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HIGHLIGHTS

e A mathematical model of the bacterial DNA mismatch repair system is developed.
e Five key pathways of the Escherichia coli mismatch repair are simulated adequately.
e The relationships between SOS and MMR systems are described quantitatively.

e A possible mechanistic explanation of MMR role in UV-mutagenesis is shown.
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A theoretical study is performed of the possible role of the methyl-directed mismatch repair system in
the ultraviolet-induced mutagenesis of Escherichia coli bacterial cells. For this purpose, mathematical
models of the SOS network, translesion synthesis and mismatch repair are developed. Within the
proposed models, the key pathways of these repair systems were simulated on the basis of modern
experimental data related to their mechanisms. Our model approach shows a possible mechanistic
explanation of the hypothesis that the bacterial mismatch repair system is responsible for attenuation of
mutation frequency during ultraviolet-induced SOS response via removal of the nucleotides misincor-
porated by DNA polymerase V (the UmuD',C complex).

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

One of the biological systems capable of correcting the non-
complementary nucleotide pairs that appear as a consequence of
certain factors is the methyl-directed mismatch repair system
(MMR) (Lahue et al, 1989; Modrich and Lahue, 1996). The
evidences of the functioning of this system were found in many
organisms including bacteria, yeasts, and mammals. Despite high
MMR conservability and the similarity of the repair mechanisms
between bacteria and mammals, the interrelations of its pathways
and other repair systems are well understood only for relatively
simple biological objects like prokaryotic cells.

The factors which can start the MMR system may include the
errors that occur during normal DNA replication and cell
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metabolism as well as a spectrum of DNA lesions induced by
exposure to different agents of physical and chemical nature and
the following DNA repair processes (Li, 2008). Among the physical
factors capable of inducing this system, the action of radiations of
different types is very interesting in terms of its use as an
instrument for studying the MMR connections with other repair
systems responsible for the mutagenic effects in the living organ-
isms. A number of experimental facts indicate that MMR plays a
certain role in the mutagenic effects of ionizing and ultraviolet
(UV) radiation (Hongbo et al., 2000; Martin et al., 2010). Some of
these facts suggest the involvement of MMR in mutagenic path-
ways of other repair systems.

Among the pathways leading to an increase in the mutation
frequency and other negative effects under the influence of
physical and chemical factors, an important role belongs to the
SOS repair system (Radman, 1974; Witkin, 1976; Krasavin and
Kozubek, 1991). Intense studies of the SOS response of prokaryotic
cells have identified the key role of the specific PolV Mut complex
comprising DNA polymerase V (or UmuD',C) in the process of DNA
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synthesis through the lesion which was called translesion synth-
esis (TLS) (Wang, 2001). This mechanism is also realized not only
in prokaryotic cells but in mammalian and human cells, too (Yang
et al,, 2003; Chiapperino et al., 2005).

Experimental studies have shown that PolV Mut demonstrates
a relatively high error frequency during the incorporation of bases
in nascent strands opposite the lesions which were not removed
during the earlier stages of repair (Tang et al., 2000). However, the
finally measured mutation frequency in individual genes is not so
high as it might have been if all mismatches produced by the PolV
Mut complex had been fixed as mutations. Our previous research
related to the mathematical modeling of the mechanism of SOS-
induced mutagenesis under 254 nm ultraviolet (UV) radiation
demonstrated this fact by an interval of the free parameter value
responsible for fixing the PolV-induced mismatches as mutations
(Belov et al., 2009). These conclusions made us introduce in our
model additional repair mechanisms at the final stages of SOS
response. Taking into account the specific character of DNA
synthesis by the PolV Mut complex and relying on the correspond-
ing experimental facts, we have chosen the MMR system of
Escherichia coli bacterial cells for the theoretical analysis of its
influence on the UV-induced mutagenic effect. So, the main goal of
this study is to identify the role of MMR in SOS-induced mutagen-
esis on the basis of the precise modeling of the enzymatic
mechanisms of these two repair systems under exposure to
radiation.

2. Mathematical model
2.1. A quantitative model of the SOS network

UV radiation induces two major types of photoadducts in DNA,
namely, thymine-thymine cys-syn cyclobutane photodimers and
thymine-thymine pyrimidine (6-4) pyrimidone photoproducts. A
significant portion of the primary induced thymine dimers are
efficiently removed by pre-replication mechanisms such as phto-
toreactivation (Rupert, 1975) and nucleotide excision repair (NER)
(Sancar and Sancar, 1988). The lesions which were not removed by
these repair mechanisms lead to the production of single-stranded
DNA gaps (ssDNA) in bacterial chromosomes that prevent success-
ful replication completion (Rupp and Howard-Flanders, 1968). To
process the remaining single-stranded gaps, cells actuate a num-
ber of specific repair mechanisms called SOS response (Radman,
1974). Therefore, ssDNA is regarded as an inducing signal for a cell
to launch the SOS system.

To describe the dynamics of SOS signal induction, we used the
mathematical approach developed earlier (Belov et al., 2009;
Aksenov, 1999). The final dimensionless equations of this model
are as follows:

5d
for 7 <1 Xo(z,'¥) =¥ exp(~q;7) f5 %,

Ty _exp(q;§)dé M

for 7275 Xo(z, ¥) =¥ eXp(—-017) fy’ G orenpiq.5>

where
1
= Eln(exp(qo(l + 4, ¥)-q,'P).

Here, x( is the normalized intracellular concentration of ssDNA, ¥
is the UV energy fluence, z is the dimensionless time, 7, is the
dimensionless time of replication termination, ¢ is the integration
variable, and ¢; (i=1,...,4) are the dimensionless kinetic para-
meters of the model (see Appendix A).

Since most of the experiments on UV-induced mutagenesis are
carried out in dark conditions, the influence of photoreactivation is
excluded in this model. The source of the SOS-inducing signal is

represented here as a superposition of two processes, namely, DNA
replication and NER. The dynamics of ssDNA induction is deter-
mined on the basis of the balance between the five fractions of
DNA disorders appearing in the bacterial chromosome after UV
irradiation. They include the dimers initially produced by UV, the
gaps opposite dimers, the dimers located in front of the replisome,
the dimers removed by NER in front of the replisome, and the
repaired gaps. This approach takes into account the facts that NER
is pre-replication repair and its ferments operate in front of the
replisome in the chromosome. The inducing signal is determined
as the ss-gaps located opposite thymine dimers not removed by
NER and formed as a consequence of replication restart beyond a
dimer. DNA replication and dimer removal are regarded as parallel
processes where NER leads. Therefore, the inducing signal termi-
nates together with replication. The ssDNA sequences generated at
any later stage of repair machinery are not considered as a
contribution to the inducing signal for SOS response. Since NER
cuts UV-generated dimers, it significantly reduces the number of
primary DNA lesions. Thus, NER directly contributes to the total
pool of SOS signal and indirectly impacts the number of mis-
matches and finally produced mutations.

The model assumptions mentioned above imply introducing
the replication termination time, which depends on the number of
produced dimers and, consequently, on UV energy fluence. There-
fore, if the computation interval is less than the time of replication
termination, the model of inducing signal should be calculated
until the end of the stated interval. Otherwise, a calculation should
be done until the replication time termination because after that,
the inducing signal cannot be generated.

