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DNA is constantly damaged through endogenous processes
and by exogenous agents, such as ionizing radiation. Base ex-
cision repair (BER) and nucleotide excision repair (NER) help
maintain the stability of the genome by removing many dif-
ferent types of DNA damage. We present a Monte Carlo ex-
cision repair (MCER) model that simulates key steps in the
short-patch and long-patch BER pathways and the NER path-
way. The repair of both single and clustered damages, except
double-strand breaks (DSBs), issimulated in the M CER mod-
el. Output from the maodel includes estimates of the probabil-
ity that a cluster isrepaired correctly, the fraction of the clus-
ters converted into DSBsthrough the action of excision repair
enzymes, the fraction of the clustersrepaired with mutations,
and the expected number of repair cycles needed to complete-
ly remove a clustered damage site. The quantitative implica-
tions of alternative hypothesesregarding the postulated repair
mechanisms are investigated through a series of parameter
sensitivity studies. These sensitivity studies are also used to
help define the putative repair characteristics of clustered
damage sites other than DSBS.  © 2005 by Radiation Research Society

INTRODUCTION

Exposure to ionizing radiation produces many different
types of DNA damage, including damaged bases and strand
breaks (1). Although similar types of DNA lesions are pro-
duced by endogenous processes and various physical and
chemical agents (2), the relative yield and spatial arrange-
ment of damaged nucleotides can be quite different. Groups
of several damaged nucleotides within one or two helical
turns of the DNA, often referred to as multiply damaged
sites (1) or clustered damages (3), are known to be a hall-
mark of ionizing radiation. Theoretical considerations sug-
gest that, in addition to isolated lesions, low-LET radiation
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can create clusters with as many as 10 lesions (4). High-
LET radiation is capable of producing damage of even
greater complexity, i.e. up to 25 lesions per cluster (4).
Endogenous processes mainly produce isolated lesions, al-
though clustered damage sites may be formed in cells that
are deficient in DNA repair (5).

One form of radiation-induced clustered damage that is
readily observed experimentally is the double-strand break
(DSB). The production of other, non-DSB types of clus-
tered damage has been documented for radiation of differ-
ent quality in a variety of biological systems (6-13). These
studies show that DSBs comprise only 20—30% of the total
yield of clustered damage sites (8-12). Although DSBs are
widely viewed as the most critical form of DNA damage
produced by ionizing radiation, other types of clustered
damage have long been hypothesized to make a substantial
contribution to radiation-induced cell killing and mutagen-
esis (14, 15). The underlying hypothesis is that clustered
damage is hard to repair because repair enzymes may not
always have an intact template to guide the replacement of
damaged nucleotides (1). Studies with wild-type and repair-
deficient bacteria provide direct support for the hypothesis
that some types of clustered damage have greater mutagen-
ic potential than isolated DNA lesions (16, 17). Experi-
ments also show that the repair of clustered damages can
result in the formation of potentialy lethal DSBs (18, 19).

Many different types of oxidative DNA damage, ranging
from modified bases to AP (apurinic/apyrimidinic) sites to
strand breaks, are repaired by base excision repair (BER).
Two modes of the BER process have been observed in both
prokaryotes (20) and eukaryotes (21-23). The excision and
replacement of a single nucleotide, termed short-patch base
excision repair (SP BER), occurs in most cases (24). The
other mode, long-patch base excision repair (LP BER), re-
sults in the removal of fragments 2-13 nucleotides long
(25).

Nucleotide excision repair (NER) is an enzymatically
distinct DNA repair pathway. In eukaryotes, oligonucleo-
tide fragments approximately 24-32 nucleotides in length
are replaced during the NER process (26, 27). NER is the
major pathway for the repair of bulky, helix-distorting le-
sions usually associated with UV light-induced damage.
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However, oxidative DNA lesions that are normally consid-
ered substrates for BER can & so be recognized and repaired
by bacterial (28, 29), yeast (30, 31) and human (32, 33)
NER pathways. NER is also the primary pathway for the
removal of reactive oxygen species-induced cyclopurines
in mammalian cells (34, 35).

Although the proteins responsible for BER and NER ac-
tivities differ, both repair processes are accomplished
through a similar series of steps that include (1) excision
of a damaged base (BER pathway) or damage recognition
(NER pathway), (2) incision of the DNA sugar-phosphate
backbone and removal of the damaged DNA fragment, (3)
gap-filling synthesis by a DNA polymerase, and (4) sealing
of the gap by a DNA ligase. Both BER (25) and NER (26)
are highly conserved repair pathways among all eukaryotes,
i.e. from yeast to humans. Significant homologies have also
been demonstrated among bacterial and human proteins
that participate in BER (36). The highly conserved nature
of the excision repair pathways suggests that many obser-
vations in prokaryotes and lower eukaryotes can, in the
absence of other information, be reasonably used to make
inferences about processes that occur in humans.

