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Clustered damage sites other than double-strand breaks
(DSBs) have the potential to contribute to deleterious effects
of ionizing radiation, such as cell killing and mutagenesis. In
the companion article (Semenenko et al., Radiat. Res. 164,
180–193, 2005), a general Monte Carlo framework to simulate
key steps in the base and nucleotide excision repair of DNA
damage other than DSBs is proposed. In this article, model
predictions are compared to measured data for selected low-
and high-LET radiations. The Monte Carlo model reproduces
experimental observations for the formation of enzymatic
DSBs in Escherichia coli and cells of two Chinese hamster cell
lines (V79 and xrs5). Comparisons of model predictions with
experimental values for low-LET radiation suggest that an
inhibition of DNA backbone incision at the sites of base dam-
age by opposing strand breaks is active over longer distances
between the damaged base and the strand break in hamster
cells (8 bp) compared to E. coli (3 bp). Model estimates for
the induction of point mutations in the human hypoxanthine
guanine phosphoribosyl transferase (HPRT) gene by ionizing
radiation are of the same order of magnitude as the measured
mutation frequencies. Trends in the mutation frequency for
low- and high-LET radiation are predicted correctly by the
model. The agreement between selected experimental data sets
and simulation results provides some confidence in postulated
mechanisms for excision repair of DNA damage other than
DSBs and suggests that the proposed Monte Carlo scheme is
useful for predicting repair outcomes. q 2005 by Radiation Research

Society

INTRODUCTION

Although double-strand breaks (DSBs) are widely ac-
cepted as the most critical form of DNA damage produced
by ionizing radiation, it has long been suggested that a
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broader class of damage may be responsible for the ob-
served biological effects. Such damage sites are composed
of several single-nucleotide modifications within one or two
helical turns of the DNA (10–20 bp) and have been termed
multiply damaged sites (1, 2) or clustered damages (3). The
existence of clustered damage other than DSBs was pre-
dicted in modeling studies (3, 4) and has now been con-
firmed experimentally (5, 6). DNA lesions that constitute
clustered damage sites may include modified bases, AP
(apurinic/apyrimidinic) sites, and strand breaks, all of
which are repaired by base excision repair (BER) (7). The
nucleotide excision repair (NER) pathway can also repair
AP sites and certain types of base damage (8).

Several experiments provide evidence that clustered
damage sites can be converted into DSBs as a result of
unsuccessful excision repair of radiation-induced DNA
damage. We refer to these DSBs as enzymatic DSBs to
distinguish them from the prompt DSBs that are formed
directly by ionizing radiation. Bonura et al. (9) demonstrat-
ed that additional DSBs may arise in an E. coli strain de-
ficient in the gap-filling synthesis step of excision repair
after g-ray exposure. A postirradiation increase in DSB
yields has also been observed in Chinese hamster cells (10,
11) and in plasmid DNA incubated with E. coli cell extracts
(12). Studies by Harrison et al. (13) with oligonucleotide
DNA sequences demonstrate that BER enzyme complexes
from E. coli can convert a base damage (8-oxoG) opposite
a strand break into a DSB. Normal bacterial cells are more
radiosensitive than mutants lacking DNA glycosylases (14).
This result is attributed to aborted BER of closely spaced
lesions within clustered damage sites that leads to the for-
mation of potentially lethal DSBs. Although results ob-
tained in earlier studies (9–12) may be prone to artifacts
caused by detection of heat-labile sites (15, 16), two lab-
oratories have recently provided compelling evidence for
the formation of enzymatic DSBs in Chinese hamster ovary
xrs5 cells (17) and human lymphoblastoid TK6 cells (18)
after exposure to ionizing radiation.

The misrepair of clustered damage also has the potential
to cause local changes in the DNA sequence, such as base
substitutions, small deletions and insertions. Such events
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are classified as point mutations in mutagenesis studies
(19). Weinfeld et al. (20) hypothesized that, when a cluster
is repaired, a polymerase may need to insert a nucleotide
opposite a lesion present in the other strand, which may
have mutagenic consequences. Ward et al. (21) suggested
that aberrant repair of clustered damage may result in en-
zymatic DSBs which, if they occur within an exon of the
gene, may be converted into point mutations.

