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Kinetic analysis of the search for damaged DNA bases by repair enzymes:
theoretical investigation of diffusion-controlled steps*
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The kinetics of the search for damaged DNA bases by repair enzymes was theoretically
studied. In particular, the characteristic features of the diffusive motion of the enzyme were
investigated. Compact analytical expressions for the average search time and its dispersion were
obtained for two models of the one-dimensional motion of the enzyme along the DNA frag-
ment: continuous diffusion and stochastic jumps. It was shown that the kinetics of the search is
essentially non-exponential due to characteristic features of the diffusive motion.
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Almost all biological processes in the cell begin with
the binding of a protein (enzyme) to a specific nucleic acid
site. It is this pathway that is repsonsible for the transcrip-
tion of the genetic information encoded in the DNA and
the retention of its integrity and stability. The question of
how the protein finds a particular binding site has long
been debated. It was suggested! that the efficacy of inter-
actions in biological systems can be substantially increased
with a decrease in the dimensionality of diffusion-con-
trolled rate constants. This model was comprehensively
developed during the last four decades,?3 which has re-
sulted in the elaboration of several models for the descrip-
tion of the mechanism of the search for specific nucleic
acid sites by a protein.

Nowadays, the BWH (Berg—Winter—von Hippel)
model is the most well-developed and widely accepted
one.4—% This model is based on the superposition of the one-
and three-dimensional diffusion. It is commonly assumed
that the search for a specific site by a protein consists of
the diffusion of a protein molecule in solution and its one-
dimensional motion along a nucleic acid molecule. The
search process involves several sequential events: the protein
binds to the DNA at a random site, moves along the DNA
strand to search for the specific site, and, if the specific
site is not found, dissociates from the DNA. After going to
solution, the protein molecule can again bind at any site
on the DNA with equal probability. The cyclic repetition
of these events results in the finding of the specific site.

* Dedicated to Academician of the Russian Academy of Sciences
R. Z. Sagdeev on the occasion of his 70th birthday.

Besides, several search models were proposed: the elec-
trostatic mechanism,”-8 the mechanism of the simulta-
neous localization,%19 and the correlation model.11-12

The authors of the electrostatic mechanism quite rea-
sonably assume that the experimentally observed high rate
constants for the complex formation are achievable due to
electrostatic interactions between charged molecules. Ac-
cording to the estimate,!! the electrostatic interaction (in
low-salt buffers) can occur at distances of ~2 nm. Hence,
it can be concluded that this interaction is the final step
resulting in the formation of the complex once its compo-
nents approach each other.

An elegant approach is based on the colocalization
model?-1? for bacterial genes. An idea to decrease the num-
ber of cycles of the one- and three-dimensional diffusion
in the BWH model led to an interesting hypothesis: bacte-
rial genes encoding particular proteins are located in the
genome adjacent to the binding sites of these proteins,
which substantially reduces the search time. Unfortunate-
ly, this model does not work in eukaryotic cells, where the
translation and transcription are separated in time and
space. Besides, it does not explain the case of multiple
protein-binding sites.

The correlation model!! is the development of the
BWH model. Like in the BWH model, the search process
consists of successive steps of one- and three-dimensional
diffusion. It is particularly important that the first step of
three-dimensional diffusion at the instant of decomposi-
tion of the DNA—protein complex is considered as the
one-dimensional diffusion. Hence, there is the probability
that the protein will return on the target (at the same or
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adjacent site) and the new search begins. In this approach,
the fraction of the "slow" three-dimensional diffusion
decreases.

All the above-mentioned approaches are well devel-
oped in silico and were often experimentally confirmed.
The description of real biological systems presents serious
problems.