Further steps of SOS system functioning are connected with the
activity of more than 40 genes controlled by LexA repressor. In our
model, we consider four of these genes which make a major
contribution to the regulation of the bacterial SOS function. They
are the recA, lexA, umuD, and umuC genes. After ssDNA has been
produced, the product of the recA gene binds to it and transforms
into the active RecAx form. The activated RecA protein has a
specific protease conformation, which makes it able to cleave the
LexA repressor as well as a number of other proteins. A decrease in
the LexA protein level leads to the enhanced expression of the
repressed genes including recA, lexA, umuD, and umuC. Despite an
increase in lexA gene expression, it does not lead to raising the
level of LexA protein due to its immediate cleavage by RecAs
(Krasavin and Kozubek, 1991). The RecA protease also cleaves the
UmuD protein, transforming it into the UmuD' active form. The
normal and active forms of the UmuD protein can form dimers of
three types, namely, UmuD,, UmuDD', and UmuD', (Burckhardt
et al, 1988; Woodgate et al., 1989). These dimers are able to
interact with UmuC, forming UmuD,C, UmuDD'C, and UmuD',C
complexes, respectively.

The main role in an induced mutation process in E. coli belongs
to UmuD',C (or DNA polymerase V, PolV). This protein complex is
able to form a multienzyme complex called PolV Mut, which
includes molecules of the RecA-protease, SSB-proteins, and sub-
units of DNA polymerase IIl. The PolV Mut complex is able to fill
the remaining single-stranded gaps by inserting nucleotides in a
random manner. This allows a chromosome to be fully replicated.
However, the daughter DNA sequence contains defects due to the
specificity of PolV Mut-mediated gap filling.

The UmuD,C and UmuDD'C complexes play a supplementary
role in the SOS function. UmuD-C is involved in cell cycle regulation.
It stops replicative DNA synthesis and allows the TLS process to be
realized in the presence of SOS-inducing damage. The UmuDD'C has
an inhibiting function in SOS mutagenesis that consists in suppres-
sing the UmuD' activity (Smith and Walker, 1998).

To simulate the above-mentioned stages of SOS repair, we used
a quantitative model proposed earlier (Belov et al., 2009). The
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dynamic change of the concentration of the main SOS proteins is
expressed in general by the following differential equations:

dXx
a = V. (Xi, Xo0)-V-(Xi, Xo), (2)
where X; (i=1,...... n) is the i-th regulatory protein intracellular

concentration, X is the level of an inducing signal (ssDNA), t is
time, V, is the regulatory protein synthesis rate, and V_ is the
regulatory protein degradation rate. The functions V, and V-
describe the protein accumulation and degradation, respectively.
The equations reflecting the dynamic change of each SOS protein's
concentration as well as the estimation of their parameters and
initial conditions are presented in the respective subsections of
Appendix A.

2.2. A model of translesion synthesis

To describe the induction of mismatches during SOS repair, we
have used a translesion synthesis model published earlier (Belov
et al., 2009). When we analyze the probability of errors appearing
during TLS we need to model a random quantity which is the
number of mismatches in DNA chain. These mismatches appear
during fixed time under the assumption that all these events are
independent and occur with some average fixed intensity. Since
the number of nucleotides n supplied by PolV Mut is large (about
several thousand) and a mutation probability in each individual
nucleotide pasting is low (about 10™*-1073 (Tang et al., 2000)) we
can conclude that the number of mismatches m appearing in DNA
chain is distributed by Poisson's law:

m
Py(m) = %e‘“.

The calculation of the Poisson distribution parameter a is
performed using a special code developed earlier (Belov et al.,
2009). The code models PolV Mut moving along DNA and finds a
fluence-time dependence of the parameter a using the fluence-
time dependence of the PolV complex, which is characterized by
the variable x;; from Eq. (A.1) (see Appendix A). Here we put the
number of PolV Mut molecules equal to the number of PolV
molecules because it is known that only one PolV molecules
participate in the resynthesis of each ssDNA site (Pham et al.,
2001). In this research, we also consider the possibility of PolV Mut
involvement in the replication of ssDNA sites which do not contain
thymine dimers. This assumption is based on the fact that PolV
Mut can realize TLS at undamaged DNA (Tang et al., 2000). In our
model, we separate the replication processes realized directly at
the thymine dimers, at the rest of the ssDNA gaps without dimers,
and at the other undamaged ssDNA sites contained in the cell at
this moment. The developed code models the occurrence of
nucleotide mismatches during TLS taking into account the indivi-
dual peculiarities and characteristics of all three processes.

The replication at the thymine dimers described as a step-by-
step calculation of number L;4(z, V) of nucleotides inserted by PolV
Mut. The formula for calculation is

l
Lg(7,'¥) = X11(7, P)Vpq (T_Tin + ﬁ) 3)
ss

In Eq. (3), the number of the PolV Mut molecules is equal to the
number of the DNA PolV molecules x11(z, ). v44 is the velocity of
PolV Mut moving at the moment when it passes thymine dimers,
7ip iS the normalized time when the last of the x;;(z, %) PolV
molecules present at this moment was synthesized. The calcula-
tion of vy4 is based on the data on the average length of the ssDNA
gap [ and the termination time of the whole TLS process for a
specific UV energy fluence. v is the velocity of PolV Mut move-
ment during the filling of the ssDNA sites.

The replication at the single-stranded DNA gaps excluding
thymine dimers is described by the formula

X11(z, W) N1 (9),

Lss(z, ¥) = N1 (P)Vss(z—7in),
X11(z,'¥) > N1(9),

{ Lss(z, W) = X11(z, ¥)Vss(z—7in),

“

where Lg(z, V) is number of nucleotides supplied by PolV Mut at
current moment, N{(¥) is the number of ssDNA gaps formed till
the replication termination. N{(¥) was calculated as in detail
described by Aksenov (1999) and Aksenov et al. (1997).

PolV Mut-mediated replication at undamaged ssDNA is
described using the following approach. Since the PolV Mut
complex has a great affinity to single DNA associated with the
RecA protein, it can be concluded that the TLS begins and ends at
ssDNA gaps. Consequently, the inclusion of PolV Mut in the
process at the undamaged DNA occurs at a time when its number
becomes to exceed the number of single-stranded gaps produced
by nucleotide excision repair. Accordingly, the termination of
synthesis on undamaged DNA occurs at a time when the number
of molecules of PolV Mut becomes equal to the number of single
spaces. Sequential calculation of the number L,,4(z, ¥) of supplied
nucleotides in this case is described by the formula

Lyng(z,¥) =0,
{ X11(7, ¥) <N (P),

5
{Lund(r, W) = Vs (%11 (2, W) N (), ©)

X11(z7, ¥) > N](‘P)

The fluence-time dependence for the parameter a is calculated
in our code by the following formula:

a(z, ¥) = Pss(Luna(z, ¥) + Lss(z, ¥) + PraLea(z, W), (6)

where P is a probability of mismatch induction during nucleotide
pasting by PolV Mut on DNA sites which do not contain thymine
dimers; P,y is the mismatch induction probability during thymine
dimer processing. The probability P,; was calculated as follows:

Pty = P1Pa + P2Pg + P3Pc + P4Pp, (7)

where P4, Pg, Pc, and Pp are the probabilities of a single mismatch
occurrence during processing TT (6—4) photoproduct with a 3'-end,
TT (6-4) photoproduct with a 5'-end, cys-syn cyclobutane photo-
dimer with a 3'-end, and cys-syn cyclobutane photodimer with a
5'-end, respectively. P;, P,, P3, and P, are the probabilities of
generating each of the four types of lesions. Estimation of the
TLS model parameters is presented in Appendix A.

In our model, the variable a(z, ¥) calculated by formula (6) is
the parameter through which the PolV concentration contributes
first to the mismatch induction, and then to the mutation rate.