In the companion article (22), we proposed for the first
time a general Monte Carlo framework to simulate key
steps in the base and nucleotide excision repair of DNA
damage other than DSBs. The quantitative implications of
alternative hypotheses regarding the postulated repair
mechanisms have been investigated through a series of pa-
rameter sensitivity studies (22). In this article, we show that
Monte Carlo simulation results can be used to predict the
formation of enzymatic DSBs in E. coli and Chinese ham-
ster V79 and xrs5 cells after exposure to low-LET radiation.
In a second test of the model, published experimental data
on the induction of point mutations in the human HPRT
(hypoxanthine guanine phosphoribosyl transferase) gene af-
ter exposure to low- and high-LET radiation are compared
to model predictions. These comparisons are used to high-
light the potential strengths and weaknesses of the model
for the prediction of pathway-specific repair outcomes.

METHODS

Monte Carlo Damage Formation and Repair Simulations

Two separate Monte Carlo algorithms are used to simulate the for-
mation and repair of DNA damage. The Monte Carlo damage simulation
(MCDS) algorithm (23) is used to predict the initial yield and types of
DNA damage formed by ionizing radiation, and the Monte Carlo excision
repair (MCER) model (22) is used to simulate repair outcomes, such as
correct repair, repair with a mutation (at least one base substitution), and
conversion into a DSB. Here we briefly summarize the overall Monte
Carlo scheme and discuss two key parameters that govern the production
of enzymatic DSBs (Ninh) and mutations (wBd) within the MCER model.
The strategy used to consider the potential impact of pathway interactions
on repair outcomes is also summarized.

The overall Monte Carlo scheme used to simulate the formation and
repair of DNA damage proceeds on a cell-by-cell basis. That is, each
Monte Carlo simulation represents the formation and repair of damage
within one cell. A repair simulation begins by using the MCDS algorithm
to generate the random number of damage configurations expected within
the DNA of a cell. The number and spatial distribution of the damage
configurations predicted by the MCDS algorithm are in reasonable agree-
ment with those predicted by track-structure simulations (23). The
MCDS-generated damage configurations are then superimposed over an
actual nucleotide sequence or a random nucleotide sequence. Next, the
MCER model is used to simulate the repair, misrepair and aborted ex-
cision repair of damage within the entire genome or within a specific
region of the DNA. For a detailed description of the MCER model as
well as additional discussion on the validity and limitations of the model,
see ref. (22).

In the MCER model, the lesions forming a cluster are removed se-
quentially through repeated rounds of excision repair. The excision repair
of a cluster begins by assuming that any of the constituent lesions has
an equal chance of initiating the repair process. To better mimic the ex-
pected order in which the lesions are removed, additional criteria may be
imposed on the random damage selection process. One such criterion

occurs when BER of a damaged base is inhibited by the presence of a
strand break in the opposite strand. The inhibitory effect is included in
BER simulations by specifying an inhibition distance, Ninh, in base pairs
(bp). That is, the repair of a damaged base is inhibited as long as a strand
break is present in the opposite strand within Ninh bp. Once the strand
break is repaired, the damaged base can be removed through another
round of excision repair. The order in which the lesions forming a cluster
are processed by BER is thus sensitive to the assumed value for Ninh. Ninh

is also the key parameter that governs the production of enzymatic DSBs.
The MCER model includes mechanistic details specific to both the

short- and long-patch BER pathways as well as the NER pathway, such
as the selection of incision points and repair synthesis using a damaged
or undamaged template. The probability that repair synthesis opposite a
damaged template results in a base substitution is governed by the pa-
rameter wBd. Setting wBd to 0.75 is equivalent to the assumption that all
four nucleotides are equally likely to be inserted opposite a damaged base.
For a random base insertion process such as this, the correct base will
be inserted on average one out of four times and the incorrect base will
be inserted three out of four times. For values of wBd smaller than 0.75,
repair synthesis is biased toward correct repair. Repair is strongly biased
toward base substitutions for values of wBd larger than 0.75 (wBd 5 1
means a base substitution always occurs). When the template is undam-
aged, the MCER model assumes that a base substitution occurs approx-
imately once for every 104 synthesized nucleotides in the SP BER path-
way (hSP 5 1024) and once per 106 synthesized nucleotides in the LP
BER and NER pathways (hLP 5 hNER 5 1026).