Sokhansan] et al. (37) have developed a mathematical
model to predict the kinetics of BER. However, their model
does not provide any information about the outcome from
excision repair as a function of cluster complexity. We pro-
pose for the first time a Monte Carlo excision repair

(MCER) model that simulates key steps in the excision re-
pair of all classes of single lesions and clustered lesions
other than DSBS, regardless of whether the initial damage
is caused by endogenous processes, ionizing radiation or
some other physical or chemical agent. The MCER model
includes mechanistic details specific to both the short- and
long-patch BER pathways as well asthe NER pathway. The
model alows for pathway interactions by means of prob-
ability distributions that specify the relative contribution
each pathway makes to the overall repair of DNA damage
by excision repair mechanisms. In this article, we describe
the MCER model and investigate the properties of the mod-
el for the case of DNA damage induced by ionizing radi-
ation. The companion article (38) compares model predic-
tions to published data for the conversion of clustered dam-
ages into DSBs through enzymatic processes and for the
production of point mutations in the human HPRT (hypo-
xanthine guanine phosphoribosyl transferase) gene.

MCER MODEL

A flowchart summarizing the MCER computer code is
shown in Fig. 1. A step-by-step description of key aspects
of the model is provided below.

Sep 1. Create Damaged Segment

Damage to a cell’'s entire DNA or any portion of the
genome (chromosome, gene, etc.) can be processed by the
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MCER model. Input information for the MCER code in-
cludes (1) an undamaged nucleotide sequence for one DNA
strand (the sequence on the other strand can be determined
using base complementarity rules) and (2) the configuration
of damaged nucleotides on both strands. All studies re-
ported in this article are based on damage configurations
generated using the Monte Carlo damage simulation
(MCDS) agorithm (4). The MCDS algorithm is capable of
generating distributions of base damages and strand breaks
for selected types of low-LET (4.5 keV electrons) and high-
LET (0.3-4 MeV protons and 2-10 MeV « particles) ra
diation. Because the MCDS algorithm does not provide any
information on the yield of radiation-induced AP sites, this
type of damage is not considered in the reported studies.
However, the MCER model is designed to process damaged
bases, AP sites and strand breaks separately so that all three
types of damage can be handled when models to predict
the yield and the distribution of radiation-induced AP sites
become available.

Human DNA consists of approximately 60% A-T pairs
and 40% G-C pairs (39), and al of the results reported in
this article are based on random nucleotide sequences with
this same proportion of A-T and G-C base pairs. However,
simulations can aso be performed for specific nucleotide
seguences [e.g., see the companion article (38)].

Sep 2: Select Damage Cluster

For low-LET radiation, the MCDS algorithm produces
approximately 2,300 damage sites Gy—* cell~* [see Table 3
in ref. (38)]. For amammalian cell that contains 6,000 Mbp
of DNA, the average distance between adjacent damage
sites after 1 Gy of low-LET radiation will be about 2.6
Mbp. This observation suggests that the chance two dam-
age sites will be created close to each other is very small.
Even for high-LET radiation, spatialy correlated damage
clusters formed through intratrack mechanisms are expect-
ed to be separated by at least 85 to 200 bp (40, 41).

For doses of ionizing radiation less than about 10 to 100
Gy, the average distance between individual or clustered
damages is very large compared to the sections of DNA
involved in the excision repair process (e.g., patch sizes are
typicaly less than 30 bp; see the discussion in step 6).
Considerations such as these suggest that the outcome from
the repair of one damage cluster (or single damage) is in-
dependent of the outcome from the repair of other clustered
damages even if the repair of multiple clusters occurs at
the same time. Consequently, the selection of a damage site
to repair can be simulated in a computationally convenient
order without regard for its location within the DNA. To
select a damage cluster to repair, the MCER algorithm
scans along the DNA segment until a single damage or a
clustered damage site is encountered. The details of the
algorithm to select a damage site are described elsewhere

(4).

Sep 3: Prompt DBs

In contrast to DSBs that are formed as a result of DNA
repair processes (enzymatic DSBs), DSBs that are formed
directly by radiation are referred to as prompt DSBs. If two
strand breaks occur on opposite strands of the DNA within
distance Ny, (in units of bp), the MCER model records a
prompt DSB. Experiments (42) suggest that N, is of the
order of 8 or 9 bp. The value of 10 bp has been used in
many modeling studies (40, 43-45) that demonstrated good
agreement with measured data. Conseguently, we have also
adopted 10 bp as a default estimate for N, Because DSBs
cannot be rejoined by the BER or NER pathways, no fur-
ther analysis of the DSB is performed within the MCER
algorithm. Instead, the MCER model proceeds to the next
section of damaged DNA segment (step 2). If the damage
cluster is not categorized as a prompt DSB, the excision
repair process is initiated (step 4).

Sep 4: Select Lesion within the Cluster

The excision repair process starts by selecting a lesion
to target for removal (this step is trivial for isolated dam-
ages). The lesion selection process is accomplished in two
stages. First, one of the two DNA strands is selected. Then
a lesion is selected from that strand. The strand selection
process is governed by the probability P,. If P, = 0.5, both
strands have an equal chance to be selected. By increasing
or decreasing the value of P,, lesions can be removed pref-
erentially from strand one (P, > 0.5) or two (P, < 0.5). In
the limit as P, approaches zero or one, al lesions in the
preferred strand will be removed before lesions in the op-
posing strand are repaired. Such a strand selection proce-
dure can be used to simulate preferential repair of lesions
in the transcribed DNA strand, which has been reported for
both the NER (46) and BER (47) pathways. For clusters
with more than one damaged nucleotide in the selected
strand, the lesion targeted for repair is selected at random.
Lesions in the opposing strand are excluded from this se-
lection process.