2.3. A model of DNA mismatch repair

Following the induction of SOS response, the frequency of
misincorporated bases that are the substrate for MMR increases
as compared to normal conditions. Recently a number of experi-
mental observations led to the hypothesis that the MMR system
significantly reduces the error rates during DNA replication by
recognizing and correcting mismatches which prevent normal
replication (Kornberg and Baker, 1992). It was also found that
MMR can process the incorrect bases opposite UV-induced photo-
products which were not removed by early repair processes like
photoreactivation or nucleotide excision repair and during SOS
response (Hongbo et al., 2000). Summarizing all these findings, we
consider the methyl-directed excision of incorrect bases inserted
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Fig. 2. Scheme representing the MMR reaction network used in the model. The
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Fig.1. Scheme of the MMR mechanism in E. coli bacterial cells (explanation in text).

by PolV Mut to be the main pathway of the interaction between
the SOS system and MMR.

To describe the relationship between these systems we have
developed a quantitative model of MMR which assumes the
following molecular mechanism generalized as a scheme in
Fig. 1. After the appearance of misincorporated nucleotides in
the DNA chain, E. coli's MMR system detects the mismatch shortly
after the DNA replication round ends. The way to detect an
incorrect base on the newly synthetized strand is based on the
process of DNA methylation, which does not occur until several
minutes after the strand is produced. This mechanism provides a
distinction between the parental strand, which is already methy-
lated, and the daughter strand containing an error (Lahue et al.,
1989; Radman and Wagner, 1986). The recognition of a wrongly
incorporated nucleotide is performed by the MutS protein, which
binds to the site with a mismatch as a homodimer and forms a
complex with the MutL protein. Interaction with MutL enhances
mismatch recognition, and recruits MutH protein to the region.
MutL also functions as a homodimer—in contrast with MutH,
which acts as a monomer (Li, 2008). MutH finds a hemi-
methylated dGATC sequence and joins the unmethylated DNA
strand. Then the MutS,L, complex activates the MutH protein in
the presence of ATP. During this interaction, MutH makes a strand-
specific nick that can occur either 3' or 5' to the mispair on the
unmethylated strand. Since the incision can be initiated on either
3' or 5' side of the mismatch, the MMR system is regarded as
bidirectional process. In the presence of MutL, helicase II (or UvrD)
loads at the nicked site and unwinds the nascent strand (Matson
and Robertson, 2006). The single-stranded DNA (ssDNA) produced
in this process is bound by the single-strand binding protein (SSB),
which protects ssDNA from a nuclease attack. Further MMR steps
require the activity of four exonucleases: Exol, ExoVII, ExoX, and
Rec] encoded by the xonA, xseA, exoX, and rec] genes, respectively.
These exonucleases are able to digest the nonmethylated strand
from the dGATC nicked site to just beyond the mismatch. The

MMR exonucleases could proceed from 5' to 3' or from 3' to 5' end
to the mispair (Li, 2008). Exol and ExoX digest the DNA strand in
the 3' to 5' direction, Rec] degrades it from 5' to 3', and ExoVII can
excise DNA in both directions (Dutra et al., 2007). The resulting
single-stranded gap is filled by DNA polymerase Ill holoenzyme
(Pollll) with SSB. The remaining DNA strand is joined to existing
one by the DNA ligase (Modrich and Lahue, 1996). The reaction
network, which highlights mass transfer and regulatory reactions,
is presented in Fig. 2.

To simulate the dynamic changes of the MMR protein levels, we
used reversible mass-action kinetics based on Eq. (2). We singled
out two MMR pathways with different exonucleases possessing
polarity 3' or 5'. The dimensionless equations for each protein and
intermediate complexes of the MMR system are given in Appendix
B (Eq. B.1). In this study, we assume that 3' and 5' MutH-mediated
nicks as well as the involvement of exonucleases possessing the
same end specificity are equally probable. We also take into
account the fact that none of the MMR enzymes except UvrD are
controlled by the SOS system, i.e. their synthesis is not controlled
by the LexA protein. However the expression of the uvrD gene
producing helicase Il depends on the intracellular concentration of
the LexA repressor (Easton and Kushner, 1983; Courcelle et al.,
2001). To describe the regulation of the uvrD transcription by the
LexA protein, we used the model of gene regulation used in many
papers (Belov et al., 2009; Aksenov et al., 1997; Aksenov, 1999).
The first term in the equation for the UvrD helicase (yq4 in Eq. B.1)
describes LexA-regulated synthesis.

As the function a(z,¥) depends on UV energy fluence, the
variable y, gives the fluence-time dependence of remained mis-
matches. In our model these mismatches are considered as a
contribution of SOS network to the final mutation frequency. Here
to calculate the mutagenesis in individual genes we applied a
special model approach.

2.4. A model of UV-induced mutagenesis

The developed model allows quantitative estimation of the
mutagenesis in individual genes of E. coli bacteria. The yields of
UV-induced mutations measured in most cases can be described
by the following expression based on the formula introduced by
Krasavin and Kozubek (1991):

Zn(P)/Z(¥) =00 + 61'F + 0, ¥(1-exp(—037)), €))

where Z,;,(¥) and Z(¥) are the numbers of mutants and survived
cells, respectively; ¥ is the energy fluence of UV radiation. The
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following interpretation of function components is suggested by
Krasavin and Kozubek (1991). The linear component ;¥ charac-
terizes the mutagenic lesions converted to stable mutations during
constitutive repair or DNA replication. This process is seemingly
defined by DNA Pollll processing effectiveness (Tang et al., 2000;
Borden et al., 2002). ,¥ is proportional to the yield of premuta-
tional (or initial) DNA lesions in an individual gene. (1-exp(-65'¥))
is the fraction of mutations induced by mutagenic repair. In our
study we have introduced an additional term 6, into original
formula proposed by Krasavin and Kozubek (1991). This parameter
is the constant characterizing spontaneous level of mutagenesis in
bacteria defective in some repair functions.

Taking into account the interpretation of terms in Eq. (8) we
conclude that a contribution of SOS and MMR systems to the final
mutation frequency can be realized only through the 65 parameter.
Using the models of SOS network, TLS, and MMR, it is possible to
determine ¢5 through the variable y, (Eq. B.1) which characterizes
the amount of mismatches remained after MMR. Therefore, the
full chain of events quantitatively described in our model is UV
action —»thymine dimers—NER and DNA replication —ssDNA —
SOS network induction— PolV induction—PolV Mut action
with Ps; and P,;— mismatch induction a(zr, ¥)—»MMR action—
remained mismatches y,— 65 parameter— final mutation fre-
quency Zn(¥)/Z(P).

3. Evaluation of the model parameters

The kinetic parameters of the models of the SOS network and
TLS were estimated previously (Belov et al., 2009) and presented
in Appendix A. Most of the MMR rate constants were determined
by fitting the developed model (Eq. B.1) to the in vitro experi-
mental data on the MMR kinetics for the 3’ and 5’ pathways
(Pluciennik et al., 2009). Other parameters were obtained directly
from experimental data or calculated in our previous papers (see
Appendix B). To calculate the parameters of UV mutagenesis
model we have proposed a special approach described below.