Pathway interactions can be included in repair simulations by speci-
fying probability distributions that quantify the relative contribution each
pathway makes to the overall repair of DNA damage. Because of uncer-
tainties associated with the processing of radiation-induced damage by
the BER and NER pathways, model results are presented in terms of
three simplified repair scenarios: (1) All lesions are processed by short-
patch BER (SP BER), (2) all lesions are processed by long-patch BER
(LP BER), and (3) all base damages are removed by NER and all strand
breaks are removed by LP BER. The combined NER/LP BER repair
scenario 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.

Ratio of Enzymatic to Prompt DSBs

The combined MCDS/MCER simulations produce estimates of the
yields of prompt and enzymatic DSBs per cell for a given radiation dose.
All of the reported results are based on random nucleotide sequences that
contain approximately 60% A-T pairs and 40% G-C pairs (see ref. 22).
A total of 107 and 105 repair simulations (each simulation is equivalent
to one damaged cell) were performed for a 1-Gy dose of low-LET (4.5
keV electrons) and high-LET (3.31 MeV a particles) radiation, respec-
tively. The a-particle energy is the same as the average energy of the
source used in the study of Gulston et al. (17). The ratio of enzymatic
to prompt DSBs is computed by dividing the average enzymatic DSB
yield (Gy21 cell21) by the average prompt DSB yield (Gy21 cell21). Be-
cause the MCDS-predicted yield of prompt DSBs and other classes of
damage is proportional to absorbed dose (23) and because repair out-
comes predicted by the MCER model are proportional to the initial dam-
age yield, the ratio of enzymatic to prompt DSBs is independent of dose.

Yields of Point Mutations in the Human HPRT Gene

To estimate the point mutation frequency (PMF) in the HPRT gene,
we used the formula

PMF 5 d(N 1 N ) 1 N .1 2 3 (1)

Here N1 is the number of prompt DSBs formed within the HPRT gene
exons (Gy21 cell21), N2 is the number of enzymatic DSBs within the
exons (Gy21 cell21), N3 is the number of base substitutions within the
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TABLE 1
Experimental Results for the Formation of Enzymatic DSBs

Biological system Radiation
Enzymatic DSBs:

prompt DSBs Reference

E. coli K-12 g rays (137Cs) 1.5a (9)
E. coli X rays (50 kVp) ;2a (14)
V79 Chinese hamster cells X rays (150 kVp) 0.8a (11)
xrs5 Chinese hamster cells g rays (60Co) 0.3b (17)

a Unity was subtracted from the reported values to convert fold increase in the DSB yield to the ratio of enzymatic
to prompt DSBs.

b Calculated from the reported values of 6 enzymatic DSBs Gy21 cell21 and 22.1 prompt DSBs Gy21 cell21.

TABLE 2
Ratios of Enzymatic to Prompt DSBs Predicted by

the Monte Carlo Simulations

Repair scenario

Low-LET radiation
(4.5 keV electrons)

Ninh 5 3 Ninh 5 8

High-LET radiation
(3.31 MeV a particles)

Ninh 5 3 Ninh 5 8

SP BER 1.89 0.40 1.45 0.47
LP BER 1.93 0.48 1.49 0.60
NER/LP BER 2.61 2.61 1.86 1.86

exons (Gy21 cell21), and d is the fraction of the (prompt or enzymatic)
DSBs converted into point mutations. The Monte Carlo simulations pro-
vide estimates of N1, N2 and N3. To relate these quantities to experimental
observations for the expected number of point mutations within the HPRT
locus, an estimate of d is needed. This parameter can be estimated as
follows.

The interaction of break ends associated with two different DSBs will
generally form larger-scale chromosomal rearrangements (i.e. chromo-
some aberrations). Thus point mutations are likely to be formed only
when break ends are rejoined with their correct partner. A study by Roth-
kamm and Löbrich (24) suggests that approximately 50% of the DSBs
formed within the HPRT locus of human cells are rejoined correctly. The
fraction of break ends that rejoin to the correct partner is independent of
dose (25) and LET (26). If all of the correctly rejoined DSBs form point
mutations, the fraction of the DSBs formed within the HPRT locus that
are converted into point mutations is about 50%, i.e., d 5 0.5.