Sep 5: Select Repair Pathway

After a damaged nucleotide is targeted for removal, the
pathway responsible for removing the lesion is determined.
Collectively, steps 4 and 5 represent recognition of the le-
sion by pathway- and damage-specific repair enzymes.
Within the MCER model, short- and long-patch BER are
considered distinct pathways because the size of the repair
patch has a significant impact on model predictions (see the
Results). The relative contribution of each repair pathway
to the overall process of removing clustered damages, a
form of pathway interaction, is determined by specifying
three probabilities: Pg,, P, and P, These branching ra-
tios sum to unity.

The BER mechanism can repair the three types of lesions
considered in thiswork (base damages, AP sites and strand
breaks). Although mammalian NER has been reported to
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repair many different types of DNA damage, including
damaged bases and AP sites (see the Introduction), there is
no evidence known to the authors that NER can repair
strand breaks that were not themselves generated during
NER. Therefore, in the MCER simulations, if the lesion
targeted for repair is a base damage or an AP site, the repair
pathway is chosen by directly sampling the distribution de-
scribed by the probabilities Py, P, » and Py. If the lesion
targeted for repair is a strand break, the repair pathway is
selected from the rescaled distribution:

P
P/ — SP .
& PSP + PLP’
P
Plp=— 1"
- PSP + PLP

In modeling repair pathway interactions, three specia
cases are of particular interest: (1) al lesions are removed
by SPBER (Py. = 1, P, = 0, Pyer = 0), (2) al lesions
are removed by LP BER (Py» = 0, P, = 1, Pyer = 0),
and (3) all base damages and AP sites are removed by NER
(P> = 0, P, = 0, Pyer = 1) and all strand breaks are
removed by LP BER (P4 = O and P/, = 1). The combined
NER/LP BER repair scenario (no. 3 above) is postulated
because of the lack of experimental evidence that NER can
repair strand breaks and thus either the SP BER or LP BER
pathway must be involved in the repair of any cluster that
includes a strand break.

Sep 6: Select Repair Patch

SP BER is characterized by the replacement of a single
(damaged) nucleotide. For LP BER and NER, which in-
volve the removal of more than one nucleotide, simulation
of damage excision and DNA resynthesis is repeated for
each nucleotide in the repair patch. Nucleotides in the patch
are excised and resynthesized sequentially in the direction
from the 5" end to the 3’ end of the DNA strand (the lo-
cation of the 3’ and 5" ends for both DNA strands was
chosen arbitrarily and is fixed within the MCER code).

In LP BER, the repair patch begins at the location of the
damaged nucleotide and is elongated toward the 3" end of
the DNA strand on which the lesion is located. Although
repair patches up to 10 nucleotides long have been ob-
served during LP BER reconstituted using human proteins
(48), the replacement of just two nucleotides is the predom-
inant mode (49). Patches 2—4 nucleotides long are detected
about 70% of time (48). To account for the observed trends,
a normalized probability distribution was constructed such
that patches 2 and 10 nucleotides in length are the most
and least likely to occur, respectively. The probabilities that
patches of intermediate size occur were assigned so that
they decrease monotonically from 3 to 9 nucleotides, sub-
ject to the constraints: (1) The sum of the probabilities for
patches 2—4 nucleotides in length equals 0.7 and (2) the
sum of the probabilities for patches 5-10 nucleotides in
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FIG. 2. Patch-size distributions used in the MCER model. Panel A:
LP BER (average patch size is 3.7 nucleotides). Panel B: NER (average
patch size is 28 nucleotides).

length equals 0.3. The resulting distribution is shown in
Fig. 2A. The MCER agorithm samples this distribution to
obtain the size of the fragment replaced by the LP BER
pathway.

During eukaryotic NER, incision of the DNA backbone
usually occurs between the 2nd through the 10th phospho-
diester bond 3’ to the damage site and between the 16th
through the 26th phosphodiester bond 5’ to the damage site
(26, 27). In the NER simulations, two incision points on
either side of the damaged nucleotide are selected, and the
oligonucleotide fragment between the two incision points
is removed and resynthesized. The incision points are de-
termined by randomly sampling positions 3—7 nucleotides
on the 3’ side of the lesion and 20—24 nucleotides on the
5’ side of the lesion. The resulting patch-size distribution
is shown in Fig. 2B. This distribution is consistent with the
reports that 24—32-nucleotide fragments are excised in eu-
karyotes with the most frequent patches 27—29 nucleotides
long (26).
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Sep 7: Lesion Type

To simplify the model, we assume that the repair process
cannot be interrupted or compromised prior to the incision
of the DNA backbone. Simulation of the following stepsin
the excision repair mechanism is performed explicitly and
depends on the type of lesion processed. If the lesion tar-
geted for removal is a strand break, the DNA incision step
is not required. Therefore, inhibition of DNA incision (step
8) cannot occur and an enzymatic DSB cannot be formed
by incision of that strand (step 9). If a strand break has
been targeted for removal, the next step in the repair pro-
cess is the simulation of DNA resynthesis (step 10). If the
lesion targeted for removal is a damaged base or an AP
site, all three simulation steps (steps 8-10) are performed.