3.1. Parameters of the MMR model

3.1.1. Estimation of parameters for 3’ and 5’ incision

The first group of parameters was evaluated by fitting the
model curve for yg to experimental data on the MutH-mediated
incision stage of MMR (Pluciennik et al., 2009). For the incision in
polarity 3', the parameters ky, ky, k4, ks, ks, k7, and kg were
estimated. The relation of these dimensional parameters to
dimensionless ones (p;) is presented in the corresponding section
of Appendix B. To estimate the first group of parameters, we have
set the initial conditions for Eq. (B.1) according to the reactant
concentrations for the in vitro reaction: Yoo =2.4 x 10™° M (mis-
matches), Yo =37x10° M (MutS;), Yo3=25x10° M
(MutL,), and Ygs=1.0 x 10°° M (MutH). Since the number of
GATCm sequences equals the total number of mismatches, we
set Yo = Yoo. Other MMR species were assumed to be zero at t = 0.
The function a(z, ¥) was also set to zero for all t. The dimensionless
initial conditions (yy;) for Eq. (B.1) were set respectively. The
parameter k3 was also set to zero for all fitting procedures
performed with in vitro data. In our model, k3 is the rate constant
of the non-specific losses of MutS,, MutL,, MutH, GATCm, UvrD,
exonucleases, Pollll, and DNA ligase in cells growing exponentially.
As the contribution of spontaneous protein degradation is negli-
gible for all these species, this parameter has meaning for in vivo
calculations exclusively. The results of the parameter evaluation
for this MMR stage are presented in Fig. 3. The dashed curve
corresponds to the yg variable recalculated in femtomoles.

_+,._3'
—
4

N, fmol

Time, min

Fig. 3. Incision of a 3’ (®) and 5’ (®) hemimethylated heteroduplexes by activated
MutH in the presence of MutS and MutL. N is the concentration of incised DNA. The
curves are the calculated results; the dots are the experimental data (Pluciennik
et al., 2009).

As it could be concluded from the experimental data
(Pluciennik et al., 2009), the rate of MutH-mediated incision is
end-specific. To obtain the averaged parameters of this stage for
in vivo calculations, we have estimated the same set of kinetic
rates for the 5’ incision. The initial conditions for Eq. (B.1) were set
in the same way as for the 3’ case. The resulting curve compared to
experimental data is presented in Fig. 3. The solid line corresponds
to yg expressed in femtomoles. For the parameters kq, ko, k4, ks,
and kg, we have obtained the same numerical values as for the 3’
incision. Different values were obtained only for the kinetic rates
k7 and kgcharacterizing the final MutH-mediated incision event.
The ultimate values for the parameters k; and kgwere calculated
by averaging the fitting results for the 3’ and 5’ incisions. The full
set of parameters for this MMR stage is presented in Table B.1.

3.1.2. Estimation of the parameters for 3’ and 5’ excision

The second group of parameters was estimated by fitting the
model curve y;, to experimental data on the excision stage of
MMR. To estimate ki1, k12, K13, K14, k15, and kg, we have used the
data on excision mediated by Exol (polarity 3') and Rec] (polarity
5") (Pluciennik et al., 2009). The initial conditions for Eq. (B.1) were
set as follows according to the experimental procedure:
Yoo=24x10°M (mismatches), Yo;=3.7x10°M (MutS,),
Yo3=2.5x 1078 M (MutL,), Yos = 1.0 x 10°° M (MutH), Yo = Yoo
(GATCm), Yg9=12x10%M (UviD), and Yo =18x10°M
(Exol). The initial conditions for other species as well as the first
term in the equation for y4 describing the synthesis of UvrD were
assumed to be zero. The reaction rates kq, ky, ks, ks, kg, k7, and kg
were taken from evaluating the 3’ incision stage. The obtained
curve corresponding to y,4 is presented in Fig. 4.

Using experimental data for excision by Rec], we have obtained
the rate constants kq7, kg, and kq9. The initial conditions for the
level of mismatches, MutS,, MutL,, MutH, GATCm, and UvrD were
set as for the 3’ excision. For RecJ, we have set Yo;5 = 7.8 x 107 M.
The resulting curve compared to experimental data is presented in
Fug. 4. The values of the estimated parameters for excision stages
3" and 5’ of MMR are presented in Table B.1.

3.1.3. Estimation of the parameters for the MMR polymerization
stage

The last group of parameters was evaluated by fitting the curve
for y,9 to experimental data on single-stranded gap filling by DNA
Pollll (Pluciennik et al., 2009). For the case when excision is
performed by Exol, we have set the initial conditions as follows:
Yoo=24x10°M (mismatches), Yo; =37 x10°M (MutS,),
Yo3 =2.5 x 108 M (MutLy), Yo5 =1.0 x 107> M (MutH), Yos = Yoo
(GATCm), Yg9=1.2 x 10°® M (UvrD), Yo12=1.8 x 10°° M (Exol),
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Fig. 4. Excision of a nicked 3’ (®) and 5’ (=) heteroduplexes by activated Exol (3)
and Rec] (5') in the presence of MutS, MutL, DNA helicase II, and SSB. N is the

concentration of excised DNA. The curves are the calculated results; the dots are
the experimental data (Pluciennik et al., 2009).
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Fig. 5. Gap filling of an excised 3’ (¢) and 5’ (®) heteroduplexes by Pollll. N is the
concentration of rebuilt DNA. The curves are the calculated results; the dots are the
experimental data (Easton and Kushner, 1983).

and Yo7 =7.9 x 10 M (Pollll). The parameters ki, ko, k4, ks, kg,
k7, kg, k11, k12, k13, k14, k15, and kg were set based on our previous
findings. Finally, we have obtained the numerical values for kg,
ki1, and ky,. The dashed curve in Fig. 5 shows the agreement
between the calculated curve (y;9) and experimental data. The
same values of the parameters kyo, ki, and ky, satisfy the
experimental data for single-stranded gap filling, when excision
was done by Rec] (see Fig. 5). In this case, we have set the same
initial conditions except the levels of Exol and RecJ: Yy12 = 0 (Exol),
Yo15=7.8 x 10°° M (Rec]). The set of the newly obtained para-
meters is presented in Table B.1.

3.2. Estimation of the UV mutagenesis model parameters

3.2.1. 8y, 64, and 6, parameters

The parameter 6y depends on the bacteria strain and can be
estimated directly from experimental data. For the strains with
normal DNA repair functions, we assume this parameter to be
zero. For the strains containing a mutation in either mutS, mutL, or
mutH gene, we have set the corresponding values of 6p murs,
00, mutr» and Oy muen according to the experimental data (Hongbo
et al,, 2000). For the strain defective both in umu and mut genes,
we have set the corresponding value for 6y, ymy, mu: from the same
paper. The coefficient 0, of the linear component in Eq. (8) can be
defined as the mutagenic effectiveness of DNA Pollll processing
according to Drake (1969) (see Appendix C).

The coefficient 9, characterizing the number of premutational
lesions in a gene is defined as follows in our model. Let us assume
that L, base pairs is the length of a gene, L, is the length of E. coli's
whole genome, and my is the yield of the initial lesions per full

bacterial chromosome. Then the average number of premutational
DNA lesions in a gene is 0, =Lymgy/Ly. As we are estimating the
mutation frequency in the lacZ gene, we have to assign the
corresponding length of this gene and the length of E. coli's whole
K-12 MG1655 genome (Table C.1).

3.2.2. 63 parameter for mut® bacterial strains

To estimate the parameter 93 through which the SOS and MMR
systems contribute to the final mutation frequency, we used the
following assumptions. The dependence of y, on UV energy
fluence can be approximated by a linear function with a certain
slope coefficient ks. Such approximation is suitable for any time
point within the calculation interval. The obtained slope coeffi-
cient is proportional to the parameter #3. However, the meaning of
05 implies finding the exact form of this proportionality. As we are
calculating the yield of the mutations produced exclusively in an
individual E. coli's gene, we should take into account only the
mismatches remaining within the length of this gene. Therefore,
the final expression for this parameter will be 95 = Lyks/Lo.