To estimate N1, N2 and N3, the single and clustered damages formed
by a 1-Gy dose of radiation were generated using the MCDS algorithm
(23) and placed at random locations within the DNA of a cell containing
6 3 109 bp. The characteristics of the human HPRT gene, such as nu-
cleotide sequence, location and size of all nine exons, are known (27),2

and the actual nucleotide sequence was used in this study. Next the
MCER model was used to process all clusters (or isolated damages) that
occur within the exons of the HPRT gene. For each repair simulation, the
number of prompt DSBs, the number of enzymatic DSBs, and the number
of clusters repaired with mutations (base substitutions) within the exons
were tallied. Simulations were repeated 108 times to determine average
event frequencies per unit absorbed dose per cell, i.e. N1, N2 and N3. The
statistical uncertainties associated with the estimated mutation frequency
can be reduced by increasing the number of simulations. However, the
number of simulations has no impact on the mean mutation frequency.
The HPRT point mutation frequency was then computed using Eq. (1).

In experiments, the estimated mutation frequency is typically based on

2 After the publication of the article, one nucleotide was added to the
sequence. The corrected HPRT gene nucleotide sequence and location of
exons can be obtained from http://www.ncbi.nlm.nih.gov/entrez/viewer.
fcgi?db5nucleotide&val5184369 (NCBI Nucleotide database, accession
number M26434).

the number of mutations observed in cells that survive irradiation. The
mutation frequency per surviving cell tends to increase linearly with ab-
sorbed dose, whereas the mutation frequency per irradiated cell increases
in a linear fashion for lower doses and then starts to decrease at higher
doses because of radiation-induced cell killing. In the Monte Carlo sim-
ulations, repair outcomes are tallied regardless of the ultimate fate of the
cell. The key assumption implicit in this model simplification is that any
degradation in the repair capacity of a dying cell occurs much later than
the time needed to complete the processing of the radiation-induced dam-
age. Because of this assumption, estimates of HPRT mutation frequency
derived from Monte Carlo simulations are most appropriately interpreted
as mutation frequencies per surviving cell.

RESULTS

Formation of Enzymatic DSBs

Table 1 shows experimental data on the yields of DSBs
formed during repair processes expressed as ratios of en-
zymatic to prompt DSBs. Absolute DSB yields depend on
the cell type and experimental conditions and may vary
substantially between different data sets. Also, differences
exist between measured and predicted DSB yields. For ex-
ample, the MCDS algorithm predicts 45.5 prompt DSBs
Gy21 cell21 in an average mammalian cell from low-LET
radiation, whereas one of the studies used in the compari-
sons (17) reports 22.1 prompt DSBs Gy21 cell21 for hamster
cells irradiated with 60Co g rays. The data shown in Table
1 are listed in terms of ratios of DSB yields instead of the
absolute DSB yields to correct for the fact that absolute
DSB yields are different among the different experimental
data sets and among the measured and model-predicted val-
ues.

For comparison to the measured data, Table 2 shows
model-predicted ratios for damage configurations represen-
tative of low-LET radiation (4.5 keV electrons). The ratios
are reported for inhibition distances (Ninh) of 3 bp and 8 bp.
Other parameters used in the MCER simulations are as list-
ed in Table 1 in ref. (22). For the SP BER and LP BER
repair scenarios, the ratio of enzymatic to prompt DSBs
decreases as the inhibition distance increases. The ratio
does not change in the NER/LP BER repair scenario be-
cause 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 can-
not be inhibited. Experiments with E. coli suggest that an
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FIG. 1. Comparison of MCER simulation results (Ninh 5 8 bp) and
experimental data on the induction of radiation-induced point mutations
in the human HPRT gene. Shaded regions indicate the range of model
predictions for the BER pathways. Dotted lines show the upper bound
on model-predicted point mutation frequency corresponding to a hypo-
thetical NER/LP BER scenario. Symbols and lines show experimental
data. Panel A: low-LET radiation (#), ref. (29); (m), ref. (30); (– – –),
ref. (31) [the reported slope for the total mutation frequency (8.2 3 1026