The aim of this study was to develop a model for the
description of the kinetics of the search for a damaged
DNA base by repair enzymes. We will not restrict our-
selves to the determination of the average search time for
the damaged site and will try to find its dispersion and to
directly study the kinetics of the repair. This statement of
the problem is important because, in the case of the sto-
chastic motion of the enzyme (one-dimensional jumps or
continuous diffusion), the kinetics of the search should
have a complex character, in particular, be essentially non-
exponential. Since the complete solution of the problem
(taking into account both the three- and one-dimensional
diffusion, electrostatic interactions, etc.) presents difficul-
ties, we restrict ourselves to the consideration of the step
of one-dimensional diffusion of the enzyme along the dam-
aged DNA fragment. In addition, let us assume that the
mobility of the enzyme is independent of the direction of
motion and its current site on the DNA fragment.

The scheme of the DNA repair through the cata-
Iytic repair of the damaged nucleotide by an enzyme
is shown in Fig. 1. This process involves several steps,
each resulting in conformational changes of the enzyme
molecule:

E+S—ES1-ES2¢ ... o ESke ... ESn—EP, (1)

where E is the enzyme, S is the DNA fragment, Sk is the
complex of the enzyme with the kth nucleotide, and P is
the product. Therefore, the enzyme jumps between suc-
cessive nucleotides: once the enzyme recognizes the dam-
aged base at the nth site, the ESn complex changes its
conformational state and the enzyme repairs the DNA
damage. The conformational changes and, consequently,
successive repair steps can be studied, for example, by

hv

Fig. 1. Scheme of the enzymatic DNA repair; E is the enzyme;
S1, S2, ..., Sk, ... are nucleotides of the DNA fragment, Sx is the
damaged nucleotide; w is the jump rate to the adjacent base;
intrinsic tryptophan fluorescence of the protein E is a standard
method used to study conformational transitions.

measuring intrinsic tryptophan fluorescence of the enzyme
molecule.13:14 The repair is preceded by the delivery of the
enzyme from the bulk solvent to the damaged DNA frag-
ment: E + S <> ES1. The delivery of the enzyme occurs as
the diffusion-controlled binding to the DNA or an oligo-
nucleotide.

Let us assume that the enzyme binds to the kth nucle-
otide and slides along the DNA via random jumps to adja-
cent nucleotides. The probability of the jump per unit time
is denoted by w. Let us suppose that the recognition by the
enzyme of the damaged nucleotide (the nth nucleotide) is
accompanied by the fast conformational transition result-
ing in the irreversible binding of the enzyme to Sn and
the repair of the damaged fragment. This model can be
described by the following system of equations (C; is
the probability of the presence of the enzyme on the ith
nucleotide):

dC/dt =-wC; +w(C,,

dC;/dt = 2wC; + wC;_1 + wC;,q,

dC,_/dt =-wC,_; +wC,_,,

C,=0. 2)

The last equation corresponds to the very fast irrevers-
ible conformational transition in the ES»n complex (i.e.,
the search for the damaged nucleotide is completed). To
solve the system of equations, we used the Laplace trans-
form and the generating function formalism. By assuming
that the enzyme starts from the kth site, the Laplace image
of the initial system of equations takes the following form:

sC=-wC; +wCy,

sC;=2wC; +wC;_ +wCiy,

sCy = 1=2wCy +wCy_; +wCy,y,

sCyy = 2wC,_1 +wC,_,. 3)

A set of Laplace images of the C; values can be related
to the generating function f{z) of the complex variable z
encoding information on all C; values:

ﬂz) = Cl + sz + C}Z + ...+ C,,,]Zn72- (4)

The solution of system (3) for Laplace images gives the
following analytical expression:

1 1 1 1
7)=—— — .
/@) le—)&l[z—xz Z—}H]

-[w(z 1+ 2k —we" 1] )

where &) 5 = [(s + 2w) £ s(s + 4w)]/(2w).