To find the numerical value for 63, we performed the following
procedure consisting in running simultaneously models of the
SOS-network, TLS, and MMR with corresponding sets of para-
meters and initial conditions. First, using the SOS network model,
we have calculated the fluence-time dependence for PolV repre-
sented as the variable x;; (Fig. 6). The SOS network model was
computed using Eqgs. (1) and (A.1). The initial conditions and
kinetic parameters were set as described in Appendix A. Then,

Fig. 6. Three-dimensional plot showing the PolV level change with time and
depending on the UV energy fluence. N is the number of PolV molecules per one cell.

05 0

Fig. 7. Dependence of the mean number of the occurring mismatches a on time
and UV energy fluence.
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using the TLS model, we have estimated the function a(z,¥)
(Fig. 7). Here we used Egs. (3)—(7) of this model implemented in
the developed program code. The parameters for this calculation
are also presented in Appendix A. This code gives discrete values
for a(z, P) to reflect the specifics of nucleotide pasting by PolV Mut.
The first large peak of the function a(z, ¥) is caused by processing
the over-produced PolV Mut molecules at undamaged DNA sites;
other disturbances are caused by the process of thymine dimer
bypass (Belov et al., 2009). The energy fluence range for these
calculations was set as in Belov et al. (2009): 0.5<¥ <100 Jm2. To
compute all ODE systems presented in this paper, we have used
the fourth-order Runge-Kutta method.

After that, we have calculated the dependence of the remaining
mismatches y, on UV energy fluence and on time using the MMR
model (Fig. 8). Since we use the function a(z, ¥) as the input data,
we obtain the discrete values for y, as well. The MMR model was
initialized with the kinetic parameters estimated earlier from the
fitting procedure (Table B.1). The in vivo data on the normal
intracellular levels of all MMR proteins were used as the initial
conditions for calculating y,(z, ¥). The numerical values for Yy
(MutS;), Yoz (MutLy), Yos (MutH), Y9 (UvrD), Yo12 (3’ exonu-
cleases), Y15 (5’ exonucleases), Yo17 (Pollll), and Yq,1 (DNA ligase)
are estimated directly from experimental data and summarized in
Table B.1. As we assume an equal probability of each pathway
corresponding to different exonuclease activity, we set the normal
intracellular levels of 3’ and 5’ exonucleases as follows:

05 0

Fig. 8. Dependence of the remained mismatches y, on time and UV energy fluence
for strains with normal MMR functioning.

k

s,mut; mut -

Yo x 104

0 20 40 60 80 100
¥, Jm2

Fig. 9. Approximation of the obtained y,(z, ¥) dependence by linear functions with
the slope coefficients for the strains with normal repair functions (ks =4.1 x 107°)
and for the mut™ strains (ks mur = 1.05 x 10'5). The dotted lines represent y,(z, ¥)
values at the moment corresponding to maximal concentration of PolV. The solid
lines represent linear approximation.

Y012 = [Exol] + 0.5[ExoVII] + [ExoX], Yo15 = 0.5[ExoVII] + [Rec]]. The
initial level of mismatches was set as Yoo = a(0,¥) = 0.

At the next step, we have approximated the obtained y,(z, ¥)
dependence by a linear function with the slope coefficient k;. The
approximation was carried out at the time point corresponding to
the maximal concentrations of PolV (Fig. 9). Using the parameter
ks, we have obtained the numerical value of 65 (see Table C.1).

3.2.3. Parameters 3, mut, 03, umu for mut™ and umu~ bacterial strains

To calculate the parameter 65, n, for bacteria defective in the
MMR function, we have used the same procedure as for 83 except
for the different set of initial conditions for the MMR model. For
the strains defective in either mutS, mutL, or mutH gene, we have
set to zero the initial levels of the corresponding proteins: mutS-,
Yo1 =0; mutL™, Yo3 =0; mutH™, Yo5 =0. For all the mutants, we
obtained the identical value of the slope coefficient ks my and
then 63, mur (Table C.1).

We also estimated the parameter 63 ,m;,, for the umu~ strains
containing a mutation in the umu-genes of E. coli. This mutation
prevents the formation of PolV complex and, therefore, leads to
the absence of the mutagenic effect of SOS repair. Here we set to
zero the initial levels of either UmuD or UmuC protein in the SOS
network model: Xo4 = 0 or Xg5 = 0, respectively. In both cases, we
have obtained 65 ym, =0. For the umu~ mut™ bacterial strains
defective in both SOS and MMR systems, we also obtained

03, umu, mut = 0.

4. Calculation of UV-induced mutagenesis

Using our model we have performed calculations of the
mutation frequency in E. coli strains with different genotypes.
The mutagenic effect of UV radiation was modeled for the cells
with normal SOS and MMR functions and for mutants defective in
different MMR genes. In this study, we have estimated the
mutation frequency in the E. coli's lacZ gene encoding B-
galactosidase. The results of modeling were compared with
experimental data on the revertant frequency in two alleles at
lacZ codon 461, which reverts via CCC—CTC and CTT-CTC
transitions (Hongbo et al., 2000).

4.1. Mutagenesis in bacteria with the normal SOS
and MMR functions

First, we have simulated the UV-induced mutation frequency
for the strains with the normal functioning of the SOS and MMR
systems. The final mutation frequency was calculated by Eq. (8)
using the parameter #3. As we obtained a linear dependence of 65
on UV energy fluence (Fig. 9), we can extend the range of ¥ for
calculations with formula (8) and start calculations of the muta-
tion frequency at ¥ = 0 Jm™2. The parameter 6§, can be neglected in
this case. Therefore, we set it to zero. The coefficients ¢; and 6, are
the same for the normal and mutagenic strains (Table C.1). The
results of calculation for bacteria with the normal functioning of
the SOS system and MMR are presented in Fig. 10 and indicated as
mut*. The corresponding experimental data are also shown in this
plot (Hongbo et al., 2000).

4.2. Mutagenesis in bacteria defective in MMR functions

4.2.1. Calculations for mutS~ strains

To estimate the UV-induced mutation frequency for the mutS~
mutant strains, we have used the same ¢; and ¢, parameter values as
for cells with normal MMR. The parameter 0y, mues Was set according
to the spontaneous mutation rate demonstrated by the mutS~ strains
(Hongbo et al., 2000). Therefore, at ¥ =0 J/m?, the curve computed
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Fig. 10. Dependence of the mutation frequency on UV energy fluence calculated for
mut* (the solid line) and mutS™ (the dashed line) strains. The symbols represent
experimental data for mut* (e) and mutS™ (m) strains (Hongbo et al., 2000). The
experimental data with their standard errors of the means (x107%) for mut* and
mutS~, are, respectively, 0J/m?, 0, 4.0 + 0.4; 20 J/m?, 14.4+ 0.9, 5.7 + 0.2; 30 J/m?,
28.0+3.4,102+09; 45]/m? 55.0 + 1.0, 24.4 +4.2.
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Fig. 11. Mutation frequency in bacteria defective in the mutL and mutH functions at
the UV energy fluence of 30 J/m?2. The bars are experimental data (Hongbo et al.,
2000); the symbols are the calculated mutation frequency.

for these strains starts from a nonzero level. The parameter 65
was chosen as described in Section 3.2. In our calculations, we have
obtained on the average the 2.6-fold increase in the mutation
frequency in a mutS~ strain as compared with a mut* one (Fig. 10).
In other words, we have shown that MMR reduces the mutation rate
by 2.6 times. The results of calculations are in accordance with the
experimental data (Hongbo et al., 2000).