mutants/Gy) was scaled by the percentage of non-deletion type mutations
(13%)]; (□), ref. (32); (,), ref. (33); (V), ref. (34), Southern blotting;
(v), ref. (34), multiplex PCR; (–·–), ref. (35) (the line is based on the
reported slope of 6.11 3 1026 mutants/Gy for point mutations). Panel B:
high-LET radiation. (– – –), ref. (31) [the reported slope for the total
mutation frequency (15.2 3 1026 mutants/Gy) was scaled by the per-
centage of non-deletion type mutations (10%)]; (,), ref. (33); (V), ref.
(34); (#), ref. (36); (□), ref. 37; (m), ref. (38). Experimental data points
are connected by straight lines to guide the eye.

inhibition distance of 3 bp is appropriate (28), and model
predictions for Ninh 5 3 bp are in good agreement with the
measured data for E. coli reported in Table 1. For the SP
BER and LP BER scenarios, an inhibition distance of 8 bp
produces the ratios of 0.4–0.5 enzymatic DSBs per prompt
DSB, which falls between the values of 0.3 and 0.8 deter-
mined in experimental studies for Chinese hamster xrs5
(17) and V79 (11) cells, respectively. The comparison of
measured and model-predicted ratios of enzymatic to
prompt DSBs for low-LET radiation suggests that an in-
hibition distance of about 8 bp is appropriate for these cell
lines.

For high-LET radiation (3.31 MeV a particles), the mod-
el predicts a ratio of enzymatic to prompt DSBs of 0.47 for
the SP BER repair scenario and 0.60 for the LP BER repair
scenario (Table 2, results for Ninh 5 8 bp). In contrast to
the model predictions, Gulston et al. (17) found no evi-
dence that enzymatic DSBs are created in V79-4 hamster
cells irradiated with a particles with an average energy of
3.31 MeV. These investigators attribute the lack of evidence
for enzymatic DSBs after a-particle irradiation to the in-
creased complexity of the damage spectrum. That is, clus-
tered damage sites produced by high-LET radiation are suf-
ficiently complex to render them refractory to enzymatic
conversion into DSBs (17). If this is indeed the case, the
mechanisms postulated in the MCER model will need to
be refined to account for additional cluster complexity ef-
fects.

Induction of Point Mutations in the Human HPRT Gene

The shaded regions in Fig. 1 show the range of point
mutation frequencies per cell within the human HPRT gene
calculated according to Eq. (1) with d 5 0.5 for low- and
high-LET radiation. The lower bound on the shaded regions
represents the limiting case when all lesions are processed
by SP BER and repair synthesis is strongly biased toward
correct repair despite damage in the repair template (wBd 5
0). The upper bound on the shaded regions represents the
case when all lesions are processed by LP BER and base
insertion opposite a damaged nucleotide is random (wBd 5
0.75). For reference, the dotted line represents the limiting
case when all base damages are processed by NER and all
strand breaks are processed by LP BER (i.e. the NER/LP
BER scenario) and wBd 5 0.75. The model predictions
shown in Fig. 1A are for 4.5 keV electrons. In Fig. 1B, the
lower bound is based on damage configurations for 0.88
MeV protons [radiation with the lowest LET among ex-
perimental studies used in comparisons to the simulated
data; ref. (37)] and the upper bound is based on damage
configurations for a 3.26 MeV a particles [radiation with
the highest LET used in ref. (38)]. Characteristics of DNA
damage sites produced by these types of radiation as well
as some results from HPRT simulation study are summa-
rized in Table 3. Table 4 provides estimates of the model-
predicted point mutation frequencies (Gy21 cell21) for spe-

cific combinations of simulation parameters. All of the re-
sults shown in Fig. 1 as well as in Table 4 are for an in-
hibition distance of 8 bp, which we consider more
appropriate for mammalian cells because of the compari-
sons of measured and model-predicted enzymatic-to-
prompt DSB ratios (Tables 1 and 2).