Sep 8: Inhibition of DNA Incision

Several research groups studied BER of two closely
spaced lesions on the same or opposing DNA strands [see
refs. (50) and (51) for reviews]. These studies show that
the excision of a damaged base followed by the incision of
the DNA strand may be inhibited by the presence of ad-
ditional damage on the opposite strand. A pronounced in-
hibitory effect is observed if the opposed lesion is a strand
break or an AP site, but not a damaged base (52-55). Be-
cause AP endonucleases rapidly convert AP sites to strand
breaks in XRS5 nuclear extracts, David-Cordonnier et al.
(54) concluded that the lesion causing the observed inhib-
itory effect is a strand break. This phenomenon is simulated
in the MCER model by specifying an inhibition distance,
N, (bp). That is, repair of a base damage or an AP siteis
inhibited when a strand break is detected on the opposite
strand within N.,... If inhibition occurs, the simulation re-
turns to step 4 and selects another lesion to remove from
the cluster.

Blaisdell et al. (56) report that the BER processing of a
damaged base (8-0x0G) is inhibited if a strand break is
present on the opposite DNA strand within 3 bp. If the
strand break is 3 bp or more away, a DSB may be formed.
Based on this information, a default value of N,,, = 3 bp
is used in the MCER model. No reports of the inhibitory
effect are known to the authors for NER, and thus N,,,, =
0 is always used for the NER pathway.

Sep 9: Enzymatic DSBs

For some damage configurations, an unrepaired strand
break may be present opposite a damaged base or an AP
site that has been targeted for removal. If, during the re-
moval of these two types of lesions, the DNA backbone is
incised to form a gap close to an existing strand break in
the opposing strand, an enzymatic DSB will be formed. An
enzymatic DSB will be formed only when the newly cre-
ated strand break is located farther away than N, base pairs
from the break in the opposing strand. The same parameter
Ngg, that was used to classify clustered damages as prompt
DSBs is used to designate the maximum separation be-

tween the enzymatic cut and the strand break such that a
DSB is formed. If a DSB is formed through this mecha
nism, the event is recorded as an *‘enzymatic DSB” and
repair of the cluster is aborted because the BER and NER
pathways do not process DSBs. Otherwise, the repair sim-
ulation proceeds to the DNA synthesis step (step 10).

Because the MCER agorithm includes a prompt DSB
detection procedure (step 2), strand breaks targeted for re-
moval by excision repair cannot result in the formation of
an enzymatic DSB. That is, if a strand break is present in
the opposite strand within distance N, the MCER model
classifies the cluster as a prompt DSB and excision repair
is not possible. Thus, for the repair of strand breaks, two
mutually exclusive outcomes are possible: correct repair
(no base substitutions) and repair with at least one base
substitution (mutation). The excision repair of base dam-
ages and AP sites may result in one of three mutualy ex-
clusive events: correct repair, repair with a mutation, or
formation of an enzymatic DSB.

Sep 10: Base Substitution

The MCER model assumes that base substitutions may
be created during the gap-filling synthesis step of the ex-
cision repair process. The model does not explicitly account
for the formation of insertion- or deletion-type mutations.
Details such as these can be easily incorporated into the
Monte Carlo repair scheme in the future, although addi-
tional parameters would need to be introduced into the
modeling process.

The MCER model alows for the possibility that DNA
polymerases insert a non-complementary nucleotide oppo-
site an undamaged template due to their intrinsic tendency
to err. The polymerase error rates are usualy very small
and may vary by severa orders of magnitude (10-“-10-7
per incorporated deoxynuclectide) depending on the prop-
erties of the polymerase (57). The identity of DNA poly-
merases that perform gap-filling synthesis in mammalian
excision repair is well known. Polymerase B is the mgor
player in the SP BER pathway (58, 59). Polymerases § and/
or & synthesize repair patches in both LP BER (59, 60) and
NER (61). Error rates of the order of 10~ have been re-
ported for one-nucleotide gap filling by polymerase B (62,
63) with one suggestion of alower error rate (~10-5) (64).
Polymerase 3 lacks the 3" — 5’ exonuclease activity that
can correct mistakes and enhance polymerase fidelity (57).
The fidelity of polymerases  and ¢ during replicative syn-
thesis is considerably higher (65) because these polymer-
ases possess 3' - 5’ exonuclease activity. Exonucleolytic
proofreading contributes about two orders of magnitude to
fidelity (57). We have adopted the following characteristic
polymerase error rates. 10~ for polymerase B and 10-¢ for
polymerases d/e. Within the MCER model, the pathway-
specific probabilities that a base substitution occurs oppo-
site an undamaged nucleotide are thus ng. = 10~ and m,
= Muer = 1076 per synthesized nucleotide.
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TABLE 1
Input Parameters for the MCER Model
Parameter Description Default value
Nae Maximum distance between two strand breaks to form a DSB 10 bp
N Distance over which the inhibitory effect takes place 3 bp
P, Probability of choosing a lesion from the first DNA strand 0.5
Nep Polymerase error rate for SP BER (polymerase ) 10+
MNep Polymerase error rate for LP BER (polymerases d/¢) 10
MNEr Polymerase error rate for NER (polymerases 8/¢) 10¢
Ppg Probability of incorrect nucleotide insertion opposite a base damage 0.75
©g Probability of incorrect nucleotide insertion opposite an AP site 0.75

Note. The value of the parameter ¢, does not affect the results reported in this work because AP sites are absent
from the input data stream provided by the MCDS agorithm.