These expressions allow one to analytically calculate
the C,_; value and, consequently, the kinetic parameters
of the repair reaction. For example, the reaction rate can
be calculated as a "flux" of the enzyme j(f) to the site
n from the site n — 1:

J() =wC, (),



Diffusional kinetics of enzymatic DNA repair

Russ.Chem.Bull., Int.Ed., Vol. 60, No. 12, December, 2011 2623

J(s)=[jmedt =wC,_i(s) =
0

M -D-% -1 (6)
Ni(hy = 1) = X5 (A 1)

Based on this expression, both the average arrival time
of the enzyme to the damaged site (f) and the dispersion of
this time AZ can be calculated:

<t> = _hmsaoasj(s) 5 <t2> = _limsaoas(asj(s))s
A= (%) — (1) )
For these values, the following expressions were deduced:

:(n+k—l)(n—k)
2w ’

A (ky=(n+k-1)(n-k)

{1(6))

nn=-1)+k(k—-1)+1
6w?

5

nn-1)+1

A(0)=n(n-1) e

()
If the enzyme comes from the bulk solvent to a ran-

dom nucleotide, the averaging over k is required for ob-

taining expressions for all kinetic values. This gives:

1
Mg —D =2 (-1

A -1 A -1
dr o, D=, (0 - 1) 22 ,
[1(2 )7»1—1 2 (M )k2—1]

Jj(s)=

<t>=(2n—3)n+l’

n-9n+7
6w '

) (14
A =m-1)2n-1) S0 )
In the model, where the motion of the enzyme along
the DNA fragment is considered as the one-dimensional
continuous diffusion, an analytical expression for the av-
erage search time and its dispersion can also be obtained.
The use of the continuous diffusion instead of random
jumps is justified in the case of a large length (R) of DNA
fragments, when jumps are efficiently averaged, resulting
in the diffusive character of the sliding of the enzyme. In
this model, the density of the distribution of the enzyme
C(r,f) obeys the equation

3,C(r,f) = DAC(r1) (10)

with the initial condition C(r,z = 0) = 1/R and the bound-
ary condition

AC(r,1)
C(RN=0,"5;

=0 1n
r=0

This model was used to calculate the following kinetic
parameters of the problem:

(ty = R}/(3D), () = 4R*/(15D?), A> = TR*/(45D?). (12)

Let us note that these results can also be obtained from
Eq. (9) by assuming that n >> 1 and n%/w = R%/D.

The analytical results make it possible to quantify the
kinetics of the enzymatic DNA repair by calculating
the inverse Laplace transform. The kinetic curves for the
repair of DNA fragments of different length are shown in
Fig. 2. In this case, the character of the kinetics, which
is generally considered as monoexponential or is ap-
proximated by a set of exponents, is an important
question. As can be seen from Fig. 3, the exponential
approximation for the kinetics is absolutely wrong,
because the kinetics for each » has a contribution that
drops according to a power law, and the exponential ap-
proximation is incorrect. This is associated with the diffu-
sive character.

To conclude, we analytically calculated the distribu-
tion of the arrival times of the enzyme to the damaged
DNA nucleotide and determined the dependence of this
distribution on the length of the DNA fragment (the num-
ber of nucleotides) and the diffusion coefficients for the
sliding of the enzyme along the DNA fragment. It was
shown that the kinetics of the repair has an essentially
non-exponential character due to diffusion effects. The
results of the present study make it possible to determine
the optimal conditions for investigation of the kinetics of
the repair. A knowledge of the distribution of the arrival
times will help in more precisely separating the repair steps
and determining the kinetic parameters of the problem. In
future, we plan to extend the results to the consideration
of successive steps of one- and three-dimensional diffu-
sion of enzymes, electrostatic interactions, and additional
reversible conformational transitions in the system. The
method developed in the present study makes it possible to
complicate the problem.

J@/s™!
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Fig. 2. Time plot of the repair rate j(f) for DNA fragments of
different length: n = 10 (1), 13 (2), 19 (3), and 25 (4).
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Fig. 3. Time plot of the repair rate j(#) for DNA fragments of length n = 10 (@) and 25 (b) (solid lines); the dashed lines indicate the

simulation of the kinetics by a monoexponential function.
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