The data listed in Table 4 show that, for high-LET ra-
diation, the point mutation frequency increases as particle
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TABLE 3
Characteristics of DNA Damage Created by Different Types of Radiation as Predicted by the MCDS and

MCER Models

Average value
4.5 keV
electrons

0.88 MeV
protons

3.26 MeV
a particles

Number of clusters (Gy21 cell21) 2.3 3 103 2.5 3 103 1.7 3 103

Number of damaged nucleotides per cluster 1.5 2.3 3.3
Cluster length (bp) 3.2 6.5 10.2
Number of clusters within the HPRT gene (Gy21 cell21)a 2.2 3 1022 2.3 3 1022 1.6 3 1022

Number of clusters within exons (Gy21 cell21) 2.6 3 1024 2.9 3 1024 2.1 3 1024

Number of prompt DSBs within exons (Gy21 cell21) 5.4 3 1026 1.5 3 1025 2.1 3 1025

a The estimate is for the human HPRT gene with flanking regions (total length is 56,737 bp).

TABLE 4
Effects of Parameters and Assumptions on Point Mutation Frequencies 3106 (Gy21

cell21) Predicted by the MCER Model (Ninh 5 8 bp)

Repair scenario

Low-LET radiationa

wBd 5 0 wBd 5 0.75

High-LET radiationb

wBd 5 0 wBd 5 0.75

12.1c (66, 34, 0) 20.1 (38, 20, 42)
SP BER 3.9c (70, 30, 0)d 7.3 (35, 15, 50) 15.4 (68, 32, 0) 26.0 (40, 18, 42)

13.0 (62, 38, 0) 39.3 (20, 13, 67)
LP BER 4.1 (66, 34, 0) 15.9c (16, 9, 75) 16.7 (62, 38, 0) 46.1c (23, 14, 63)

25.1 (32, 68, 0) 72.2 (11, 24, 65)
NER/LP BER 10.0 (27, 73, 0) 33.3e (8, 22, 70) 29.3 (35, 65, 0) 72.8e (15, 25, 60)

a 4.5 keV electrons.
b The top value in each cell corresponds to the radiation type with the lowest LET used in experimental data

selected for comparisons (0.88 MeV protons), and the bottom value is for the radiation type with the highest LET
(3.26 MeV a particles).

c These values correspond to the lowest and the highest slopes of mutation frequency that define the shaded regions
in Fig. 1.

d The values in parentheses are percentage contributions of dN1, dN2 and N3 to the total point mutation frequency
(Eq. 1).

e These values correspond to the slopes of dotted lines in Fig. 1.

LET increases, as expected. Mutation frequencies for 3.26
MeV a particles are 2.2 to 3.6 times higher than mutation
frequencies predicted for 4.5 keV electrons. The repair sce-
nario and base misinsertion probability, wBd, also have a
substantial impact on the predicted point mutation frequen-
cies for both low- and high-LET radiation. For example,
the NER/LP BER repair scenario produces mutation fre-
quencies that are about 2.5- to 4.5-fold higher than the cor-
responding mutation frequency for the SP BER pathway.
The model-predicted point mutation frequencies increase
1.7- to 3.8-fold as wBd increases from 0 (correct nucleotide
is always inserted opposite a damaged base) to 0.75 (ran-
dom nucleotide insertion opposite a damaged base).

Table 4 also shows the percentage contribution that dN1,
dN2 and N3 in Eq. (1) make to the total point mutation
frequency. As a general trend, the model predicts that the
contribution of the enzymatic DSBs becomes increasingly
important compared to the contribution of the prompt DSBs
in repair scenarios that have longer repair patches. The
number of point mutations due to the N3 term (base sub-
stitutions created during excision repair) is always larger
for the LP BER and NER/LP BER scenarios than for SP
BER. For the limiting case when the correct nucleotide is

always inserted opposite a base damage (wBd 5 0), base
substitutions arise from the spontaneous misinsertion of a
non-complementary nucleotide opposite an undamaged
template. The contribution of base substitutions (N3) to the
total point mutation yield in that case is negligible com-
pared to the contributions of prompt (dN1) and enzymatic
(dN2) DSBs.