When the template for DNA synthesis contains a dam-
aged base or an AP site, the chance an incorrect base will
be inserted will most likely be higher than the baseline error
rates (10-“-10-9) expected when the template is undam-
aged. In the MCER model, DNA polymerases cannot en-
counter a strand break, because this type of clustered dam-
age must be a DSB and excision repair of such a cluster is
aborted. To simulate DNA synthesis when the template is
damaged, the MCER model by default assumes a scenario
in which a damaged base or an AP site directly opposite
the repaired nucleotide is completely non-instructional for
all DNA polymerases that perform DNA synthesis during
excision repair. Therefore, one of the four nucleotides (A,
T, G or C) isinserted opposite AP sites and damaged bases
at random. This random insertion process is simulated by
setting parameters g, and ¢y, that describe the probability
of nucleotide misinsertion to 0.75. The subscripts Bd and
Bl denote base damages and sites of base loss (AP sites),
respectively.

For both modes of creating a base substitution, the iden-
tity of the misinserted nucleotide is determined by random
sampling from the pool of three incorrect nucleotides. The
total number, location and type of base substitutions are
determined by comparing the base sequence before and af-
ter repair. If at least one base substitution is created during
the repair process, the cluster is classified as ** repaired with
mutation.” Otherwise, the cluster is classified as ‘‘ correctly
repaired.”

Step 11: Patch Complete

The excision and DNA synthesis steps are performed for
each nucleotide in the repair patch. The MCER agorithm
tests for the creation of an enzymatic DSB or a base sub-
stitution after the removal of each nucleotide. When the
replacement of al nucleotides within the repair patch is
completed, the repair simulation returns to step 4 and se-
lects the next damaged nucleotide to target for repair. We
assume that the DNA ligation step in BER and NER is
error-free and can thus be neglected.

Within the MCER model, the lesions that form a cluster
are processed sequentialy; i.e., the replacement of al nu-
cleotides within the repair patch must be completed before

the repair of any other lesion within the cluster is initiated.
Others (50, 66) have aso hypothesized that the repair of
clustered damage sites involves the sequential processing
of individua damages. The sequentia repair of lesions
within a cluster leads to the concept of repair cycles. A
repair cycle begins with the selection of a lesion to repair
(step 4) and ends with either the formation of an enzymatic
DSB (step 9) or the replacement of al nucleotides within
the repair patch (step 11). We hypothesize that, if damage
recognition is the key rate-limiting step in BER and NER
and if al repair proteins disassociate from the DNA after
completing the repair patch, the relative time to complete
the repair of a clustered damage site will increase in direct
proportion to the number of repair cycles. This hypothesis
implies that the time required to completely remove a clus-
ter will tend to increase as cluster complexity (number of
damaged nucleotides per cluster) increases.

Sep 12: Terminate Simulation

Program execution terminates when al damage in the
DNA segment has been processed. Clustered damages that
were not classified as prompt DSBs are sorted into three
categories according to the excision repair outcome: (1)
correctly repaired clusters, (2) clusters repaired with mu-
tations, and (3) clusters converted into DSBs. The yield of
each class of damage is tabulated as a function of the num-
ber of lesions per cluster. The number of repair cycles re-
quired to remove each class of damage is aso tabulated.

RESULTS

To gain insight into the properties of the model, the re-
sults of a series of parameter sensitivity studies are pre-
sented. Except where explicitly stated otherwise, the default
parameter values summarized in Table 1 are used in the
simulations. Results that list low-LET radiation and high-
LET radiation as a source of DNA damage have been ob-
tained using the MCDS algorithm for 4.5 keV electrons and
2 MeV « particles, respectively. The characteristics of clus-
tered damages formed by these two types of radiation (e.g.,
cluster length and the number of damaged nucleotides per
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cluster) have been estimated using the MCDS agorithm
and published elsewhere (4).

Effects of LET and Cluster Complexity

Figure 3 shows the probability of three mutualy exclu-
sive repair outcomes, i.e. correct repair, repair with a mu-
tation, and repair resulting in a DSB, as a function of the
number of lesions per cluster. As expected, the results
shown in Fig. 3A indicate that the probability of error-free
repair decreases rapidly as cluster complexity increases.
The probability an enzymatic DSB is formed (Fig. 3C) in-
creases as cluster complexity increases. For the SP BER
pathway, the probability a mutation is formed (Fig. 3B)
increases dlightly for clusters composed of 2 to 8 damaged
nucleotides and then remains approximately constant up to
15 lesions per cluster. For the NER/LP BER simulations,
the probability a mutation is formed increases until the
number of lesions per cluster reaches 5 or 6 and then begins
to decrease. For clusters composed of many lesions, enzy-
matic DSB formation competes with the creation of muta-
tions. Because DNA incision occurs earlier in the excision
repair process than DNA synthesis, the formation of an
enzymatic DSB occurs before and thus takes precedence
over mutations. Consequently, the DSB formation proba-
bility continues to increase with increasing cluster com-
plexity while the probability of creating a mutation reaches
a maximum and then begins to decrease.

The model predicts that clusters containing the same
number of lesions have similar repair characteristics, re-
gardless of whether the initial damage was induced by low-
LET radiation or high-LET radiation. However, the spectra
of clustered damages formed by 4.5 keV electrons and 2
MeV « particles are quite different [refer to Fig. 7 in ref.
(4)]. Compared to electrons, a particles tend to create clus-
ters of greater complexity. Spectrum-averaged repair prob-
abilities can be obtained by multiplying the probability that
a specific repair outcome occurs for each type of cluster by
the yield of that cluster and then summing over al classes
of damage. The spectrum-averaged probabilities of the
three repair outcomes for low- and high-LET radiation are
shown in Table 2. These data clearly indicate the differ-
ences between low-LET and high-LET radiation. The mod-
el predicts that the overall probability of correct repair de-
creases substantially as particle LET increases, as expected.
Regardless of the repair scenario, the spectrum-averaged
probabilities of the two del eterious outcomes (i.e. mutations
and enzymatic DSBs) increase as particle LET increases.