4.2.2. Mutagenesis in mut~ strains for a single value of
UV energy fluence

In this section, we present the results of calculations for mutL™
and mutH~ bacteria at a single UV energy fluence of 30 J/m? (Fig. 11).
The results obtained for these strains are about two times higher
than for mut* ones — just like in the experiment (Hongbo et al.,
2000). Taking into account the experimental standard errors of
means (SEM), we can conclude that the model adequately recon-
structs the observed mutagenic effect. Here we used the same 6, 65,
and 63, e parameter values as for mutS~ strains. The difference is
only in choosing the parameter 6y, which characterizes the sponta-
neous level of mutagenesis demonstrated by a strain. For mutL™ and
mutH™ bacteria, we used 68y, myu and 6y, muy chosen according to
the experimental data (Hongbo et al., 2000). Despite the equivalent
contribution of the SOS and MMR models to formula (8), we have
different levels of the mutation frequency for the mutS-, mutL™, and

mutH™ mutants due to different spontaneous mutagenesis defined
by the parameters 6o, muts, 6o, muer, and Oo, murn, respectively.

4.3. Mutagenesis in bacteria defective both in SOS
and MMR functions

As it is known, a defect in some of umuDC genes leads to the
inactivation of the SOS function because it prevents the normal
assembling of UmuD'>,C complex, which is the main component of
PolV Mut. In our model, we reconstructed the mutagenic effect
observed experimentally with the simultaneous defects in the
umuC and mut genes.

Setting the parameter 6y ymy, mue according to the average
spontaneous mutation frequency for the umu mut™ strains, we
have calculated the level of mutagenesis to be ~5.7 x 1078, which is
close to experimental data (Hongbo et al., 2000). In this case, the
SOS and MMR systems do not contribute to formula (8) because
03, umu, mur=0. Therefore, the level of mutagenesis is determined
only by the parameters 6y ymu, mue and ;.

5. Discussion

The model approach described here has attempted to show one
possible mechanistic explanation of the experimentally observed
reduction in UV-induced mutation rate which can be connected
with the action of MMR system. Our model meets the hypothesis
on the possible role of the MMR in radiation-induced SOS
mutagenesis. Choosing UV radiation as a mutagenic factor for this
study is explained by the necessity to indicate the links between
MMR and SOS response without any significant influence of other
repair systems such as single- and double-strand break repair and
base excision repair. Since most of the UV-induced thymine dimers
not removed by NER represent a substrate for SOS repair, it gives
an opportunity to identify the direct connections between the
biochemical mechanisms of these two systems.

The developed models provide a topological view of the MMR
and SOS networks attempted to clarify their biological relations.
Using our mathematical approach, we have analyzed all the chain
of events from the primary DNA lesion appearance to fixing this
lesion as a mutation. The model adequately describes the basic
processes of the SOS response and MMR. Mathematical descrip-
tion of these two systems is carried out in compliance with
concepts of modern system biology and with simulation methods
of studying complex genetic networks.

A special issue should be addressed: the possible feedback of
MMR to the SOS network. There are two major stages which could
be considered as its possible pathways. The first one is the
involvement of UvrD in MMR. As it is known, the synthesis of
this protein is regulated by the LexA repressor and, therefore, the
level of UvrD increases after UV irradiation. However, the amount
of UvrD helicase molecules necessary for successful MMR func-
tioning is not large (one molecule per one mismatch). Therefore,
the interactions of UvrD during MMR should not affect the SOS
network significantly. Strictly speaking, UvrD is not involved
directly in the SOS system. It is one of the major NER proteins
which precedes SOS induction. Another possible feedback
mechanism is the production of single-stranded DNA regions
created during MMR. There is no experimentally confirmed clear
evidence of the impact of these ssDNA sites on the SOS network
functioning. Taking into account the specific conformation of the
protein—-DNA complexes formed during MMR, we can suppose that
it has a protective effect that prevents the RecA protein binding to
single-stranded sites. Therefore, on the basis of these conclusions,
we do not suggest that there is any feedback for MMR within
our model.
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In this paper, we have shown how more or fewer functions
connected with the activity of the mut and umu genes affect the
mutation frequency, i.e. what influence the system's different
topologies have on the final cell response to irradiation. Here we
have provided a possible mechanistic explanation of how a
violation of the expression of these genes leads to an increase in
mutagenesis in bacterial cells. It is clear that this method can be
extrapolated to other SOS genes responsible for assembling the
PolV Mut complex. According to our model, violations in the umuD
or recA gene result in the same mutation frequency as in umucC-
defective strains.

Besides our previous studies, only a few papers are concerned
with simulating some quantitative characteristics of TLS
(Vaidyanathan and Cho, 2012; Malina et al., 2012). However, these
approaches do not provide a system view of the process as well as
do not focus on its probabilistic aspects and connections with
other repair systems. One of the main features of our models is a
clear representation of cause-and-effect relations between two
complicate repair networks and the TLS effectiveness. In addition
to the quantitative analysis of mutagenic effects, the developed
models provide a tool for the detailed analysis of the protein—
protein interaction dynamics of the SOS network and MMR
system.

In this paper, we focused mainly on the problem of induced
mutagenesis. Here we did not include a special mathematical
description of the effects that contribute to spontaneous mutagen-
esis. This is the main reason for using the classical formula for the
estimation of the final mutation frequency. The comprehensive
reconstruction of the whole mutation process based only on
mechanistic models requires the development of additional model
approaches for other repair systems. Therefore, we used a more
suitable approach based on modeling the biophysical processes
behind the parameters of the classical equation.

Taking into account the knowledge of the molecular mechan-
isms of other E. coli’s repair systems, we suggest that our model
could be applied for the estimation of mutagenesis induced not
only by UV radiation but also by ionizing radiations of different
quality. The latter relates mostly to the repair of charged particle-
induced clustered DNA lesions because it is supposed that these
lesions make up the main substrate for mutagenic SOS repair.
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Appendix A. Details of SOS network and TLS models

Equations of the SOS network model

The equations reflecting the dynamical change of SOS protein's
concentration are designed in our previous study (Belov et al,
2009):

A xa( +q)
dr 14 (x1/7;Na)™

dx; _ Xe(l +d)
dr 14 (X1 /raNa)™

—(eX1X3—X1,

+ q1X3—(gXoX2—X3,

Table A1
Parameters of SOS network and TLS models.

Parameter  Value Reference

a 0.0116 min™! Aksenov et al. (1997)
t1 0.17 min Aksenov et al. (1997)
To 40 min Aksenov et al. (1997)
0 0.7 min™" Aksenov et al. (1997)
L 900 nucleotides Aksenov et al. (1997)
e 7.7 x 10* M Belov et al. (2009)

54 0.0231 min™! Belov et al. (2009)

35 0.0347 min™! Belov et al. (2009)

56 0.0173 min™! Belov et al. (2009)

57 0.0154 min™" Belov et al. (2009)

58 0.0116 min™! Belov et al. (2009)

39 0.0107 min™! Belov et al. (2009)
810 0.0224 min™! Belov et al. (2009)
511 0.0116 min™! Belov et al. (2009)
512 0.0154 min™! Belov et al. (2009)

o1 11 x 10° M™'min™! Belov et al. (2009)

o2 7.7 x 10* M'min™! Belov et al. (2009)
by 3.7 x 10° M 'min~! Aksenov et al. (1997)
B3 1.9 x 10> M 'min~! Belov et al. (2009)

n 4.0 x 10* M™'min™" Belov et al. (2009)

u 5.8 x 10* M~ 'min™! Belov et al. (2009)