For comparison to the Monte Carlo simulations, Fig. 1
shows measured data on point mutation yields in the human
HPRT gene for several types of low- and high-LET radia-
tion. The frequency of point mutations was obtained by
multiplying the total yield of mutants at each dose by the
fraction of mutants with point mutations at that dose. The
mutant yields were corrected for spontaneous mutations by
subtracting the background yield of cells with point muta-
tions. The variability in the measured data apparent in Fig.
1 can be ascribed to a number of factors such as differences
in radiation sources and dosimetry, variations in cell type
and growth conditions, and the experimental method used
to determine the mutation spectrum. For example, the data
reported by Albertini et al. (34) were obtained for the same
absorbed dose (3 Gy) using two different techniques to de-
termine the mutation spectrum, i.e. Southern blotting and
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multiplex PCR analysis. The estimate of point mutation fre-
quency from PCR analysis is approximately twice the value
determined using Southern blots.

The comparison of measured and model-predicted results
in Fig. 1 demonstrates that, for both low- and high-LET
radiation, the range of MCER model predictions overlaps
substantially with the range of experimentally determined
mutation yields. The mutation frequencies reported by Ya-
mada et al. (33) for a particles cannot be explained by the
model using any reasonable combination of parameters.
However, Singleton et al. (38) measured mutation frequen-
cies in cells of the same origin (human fibroblasts) using
similar radiation types (3.26 MeV a particles and 3.5 MeV
a particles, respectively), and their estimate of the mutation
frequency at 0.5 Gy is severalfold lower and overlaps with
the model predictions.

Ionizing radiation of high LET can produce non-random
DSB distributions within the DNA [see ref. (39) for a re-
view], and this implies that the distribution of other kinds
of damage within the DNA may also be non-random.
Large-scale (regional) clustering of damage may cause
more hits to the HPRT locus of some cells, while in other
cells damage sites will be clustered in different regions of
the DNA and the HPRT locus will receive fewer hits. When
these effects are averaged over a large number of cells, the
resulting average number of hits and, consequently, the av-
erage number of mutations and DSBs in the HPRT gene
exons are expected to be the same for both random and
non-random damage induction mechanisms. We have ver-
ified this expectation using non-random damage distribu-
tions, and the simulation results presented in Fig. 1B do
not change (data not shown).

DISCUSSION

For E. coli, the comparison between measured and mod-
el-predicted ratios of enzymatic to prompt DSBs for low-
LET radiation suggests that an inhibition distance of 3 bp
is appropriate. An inhibition distance of 8 bp gives good
agreement with the available measured data for Chinese
hamster cells. The trend in the inhibition distance suggested
by this comparison is consistent with information reported
in the literature for selected configurations of clustered
damage. David-Cordonnier et al. (40) have investigated the
processing of different classes of clustered damage by the
E. coli BER enzymes Nth and Fpg and nuclear extracts
from hamster cells. The results for a cluster composed of
a damaged base, 5,6-dihydrothymine (DHT), opposite an
AP site (AP sites are rapidly converted into strand breaks
by AP endonucleases) showed that the inhibitory effect ob-
served with mammalian nuclear extracts increases as the
separation between the lesions increases from 1 to 5 bp
(results for larger separation distances were not presented).
This observation was in contrast to results obtained with
bacterial glycosylases, which showed that the inhibitory ef-

fect decreases with the increasing separation between the
two lesions.

Although the ratio of enzymatic to prompt DSBs pre-
dicted by the MCER model is in good agreement with data
for Chinese hamster cells (11, 17), processes other than
abortive excision repair (e.g. apoptosis, collapse of repli-
cation forks, etc.) may have contributed to the observed
DSB yields (Table 1). Also, the xrs5 cell line used in the
study of Gulston et al. (17) is defective in the p80 subunit
of the Ku protein (41). Experiments (42) have shown that
Ku can bind to nicked DNA opposite a dihydrouracil
(DHU) and inhibit enzymatic DSB formation. The study by
Hashimoto et al. (42) implicates the Ku protein in the repair
of clustered DNA damage in addition to its known role in
the non-homologous end joining (NHEJ) pathway and sug-
gests that the formation of enzymatic DSBs in repair-pro-
ficient cells may be lower than that observed in the xrs5
(17) and TK6 (18) cell lines, which are both deficient in
some aspects of DSB repair (41, 43). In repair-proficient
human SC28 monocytes, Georgakilas et al. (44) found no
evidence that enzymatic DSBs accumulate to detectable
levels. However, the question of whether enzymatic DSBs
are formed in repair-proficient cells remains open to debate
because it is possible that enzymatic DSBs are repaired
soon after they are formed and thus do not accumulate to
significant levels in repair-proficient cells (44).