For all three repair outcomes, the predicted outcome
from the SP BER pathway is aways more favorable to a
cell than the outcomes from the combined NER/LP BER
scenario. That is, for all classes of damage, the MCER
model predicts that the probability of correct repair is high-
er and the probability of mutation induction or DSB for-
mation is lower for SP BER than for the NER/LP BER
scenario. Repair probabilities for the LP BER pathway are

intermediate between the results for the SP BER and NER/
LP BER scenarios.

Effects of Preferential Repair of Lesions in One DNA
Srand (P, parameter)

The effects of preferential repair of lesions in one strand
of the DNA as a function of cluster complexity are shown
in Fig. 4 for the bounding cases represented by the SP BER
and NER/LP BER scenarios. Because the predicted repair
outcomes are similar for low- and high-LET radiation as
long as the number of damaged nucleotides forming the
cluster is the same (refer to Fig. 3), results are shown only
for low-LET radiation. The curves for the default parameter
value of P, = 0.5 are the same as the correspondingly
marked curves in Fig. 3. The data for P, = 0 show the
maximum possible effect of preferential repair predicted by
the MCER model for the SP BER and NER/LP BER sce-
narios. Note that, because of symmetry in DNA damage
configurations, parameter values P, and (1 — P,) can be
expected to yield the same results within statistical varia-
tions. Interestingly, the transition from choosing lesions at
random from both strands (P, = 0.5) to selectively remov-
ing lesions from one strand (P, = 0 or P, = 1) reduces the
chance an enzymatic DSB will be formed (Fig. 4C) and
increases the chance a mutation will be created (Fig. 4B).
However, the preferential removal of damage from one
strand increases the probability of correct restitution (Fig.
4A), which indicates that the overall effects of preferential
damage removal may be beneficial to a cell. The prefer-
ential repair of damage in the transcribed DNA strand may
occur during transcription-coupled repair (67).

Effects of Inhibition of DNA Incision (N,,, parameter)

Figure 5 shows the effects of the inhibition distance pa-
rameter, N,,,, on model predictions for low-LET radiation.
Repair outcome probability curves are presented for N, =
3 (default parameter), N,,, = 0 (absence of the inhibitory
effect), and N,,, = 6 to show the effects of a possible two-
fold increase in the inhibition distance. For SP BER, the
inhibitory effect reduces the chance an enzymatic DSB will
be formed (Fig. 5C) but leads to an increase in the number
of clusters repaired with mutations (Fig. 5B). The latter
prediction supports the hypothesis that inhibition of exci-
sion repair of clustered damage sites could result in in-
creased mutation frequencies (16). The probability of cor-
rect repair increases as the magnitude of the inhibitory ef-
fect increases, i.e., as the values selected for the N,,,, param-
eter become larger (Fig. 5A). The NER/LP BER scenario
is not sensitive to the value of N,,, because base damages
that require the DNA incision step are repaired through
NER in that scenario, and the MCER model assumes that
DNA incision in the NER pathway cannot be inhibited.
Therefore, only one set of NER/LP BER curves is pre-
sented for comparison with the SP BER data. When N, ,, =
0, the praobahility of DSB formation by SP BER approaches
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FIG. 3. Effects of cluster complexity (number of damaged nucleotides
per cluster) and particle LET. The yields of clusters in each repair cate-
gory (correct repair, repair with a DSB, and repair with a mutation) were
obtained by averaging results of 107 simulations for a 1-Gy dose of low-
LET radiation (4.5 keV electrons) and 10° simulations for a 1-Gy dose
of high-LET radiation (2 MeV « particles). Probabilities of repair out-
comes were calculated by dividing the average yields of clustersin each
repair category by the total number of clusters that were not classified as
prompt DSBs. Symbols represent MCER simulation results and are con-
nected with smooth lines to guide the eye.

the probability of DSB formation for the combined NER/
LP BER scenario. Thisimplies that the DSB formation pro-
cess, which is directly affected by the N,,, parameter, is
independent of the repair pathway in the absence of the
inhibitory effect.

Effects of DNA Synthesis Opposite a Damaged Template
(¢sq parameter)

The sensitivity of model predictions to alternative as-
sumptions about the mechanisms of DNA synthesis oppo-
site a damaged base is shown in Fig. 6 for low-LET radi-
ation. Two sets of curves for the extreme values of the g,
parameter are shown, one for ¢y, = 1, which is equivalent
to an assumption that DNA polymerases aways insert a
non-complementary nucleotide opposite a damaged tem-
plate, and ancther for @z = O; i.e,, DNA polymerases al-
ways insert the correct nucleotide when the lesion in the
opposing strand is a base damage. Results for the default
parameter value of 0.75 are also shown for comparison.