» 3.9 x 10* M 'min~! Belov et al. (2009)

a 6.2 x 105 M 'min™" Belov et al. (2009)

a, 4.6 x 10° M 'min™! Belov et al. (2009)

as 4.3 x 10° M 'min™! Belov et al. (2009)

b, 3.9 x10* M 'min! Belov et al. (2009)

" 20x107%M Aksenov et al. (1997)
72 20x10°M Aksenov et al. (1997)
4 55x107 M Aksenov et al. (1997)
7s 2.0x107°M Aksenov et al. (1997)
hy 2.6 Belov et al. (2009)

hy 2 Aksenov et al. (1997)
hy 2 Belov et al. (2009)

hs 2 Belov et al. (2009)
Xo1 22x10°°M Hegde et al. (1995)
Xo2 119x10° M Bianco and Kowalczykowski (1999)
Xoa 299 x 1077 M Sassanfar and Roberts (1990)
Xos 249 x 1078 M Goodman and Woodgate (2000)
Xo7 224x107" M Belov et al. (2009)
Xoto 154x 1077 M Belov et al. (2009)

16.8 nucleotides per min  Fujii and Fuchs (2004)

@
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dx

dr

a,
dr

dX6
dr
—dn
dX7
dr
ng
dr
ng
dr
dX]()
dr
dX]]
dr
dX]z
dr
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1+ (1 /raNa)™
—Q14X4X3—q15X5—(16XaXs —(17X4X6—(18X4X11— (19X 4
 XosGao(1 4 Go1"™)
1+ (xa/rsNaP

+ q11XeX10 + q12X6X7 + (13X6
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2
= (14X3X4 + (16X4X8 + q18X4X11—(26X5—(17X4X6
X6X10—(12X6X7—(13X6,

= Q15X5—G22X5X7—q12X6X7—q27X7,

= (hsxé—‘hexﬂs —{23X5X8—(28X3,

= (17X4X6 + (16X4X8 + 12X6X7—(24X5X9—(9X0,
= (22X5X7—q11X6X10—q30X10,
= (3X5X3—(18X4X11—(31X11,

= (24X5X9 + (18X4X11 + (11X6X10—(32X12-

(A1)
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The initial conditions for this model are the following:

x1(0)=%01, X2(0)=x02, x3(0)=0, x4(0)=x04, x5(0)=Xps,
X6(0) =0, x7(0) =Xo7, X3(0) =0, X9(0) =0, X10(0) = X010, X11(0) =0,
X]2(0)=0.

In Eq. (A1), X1, X2, X3, X4, X5, X, X7, X8, X9, X10, X11, and x;, are the
normalized intracellular concentrations of the LexA, RecA, RecAs,
UmuD, UmuC, UmuD’, UmuD;, UmuD), UmuDD’, UmuD,C,
UmuD5C, and UmuDD’C proteins, respectively; q; G=1,...,m) is
the normalized constant of the j-th protein-protein interaction.

Kinetic parameters of the SOS network model

(1) The parameters of Eq. (1): r=at, 3 =aty, g =353(¥)/a,
q, =25t1/To, q3 =v1/a, q4=v1Ty. Tp is replication duration
at the normal growth conditions, « is the rate constant of the
processes of the nonspecific loss of the lexA gene product; N,
is the Avogadro constant; [; is an average length of a single-
stranded DNA gap formed during the replication of sites
containing thymine photodimers, and t, is the replication
termination time. For §3(¥) the following expression takes
place (Belov et al., 2009):

53(P) =0.147 exp (m) min~".

(2) The parameters of Eq. (Al): x;=X;Ns4 (i=1,..,12), g5 =
Xo1/71, Gs = 83(¥)/(Xo1aNa), 7 =Xo1 /72, Gs = 2500 /(Toa®Np),
qo = (eXo4 + 84)/a, 10 =Xo1/74» 411 = 01/(@Na), g1 = 32/(aNa),
Giz=3d6/a, qua=p3/(@Na), qi5s=¢/(@Np), qig=9/(@Na),
q17 =#/ (@Na), 153 =b2/(aNa), G19 =8a/a, o9 = (@1 Xo7 + 85)/a,
G21 =Xo1/rs. Q2 =01/(@Np), Qo3 =02/(aNa), qz4 =0a3/(aNp),
Gas =085/a, Gy =n/(aNa), g7 =07/, Qg =0g/a, (a9 =259/,
G30 =610/ Q31 =011/, {33 =512/a. Here xo1 =Xo1/Xo1 =1,
Xo2 = Xo2/Xo1, Xo4 = Xo4/Xo1, Xo5s = Xos/Xo1, Xo7 = Xo7/Xo1, and
Xo10 = Xo10/Xo1 are constitutive concentrations of the LexA,
RecA, UmuD, UmuC, UmuD, and UmuD,C proteins, respec-
tively (Table A.1).

Parameters of the TLS model

The translesion synthesis model has the following parameter
values: Pg; = 2.1 x 107 (Belov et al., 2009), P, = 0.875, Ps = 0.078,
P-=0.02, and Pp =0.048 (Tang et al., 2000; Livneh, 2000). We
conclude that if we consider any of the two basic UV-induced DNA
lesions (either TT (6—4) photoproduct—20% or cys—syn cyclobutane
photodimer—80% (Wang, 1976; Cadet and Vigny, 1990)), then the
3’-end or 5’-end lesions are equally probable. Therefore, according
to Eq. (7), the probabilities of generating each of the four types of
lesions were found to be P;=P,=0.1, P3=P4,=04, and
P,y =0.12.

Appendix B. MMR model details

Equations of the MMR model

The dynamical change of MMR protein's concentrations is
described by the following system of ordinary differential equa-
tions:

dyo

= a(z, ¥)—-p1YoY1 + P2Ya,

dyr _

dz =Y01=-Y1(D3 + P1Yo) + P13Y10 + P2Y2,
dy,

e —PiYoni —=Y2(D2 + P4Y3) + PsYa,
% =Y03 + P13Y10—Y3(P3 + P4Y2) + PsYa.
d

% =D4Y2Y3-Ya(Ds + DsY7),

s

dr ~Yos Tt P13Y10—Y5(D3 + PeYs) + DP7Y7,
dys _

dr =Yo6 + P13¥10—Y6(D3 + P6¥5) + P7¥7,
d

% =PeY5Y6—Y7(D7 + PsYa)s

dys

d = P12Y10 + PgY4Y7—P11Y8Y9,
dys  P3Yoo(1+pg)

+Y10@12 + P13)—Yo(P3 + P11Ys)s

dr 14 (P1oX1)"

d

31,;0 =P11YsYo—Y10(P12 + P13),

dy _

dz =P13Y10—Y11(P14Y12 + P17Y15) + P1s5Y13 + PisYies
dy
T;Z =Yo12=Y12(P3 + P1a¥Y11) + Y13(P15 + P16)>
d

é}? =D14Y11Y12=Y13(015 + D16)

dy14 _

de = DP16Y13—P19Y16—P20Y14Y17 + P21Y1s>

dy
T;S =Yo15—Y15(P3 + P17Y11) + Y16(P18 + P19)s
dy

d;G =D17Y¥11Y15=Y16(P18 + P19
dyq7 _

de =Y017=Y17(03 + DP20Y14) + Y18(D21 + P22)s
dy

d;S =D20Y14¥17-Y18(021 + D22,
dy19 _

de DP22Y18—DP23Y19Y20 + P24Y215
dy

dio =Y020~Y20(P3 + P23Y¥19) + ¥21(D24 + P25),
dy

di] =P23Y19Y20~Y21(P24 + P25).
d

ij =Pa5Y21- (B.1)

The initial conditions for this system are the following:

Y0(0)=0, ¥1(0)=Y¥o1, ¥2(0)=0, y3(0) =03, ¥4(0)=0, y5(0)=
Yos» ¥6(0) =Yg, ¥7(0) = 0, y3(0) = 0, ¥9(0) = Y9, ¥10(0) = 0, y11(0) =
0, ¥120)=Yo12, ¥13(0)=0, y14(0)=0, y15(0)=Yo15, ¥16(0)=0,
Y170)=Yn7, ¥18(0)=0, y19(0)=0, y50(0)=Yg20, ¥21(0)=0,
¥22(0)=0.

