cleavage at each recognition site is identical to each other
ki=ks=ki=ki=k;=0.06 min"'. (b) Experimental (left panel) and theoretical time-courses best
fitted to the experimental ones (right panel). The theoretical time-course was obtained with
k1=0.04, k2=0.035, k2=0.055, £1=0.07, and k:=0.11 min".
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amount of the 3530 bp fragment was larger than
those of the others at 3 min of the reaction time.
This result led us to calculate with the higher %5
value. In practice, the calculation was done with
k1=0.04, k2=0.04, k3=0.07, k;=0.07, and k5=0.1
min’!, and this gave a better fitness of the
theoretical time-courses to the experimental ones.
Starting from these values roughly allocated to
the five rate constants, the time-courses were
repeatedly calculated with finely revised values to
obtain the best fitting to the experimental data.
Finally, the values of the rate constants which
gave a minimum of D value (equation (2)) were
determined to be k1=0.04, k2=0.035, k3=0.055,
ky=0.07, and k5=0.11 min’. The theoretical time-
courses calculated with these values are shown in
Fig. 6b.

The reliability of the values of the rate
constants estimated was examined by a
sensitivity analysis; that is, calculations were
conducted with changing the values of the rate
constants, and effects of the rate constant values

Table. 1.

~)

on the profile of the time-courses were
investigated. The changes in the values of k2, k3,
k4, and ks by 0.01 min"' considerably affected the
profile of the time-courses, indicating that the
deviations of the values estimated are within about
0.005 min! For the value of k;, however, 3-fold
increase in the value could not cause a significant
change in the profile of the time-course, indicating
an uncertainty of the estimated value.

Effect of the anti-DNA antibody on lhe vate
The rate constant
7 DNA

preincubated with the antibodies were estimated

constant of EcoRI cleavage
values of the EcoRI cleavages of

by the same procedure as described in the
previous section on the basis of the experimental
time-courses shown in Figs. 4a, 4b, and 5a. First,
the time-courses were calculated with the
assumption that the rate of the cleavage at each
recognition site is accelerated with the same
proportion. However, the calculated time-courses
could not be fitted to the experimental data,
indicating that the antibody binding accelerated

Rate constant values of 2 DNA cleavage catalyzed by restriction endonuclease, EcoRI, at

individual recognition sites in the presence or absence of anti-DNA antibodies.

ADNA :antibody ky ka k3 kg ks
(molar rativ) (min’')

control 1:0 0.04 0.035 0.055 0.07 0.11
monoclonal
anti-DNA antibody 1:3 0.04 0.04 0.055 0.085 0.13
1A2

1:9 0.06 0.06 0.13 0.20 0.30
monoclonal
anti-DNA antibody 1:500 0.12 0.10 0.20 0.33 0.67
2C10

the rate of the cleavage at individual recognition
sites with different proportions. Finally, the rate
constant values for each experimental time-course
were obtained as listed in Table 1. The calculated
time-courses with the estimated values are shown
in Figs. 4c, 4d, and 5b, respectively.

Discussion

A number of restriction endonucleases have

been found and routinely used in gene
manipulation. Although the sequences of DNA

cleaved by the restriction endonucleases have
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been identified, it has recently been considered
that more complicated processes than expected so
far might be involved in the recognition of DNA
molecule by the restriction enzymes. Halford et
al.” demonstrated the significance of a interaction
between the enzyme and DNA sequences
surrounding each recognition sequence.
Furthermore, a DNA conformation depending
upon its nucleotide sequence is considered to play
an important role in the recognition and the
cleavage of DNA molecule by the restriction
enzymes”. Thus, the recognition mechanism of
DNA sequence by the restriction enzymes is
getting more distinct, but not understood
definitively. The values of the rate constants of
the cleavages at recognition sites in various
conditions can give us an useful information on
the recognition mechanism.

Although the detection of DNA fragments in
agarose gel has usually been performed by taking
a photograph of the gel stained with ethydium
bromide, the method is considered to be
inappropriate for a quantitative analysis. Thus, the
scanning of the gel stained with acridineorange
was employed for the quantitative analysis of the
DNA fragments in the present study. The method
could give experimental time-courses of i DNA
digestion by EcoRI, which have a sufficient
accuracy for kinetic determination. From the
analysis of the experimental data shown in Figs. 4,
5, and 6, the values of the rate constants were
finally obtained as listed in Table 1. On the other
hand, Thomas et al.” found that the frequency of
the cleavage at the recognition site corresponding
to the rate constant ks was considerably larger
than the others. Halford et al.” also found that
the values of the rate constants, k4 and ks, were
estimated to be about twice larger than that of k..
These findings are consistent with the result
obtained in this study, indicating the reliability of
the values estimated by the kinetic method
employed in this study.

As seen from the rate constant values obtained
in the absence of the antibody, the values of the
rate constants are closely related to the distance

of the recognition site from the terminal of the 4
DNA; the values at the recognition site near the
terminal of the 4 DNA are larger than those at the
site far from the terminal. Halford et al.”
suggested that the different reactivities of EcoRI
at the individual recognition sites were caused by
the interactions between the enzyme and
nucleotide sequence surrounding each recognition
site. From the nucleotide sequence of i DNA

1.19 however, any

reported by Sanger et a
relationship could not be found between the rate
constants and the nucleotide sequences
surrounding the recognition sites. In addition, at
present, it is impossible to correlate the
nucleotide sequence at each recognition site with a
specific conformation of a DNA molecule which is
considered to participate in the EcoRI
recognition”. Thus, the data in Table 1 cannot be
rationalized from the nucleotide sequences at or
near the recognition sites of Z DNA. Nevertheless,
one possible explanation of the data in Table 1
might be as follows. A thermal motion at the
terminal region of the ZDNA molecule is likely
more intensive than that at the inside region. This
can rationalize the result that the rate constant
values at the terminal region of the 4DNA are
larger than those at the inside region. From these
consideration, the recognition of the DNA
sequence by EcoRI may be closely related to the
intensity of the thermal motion of DNA molecule.
In this situation, however, the rate constant value
at the inside region of the 4 DNA molecule should
increase with progress of the enzymatic reaction,
because the recognition site at the inside region
should gradually become closer to the terminal by
the enzymatic cleavage. The reaction model, in
which the rate constant value at each recognition
site 1s assumed to be dependent upon the length of
the substrate, might result in the better fitness
between the experimental and theoretical data.
From Table 1, it can be concluded that the
binding of the anti-DNA antibodies to 2 DNA
molecule affects the steric structure of the DNA
and changes its conformation into that favourable
for EcoRI recognition. The preincubation of
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# DNA with 9-fold molar excess of the antibody,
1A2, caused 3-fold increase in the ks-value and
1.5-fold increase in the kz-value, while the
preincubation with the antibody, 2C10, caused 6-
fold and 3-fold increase, respectively. In both
cases, the antibodies enhance the rate of the
EcoRI cleavage more efficiently at the terminal
region of  DNA than at the inside region. These
results can be explained from the situation similar
to the FEcoRI recognition; that is, the thermal
motion at the terminal region of i DNA is more
intensive than those at the inside region,
enhancing the antibody binding ability at the
terminal region. Although the molecular
mechanism of the recognition of DNA molecule by
anti-DNA antibody has been unknown yet, there
should be a common factor controlling the DNA
recognition by endonucleases and antibodies, such
as the thermal motion of the DNA molecule.
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