The value of the ¢y, parameter directly affects model
predictions related to the production of mutations (Fig. 6B).
Simulation results for ¢z, = 1 provide an upper bound on
the probability a mutation is created. In both repair scenar-
ios, model predictions for ¢z, = 0 in Fig. 6B are indistin-
guishable from the abscissa, which indicates that the lower
bound for the probability of creating a mutation is close to
zero (the probability is not exactly zero because polymer-
ases may dtill create a base substitution even when the tem-
plate for DNA synthesis is undamaged). The probability of
DSB formation (Fig. 6C) is not affected by the ¢, param-
eter because the DNA synthesis step cannot produce any
additional DSBs, nor can it limit their formation. In Fig.
6A, the probability of correct repair decreases as cluster
complexity increases even if we assume that DNA poly-
merases always insert the correct nucleotide opposite dam-
aged bases (¢g, = 0). For the latter case, the probability of
creating a mutation approaches zero, and thus the proba-
bility of correct repair is governed solely by the probability
of DSB formation, which increases with increasing cluster
complexity regardless of the value selected for the g, pa-
rameter.

Effects of DNA Synthesis Opposite an Undamaged
Template (1, M and 7 parameters)

The results shown in Figs. 3—6 account for base substi-
tutions that occur because DNA polymerases sometimes in-
sert an incorrect nucleotide even when the template for
DNA synthesis is undamaged. This process is described by
the polymerase error rates g = 107 and M p = Myer =
10-¢. However, when these parameters are set to zero (ng
= M = M= = 0), the predicted outcomes are nearly
identical to the ones shown in Figs. 3-6 (data not shown).
This result implies that a DNA polymerase’s intrinsic ten-
dency to err has a negligible impact on the predicted mu-
tation yield. For ionizing radiation-induced DNA damage,
the model predicts that the principal mechanism for the
formation of mutationsis DNA synthesis opposite damaged
template.

Repair Cycles
Because LP BER and NER involve the removal of patch-
es severa nucleotides in length, these pathways may some-
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TABLE 2
Repair Outcome Probabilities Averaged over all Types of DNA Damage

Probability of correct

Probability of DSB

repair Probability of mutation formation
4.5 keV 2 MeV 4.5 keV 2 MeV 4.5 keV 2 MeV
Repair scenario electrons « particles electrons a particles electrons « particles
SP BER 0.951 0.791 0.012 0.048 0.037 0.161
LP BER 0.923 0.706 0.039 0.129 0.038 0.165
NER/LP BER 0.861 0.565 0.087 0.232 0.052 0.203

times remove more than one damaged nucleotide during a
repair cycle. Consequently, a pathway that has larger repair
patches may be able to remove a cluster of lesions faster
than a pathway that removes smaller fragments. That is,
fewer repair cycles may be required to remove a cluster by
LP BER, and especially by NER, than by SP BER. The
time required to repair a cluster is expected to increase as
the number of repair cycles increases. The MCER model
thus provides data to estimate pathway-specific relative re-
pair rates for different classes of damage.

Figure 7 shows the average number of repair cycles as
a function of the number of damaged nucleotides per clus-
ter. The results shown are for damage configurations rep-
resentative of low-LET radiation. In all three repair sce-
narios, the number of cycles to repair a cluster comprised
of many lesions approaches a constant. This trend is ob-
served because the processing of very complex clusters by
excision repair almost inevitably results in the formation of
an enzymatic DSB (Fig. 3C). Thus this asymptotic value
can be interpreted as the average number of repair cycles
before an enzymatic DSB is created and the excision repair
process is aborted. The corresponding curves for 2 MeV «
particles (not shown) are similar to the data for low-LET
radiation. However, the spectrum-average number of repair
cyclesis different for low- and high-LET radiation: 1.5 and
2.7, respectively, for the SP BER scenario and 1.2 and 1.7
for the NER/LP BER scenario. These results suggest that
the overall half-time for damage repair tends to increase
(the repair rate tends to decrease) as the particle LET in-
Creases.

DISCUSSION

At present, the data available in the literature are not
sufficient to obtain accurate estimates for the relative con-
tribution each repair branch makes to the overall excision
repair process, i.e., identify precise values or distributions
of Pg, P, and Py ; parameters. Dianov et al. (68) report
that, in human cells, the majority of isolated thymine gly-
cols are removed by SP BER, and the NER and LP BER
pathways play a relatively minor role. Fortini et al. (69)
observed similar trends in the repair of another common
oxidative lesion, 8-0x0G. These observations are consistent
with earlier findings that demonstrate that BER is usualy
accomplished via the single-nucleotide repair mechanism

in both prokaryotes and eukaryotes (70-72). SP BER ap-
pears to be the major mechanism for the repair of isolated
damages while LP BER and NER may serve as backup
systems to SP BER. However, LP BER and NER may play
a more significant role in the repair of clustered damage.
Closely spaced AP sites on opposing strands can create
significant distortions in the structure of the DNA (73). If
accompanied by covalent modifications (74), distortions
such as these may be large enough to initiate NER of the
clustered damage site. Clustered damage may also serve as
a signal to switch from SP BER to LP BER. Additiona
experimental work is needed to identify the pathways and
events that determine if and how different types of clustered
damage sites are removed by BER and NER.

Because of the uncertainties associated with the interplay
between BER sub-pathways and NER, the results reported
in this article are presented in terms of hypothetical sce-
narios that define the range of possible repair outcomes.
The three repair scenarios considered are (1) all damage
processed by SP BER, (2) al damage processed by LP
BER, and (3) damage processed by NER (all damaged ba-
ses and AP sites) and LP BER (al strand breaks). The
combined NER/LP BER repair scenario is postulated be-
cause of the lack of experimental evidence that NER can
repair strand breaks.