Within the MCER model, errors in DNA synthesis are
assumed to yield single-base substitutions. Because of this
model simplification, base substitutions cannot be distin-
guished from frameshift mutations or small deletions, even
though BER polymerase b is known to create frameshifts
when synthesizing past an AP site (45, 46). However,
small-scale changes in DNA sequence (base substitutions,
frameshift mutations, small deletions) are all categorized as
point mutations (19) in experimental studies, and order-of-
magnitude comparisons of the experimentally determined
yields of point mutations to MCER simulation results are
still appropriate.

The comparisons of measured and predicted values for
the induction of point mutations in the human HPRT locus
showed that the MCER model can reproduce the majority
of experimental data, except for a few studies with both
low- and high-LET radiation that produced low estimates
of mutation frequency. The low mutation yields observed
in some experiments cannot be reproduced with any rea-
sonable combination of model parameters if 50% of the
initial prompt and enzymatic DSBs formed within the
HPRT locus are converted into point mutations (i.e., if d 5
0.5). However, fits to the low mutation yields can be ob-
tained with smaller values for d (data not shown). In bio-
physical terms, the fidelity of DSB repair increases as d
decreases. Another possible explanation is that enzymatic
DSBs are repaired with higher fidelity than prompt DSBs.
In support of the latter hypothesis, Hashimoto et al. (42)
have suggested that the involvement of the Ku70/80 com-
plex in the repair of a clustered damage may provide op-
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portunities to directly channel enzymatically formed DSBs
into the NHEJ pathway, which in turn might increase the
fidelity of DSB repair.

The reasonable agreement between the measured and
predicted ratios of enzymatic to prompt DSBs (Tables 1 and
2) and the order-of-magnitude agreement between mea-
sured HPRT mutation frequencies and simulation results
(Fig. 1) is encouraging, despite large uncertainties in the
latter. To reduce uncertainties associated with model pre-
dictions, additional work is needed to identify the pathway
or pathways involved in the repair of all classes of DNA
damage other than DSBs. The model predicts that compe-
tition and regulation of the SP BER and LP BER pathways
may produce up to a 20% difference in the ratio of enzy-
matic to prompt DSBs (Table 2) and a fourfold change in
the point mutation frequency (Table 4). If NER is involved
in the repair of clustered damages, pathway interactions
may produce a sixfold change in the ratio of enzymatic to
prompt DSBs and a fivefold change in the point mutation
frequency. Uncertainties associated with the wBd parameter
also have a large effect on the model-predicted point mu-
tation frequency (Table 4). These uncertainties arise be-
cause this parameter describes the aggregate effects of in-
correct base insertion opposite many different types of base
damage.

Although additional details of the excision repair process
specific to the type of lesion (e.g. 8-oxoG, thymine glycol)
can easily be incorporated into the Monte Carlo scheme,
the models used to predict radiation-induced damage to
DNA (4, 47), including the MCDS algorithm (23) used as
a source of damage configurations in this work, do not pro-
vide information about the yield of AP sites or specific
types of base damage. The practical importance of many
lesion-specific events and processes cannot be addressed
until methods of predicting the yields of all types of radi-
ation-induced DNA lesions become available. Additional
experimental and theoretical work in this area is very de-
sirable.

In the companion article (22), we proposed for the first
time a quantitative Monte Carlo model that can be used to
simulate the excision repair of DNA damage other than
DSBs. As a first step toward testing the accuracy and va-
lidity of the MCER model, this article compares selected
model predictions to measured data from the literature. The
comparisons suggest that the MCER model can be used to
quantify key end points related to the repair of oxidative
DNA damage in selected bacterial and mammalian cell
lines. As additional experimental data become available, the
MCER model can be refined to improve the accuracy of
model predictions and incorporate additional details of the
clustered damage repair.
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