In Eq. (B.1) y, is the normalized intracellular level of the
mismatches (Mism). a(z, ¥) is the function describing the increase
of mismatches produced by the PolV Mut complex. y; is the
concentration of the MutS dimer, which recognizes a mismatch
and binds to it reversibly forming an intermediate MismMutS,
complex (y,). y3 represents the normalized concentration of the
MutL dimer, which joins the MismMutS, complex and forms the
next intermediate MismMutS,L, (y4). y5 is the concentration of
the MutH protein interacting with the methylated GATCm
sequence (yg) with the production of the GATCmMutH complex
(y7)- yg represents the level of nicked DNA after the interaction of
MismMutS,L, complexes with GATCmMutH. The molecules of the
MutS,, MutL,, and MutH proteins remain joined to the nicked DNA
strand. The following strand unwinding by the UvrD-helicase (yq)
can be represented as a typical enzymatic reaction with the
intermediate complex y;, and resulting detachment of MutS,,
MutL,, MutH, and UvrD. Since the synthesis of the UvrD helicase is
SOS-dependent, we introduced the normalized concentration of
the LexA protein (x;) into the equation for yq. The kinetics of LexA
is calculated using the model of SOS network (Eq. A.1). The action
of UvrD leads to the formation of an unwound DNA sequence y;,
which will be processed by two pathways with different exonu-
cleases demonstrating 3’ or 5’ polarity. Here we assign the
variables y;, and y;5 to the levels of 3’ (Exol, ExoVI], ExoX) and
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Table B.1
Parameters of MMR model.

Parameter Value Reference

Ky 5.2 x 10’ M~ min™! This paper

ka 0.195 min™! This paper

ks 0.0116 min™! Aksenov et al. (1997)

kq 1.3 x 10> M min™! This paper

ks 0.118 min™" This paper

ke 1.4 x 108 M min™! This paper

k; 0.088 min~! This paper

ks 7.0 x 10’ M~ min™! This paper

Ky 3.3 x 10 min™! This paper

k12 0.045 min™! This paper

ki3 0.22 1 min~! This paper

kia 33 x 10" min™! This paper

kis 1.4 x 107 min™' This paper

kis 0.124 min™! This paper

kq7 6.7 x 10* M~ min™! This paper

kig 0.151 min™’ This paper

k1o 0.255 min™! This paper

kao 3.9x 10’ M~ min™ This paper

ka1 0.052 min™! This paper

kao 0.092 min™! This paper

ka3 1.8 x 10° M min™! Belov (2011)

kaa 0.067 min™! Belov (2011)

kos 0.02 I min™! Belov (2011)

79 14x1077 M Belov et al. (2009), Viswanathan and Lovett (1999)
hg 2 Aksenov et al. (1997)

Yoi 31x107M Feng et al. (1996)

Yoz 19x107’M Feng et al. (1996)

Yos 22x107"M Feng et al. (1996)

Yoo 50x 10°M Petit et al. (1998)

Yo12 89x10° M Cooper et al. (1993), Viswanathan and Lovett (1999)
Yois 63x10°M Cooper et al. (1993), Haggerty and Lovett (1997)
Yo17 50x 108 M McHenry and Kornberg (1977)
Yoo 50x 107" M Friedberg et al. (1995)

Table C.1
Parameters of UV mutagenesis model.

Parameter Value Reference

00, muts 4 Hongbo et al. (2000)
00, mutL 34 Hongbo et al. (2000)
00, muth 41 Hongbo et al. (2000)
0o, wnu, mur 2.7 Hongbo et al. (2000)
01 107° Drake (1969)

0, 3.31 x1072 Keseler et al. (2011), Aksenov et al. (1997)
03 2.72x107° This paper

03, mut 6.95 x 107° This paper

ks 41x10° This paper

Ks. mut 1.05 x 107° This paper

mo 50 Aksenov et al. (1997)
Lo 4,639,675 base pairs Keseler et al. (2011)
Ly 3075 Keseler et al. (2011)

5" (ExoVI], Rec]) exonucleases. y;;3 and y,s are the intermediate
complexes formed by 3’ and 5' exonucleases respectively. y;,
represents the amount of single-stranded DNA remained after
excision. ¥, is the normalized concentration of Pollll. y,5 describes
the level of the intermediate complex representing Pollll mole-
cules bound to a single-strand gap. y;q is the level of the newly
synthesized DNA sequence before ligation. The last MMR stage is
characterized in the model by a reaction describing the ligation of
a new sequence by a DNA ligase (y,o), where y,; is the inter-
mediate complex and y,, is repaired DNA.

In our model yo1, Y03, Yos: Yos: Yos» Yo12+ Yo1s» Yor7, and Yoy are
the time-independent parameters representing the normalized
initial levels of MutS,, MutL,, MutH, GATCm, UvrD, 3’ and 5’
exonucleases, Pollll, and DNA ligase, respectively. The initial

concentrations of all intermediate complexes are assumed to be
zero at the beginning of repair. The variables of the model are
normalized per initial level of the MutS protein: y;=Y;i/Yo1,
Yoi = Yoi/Yo1. The values of the parameters Y,; are presented in
Table B.1.

Kinetic parameters of the MMR model

The dimensionless parameters of Eq. (B.1) are 7 =kyt, p; =k
Yo1/k2, P2 =ka/ka =1, p3 =Kk3/ka, pa=kaYo1/k2, ps =ks/ka, Pg =
keYo1/k2, p7=k7/kz2, pg=ksYo1/ka, Pg=Xo1/re, P1o=1/(raNa),
P11 =ki1Yo1/ka, P12 =ki2/ka, P13 =Ki3/ka, P1a=kiaYo1/ka, P15 =
kis/ka, pPig=kis/ka, P17 =ki7Yo1/ka, D1g=kig/k2, P1g=Kig/ka,
P20 =kaoYo1/ka,  Da1 =kai/ka, Py =kaa/ka,  Paz =kasYor1/ka,
Dasa =kaa/ka, pas =kas/ky. Here t is the dimensional time; k; is
the rate constant of the reverse reaction between MutS, and a
mismatch; Yq; is the basal level of the MutS, protein in the cell in
the absence of MMR-inducing lesions; and yg is the dissociation
rate constant of the LexA monomer from the uvrD gene operator.

The kinetic rates estimated by the fitting procedure are
presented in Table B.1. Dissociation rate constant yg is assumed
to be equal to the average value of the LexA dissociation rate from
the SOS-box (Belov et al., 2009; Mohana-Borges et al., 2000). The
value of the Hill coefficient hg is defined from the data on the
binding cooperativity of the LexA repressor and uvrD regulatory
region. As there is the only region of LexA binding to the uvrD
operator (Smith and Walker, 1998), hg equals to 2 according to
Aksenov et al. (1997). The value of the parameter ks, was set equal
to « in the model of SOS network.

Appendix C. Parameters of UV mutagenesis model

See Table C.1.
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