The model predicts that repair scenarios with longer
patches increase the probability of creating a mutation (Fig.
3B) and result in more enzymatic DSBs being produced
(Fig. 3C) compared to SP BER. Indeed, Vispé and Satoh
(75) have demonstrated experimentally that repair through
the LP BER pathway leads to an increase in the DSB yield
compared to repair through SP BER. This result was attri-
buted to the fact that longer repair patches produced by LP
BER may overlap during the repair process and thus in-
crease the chance a DSB will be formed. Following this
logic, the NER pathway, which produces even larger repair
patches, may be even more harmful to a cell because of the
formation of potentially lethal DSBs.

Repair through SP BER may act as a mechanism to pro-
tect cells from the DSBs that might otherwise be formed
by pathways that produce longer repair patches (76). An-
other DSB protection mechanism may involve sequential
processing of clustered damage (66). Preferential repair of
lesions on one DNA strand and the inhibitory effect, both
of which have been demonstrated to limit the formation of
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FIG. 4. Effects of preferentia repair of lesions in one DNA strand.
For each combination of model parameters, 107 simulations equivalent to
a 1-Gy dose of 4.5 keV electrons were performed. Probabilities of repair
outcomes were calculated by dividing the average yields of clusters in
each repair category by the total number of clusters that were not clas-
sified as prompt DSBs. Symbols represent MCER simulation results and
are connected with smooth lines to guide the eye.

DSBs in our simulations (Figs. 4C and 5C, respectively),
possibly represent specific manifestations of a more genera
phenomenon aimed at maintaining genome stability.

DNA synthesis past a wide variety of damages has been
studied in vitro and in vivo [see ref. (77) for areview]. The
details of the damage bypass process depend on the nature
of the lesion (e.g., AP site or thymine glycol), the DNA
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FIG. 5. Effects of inhibition of DNA incision. For each combination
of model parameters, 107 simulations equivalent to a 1-Gy dose of 4.5
keV electrons were performed. Probabilities of repair outcomes were cal-
culated by dividing the average yields of clusters in each repair category
by the total number of clusters that were not classified as prompt DSBs.
Symbols represent MCER simulation results and are connected with
smooth lines to guide the eye.

polymerase used, and the base sequence where the damage
site is located (77). Although many maor oxidative dam-
ages, including 8-oxoG, are readily bypassed, AP sites and
thymine glycols are a strong block to at least some DNA
polymerases [see Table | in ref. (36)] and are potentially
lethal. However, even strongly blocking lesions can be by-
passed and result in a mutation (36). In the MCER model,
we have assumed that AP sites as well as al types of base
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damage can be bypassed efficiently during repetitive cycles
of excision repair and are potentially mutagenic.

In contrast to the repetitive cycles of repair postulated in
this work, Pearson et al. (17) have shown for Escherichia
coli that translesion synthesis followed by mismatch repair
plays a significant role in the removal of 8-0xoG with uracil
in the opposing strand. The hypothesis is that inhibition of
repair within a clustered damage site alows the lesions to
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FIG. 7. Number of repair cycles as a function of the number of dam-
aged nucleotides per cluster. Results were averaged over 107 simulations
for a 1-Gy dose of 4.5 keV electrons.

persist until DNA replication occurs (17). Although post-
replicative repair is an important mechanism for the pro-
cessing of clustered damage in bacterial cells, whether this
mechanism is aso important in mammalian cellsis unclear.
E. coli typically divides in 20-100 min compared to 10 h
or more for mammalian cells. This observation implies that
a large fraction of clustered damage induced by radiation
may need to persist in the DNA for an extended period
before post-replication repair could occur. This expectation
appears counter to the damage repair kinetics observed in
mammalian cells (78). Also, mammalian cells with unre-
paired DNA damage may initiate apoptosis to avoid, pre-
sumably, the consequences of highly mutagenic repair. Sev-
eral studies show that apoptosis is triggered by the repli-
cation of damaged DNA [for a review, see ref. (79)]. Ad-
ditional experimental information is needed to determine
whether the clustered damages formed by ionizing radiation
are processed by repetitive rounds of excision repair, by
post-replication repair, or by a combination of mechanisms.

The MCER model predicts that nearly al single damages
are repaired correctly regardiess of the values chosen for
model parameters (Figs. 3-6). Thisresult is consistent with
the notion that the cell killing and mutagenic effects of
isolated strand breaks and base damages are inconsequen-
tial compared to those of clustered damage sites (3, 14, 15).
Studies with clusters composed of two damaged bases on
the opposite DNA strands (16, 17) provide experimental
support for the hypothesis that clustered damages are more
mutagenic than isolated lesions.

The number of repair cycles is hypothesized to be pro-
portional to the average lifetime of the cluster. Results
shown in Fig. 7 indicate that it takes more time to remove
clustered damages from the DNA than to remove single
damages. In agreement with this observation, experiments
show that rates of repair of thymine glycol opposite an AP
site (80) and 8-0xoG opposite a strand break (81) are re-
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duced severalfold compared to the rates of repair of single
base damages.

We have proposed for the first time a general Monte
Carlo framework to simulate the excision repair of DNA
damage other than DSBs.? Useful insights into the trends
predicted by the model are presented in a series of sensi-
tivity studies. Because none of the mechanisms postul ated
in the MCER model are specific to ionizing radiation, the
model may also be useful for predicting repair outcomes
for endogenous processes and other DNA-damaging agents.
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