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ABSTRACT

Base excision repair (BER) is a multistep process
involving the sequential activity of several proteins
that cope with spontaneous and environmentally
induced mutagenic and cytotoxic DNA damage.
Quantitative kinetic data on single proteins of BER
have been used here to develop a mathematical
model of the BER pathway. This model was then
employed to evaluate mechanistic issues and to
determine the sensitivity of pathway throughput to
altered enzyme kinetics. Notably, the model predicts
considerably less pathway throughput than
observed in experimental in vitro assays. This
finding, in combination with the effects of pathway
cooperativity on model throughput, supports the
hypothesis of cooperation during abasic site repair
and between the apurinic/apyrimidinic (AP) endo-
nuclease, Ape1, and the 8-oxoguanine DNA glycosy-
lase, Ogg1. The quantitative model also predicts that
for 8-oxoguanine and hydrolytic AP site damage,
short-patch Polβ-mediated BER dominates, with
minimal switching to the long-patch subpathway.
Sensitivity analysis of the model indicates that the
Polβ-catalyzed reactions have the most control over
pathway throughput, although other BER reactions
contribute to pathway efficiency as well. The studies
within represent a first step in a developing effort to
create a predictive model for BER cellular capacity.

INTRODUCTION

Past mathematical models of biological pathways include
epidermal growth factor response (1), microbial metabolic
pathways (2,3), bacteriophage infection (4,5), cellular signaling
(6–8) and the eukaryotic cell cycle (9). These models have
provided a rigorous basis to accurately evaluate alternative
complex hypotheses for pathway mechanism and to predict the
effect of enzyme perturbations on pathway efficiency. Using
kinetic data available in the literature, we present here the first
quantitative model of a human DNA repair pathway. Such

cellular processes are essential for genome maintenance and
protection against the development of disease and cancer (10).

DNA is subject to both spontaneous decay and chemical
modification by intracellular reactive species or environmental
agents (11). Events involving spontaneous hydrolytic decom-
position include deamination of cytosine or cleavage of the
N-glycosylic bond connecting the base with the sugar moiety
of DNA, yielding products that are potentially mutagenic if
unrepaired. In addition, cytotoxic and mutagenic lesions are
created from attack of DNA by reactive oxygen species formed
as metabolites of normal cellular respiration. Another endo-
genous genotoxic agent, S-adenosylmethionine can react with
nucleophilic sites on DNA via transmethylation, creating
alkylation lesions. Also, environmental agents, such as ultraviolet
and ionizing radiation, produce hundreds of deleterious DNA
products. Given the established association of defects in DNA
repair with human disease, it is evident that the mutagenic and
cytotoxic potential of DNA lesions depends on the level of the
initial DNA damage and the cell’s capacity to execute repair (10).

Base excision repair (BER) is a multistep process involving
the sequential activity of several proteins that copes with the
majority of spontaneous and endogenously produced muta-
genic and cytotoxic DNA damage, e.g. base modifications,
abasic sites and single-strand breaks (reviewed in 12–15).
Typically, this pathway is initiated by a DNA glycosylase,
a protein that recognizes and removes a damaged (e.g.
8-oxoguanine, uracil) or incorrect base (e.g. mismatch) by
hydrolyzing the N-glycosidic bond (reviewed in 16–18). In
some instances, DNA glycosylases exhibit not only N-glycosy-
lase activity, but also the ability to incise at the resulting
apurinic/apyrimidinic (AP) site, cleaving 3′ to the abasic
residue. These ‘multifunctional’ DNA glycosylases initiate a
sub-pathway of BER by generating a normal 5′-phosphate
residue and a non-conventional 3′-terminus (i.e. a 3′-unsaturated
aldehyde or a 3′-phosphate) (Fig. 1, pathway A). AP endo-
nucleases, such as Ape1 in vertebrates, possess 3′-phos-
phodiesterase activity and operate to remove these
3′-obstructive ends, which normally prevent repair synthesis
and ligation (reviewed in 19). Following removal of the
3′-blocking group, BER proceeds with gap filling, primarily by
DNA polymerase β (Polβ), followed with DNA ligation by
DNA ligase 1 (Lig1) or an XRCC1/Lig3 complex (reviewed in
20–22).
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In most cases the DNA backbone is not incised at an AP site
by a DNA glycosylase, but instead by a class II AP endo-
nuclease, e.g. Ape1 (Fig. 1, pathway B or C). These proteins
cut 5′ to the lesion (19), producing a normal 3′-hydroxyl group
and a 5′-deoxyribose phosphate (abasic) fragment (a dRp group).
Short-patch BER (pathway B) involves single nucleotide gap
synthesis and removal of the dRp fragment by DNA Polβ
(reviewed in 20). There also exists an alternative ‘long-patch’
BER pathway (pathway C) that involves the replacement of
more than a single nucleotide (2–7 nt) by DNA polymerases
Polδ and Polε (23 and references therein) or Polβ (24,25). This
process utilizes PCNA and includes the excision by Fen1 of the
flap-like DNA structure (which contains the 5′-dRp group)
produced via polymerase strand displacement. In each BER
sub-pathway, DNA Lig1 or an XRCC1/Lig3 complex
completes the process by sealing the nick (Fig. 1). Using
kinetic data available in the literature, we present a first step
towards a complete mathematical model of the BER pathway.
The model is applied towards understanding pathway mechanism
and cooperativity, and we discuss its potential use as a tool for
predicting individual BER capacity.

MODELS AND RESULTS

Kinetic data are available in the literature for almost all enzymatic
reactions in the BER network. However, most laboratory
experiments were performed with the goal of obtaining a
biological understanding of the reaction mechanism and
kinetics of an individual enzyme rather than a comprehensive
reaction model for the entire repair pathway; thus, virtually all
the data are in the form of kcat and KM (Table 1). Parameters that
describe product inhibition and cooperativity have generally not
been measured quantitatively for BER enzymes. Consequently,
our preliminary mass action model of BER, which assumes
Michaelis–Menten kinetics, necessarily lacks kinetic details.

Despite this caveat, the initial model developed and tested
below allows us to gain important insights into the nature of
cooperativity and pathway mechanism in BER. We also assess
the potential value of modeling to predict the impact of genetic
variation affecting kinetic parameters or numbers of enzymes
via sensitivity analysis.

We note that our BER model contains fundamental assump-
tions of deterministic chemical kinetics and homogenous
spatial distribution of BER reactions. With regard to the first
assumption, the enzyme amounts used in the simulations
(i.e. 104–106 molecules/cell) are far above the level at which
random fluctuations in reactant concentrations predicted by
stochastic kinetics become negligible (26). As for the second

Figure 1. The sub-pathways of BER. See text for details.

Table 1. BER reaction rates

aWhere data were found in multiple sources, the average kcat and KM are
shown.
bReaction rates measured in the presence of abundant PCNA.

Enzyme Reaction kcat (s–1) KM (nM) Sources

Ogg1 8-oxoG excision 0.00139a 1863a (36,49,50,54)

AP lyase 0.00089 13.7 (36)

UDG Uracil excision 42 100 (55)

Ape1 AP endo 3.08a 32.5a (36,56–60)

3′-diesterase 0.05 130 (60)

Polβ Gap filling 0.45 300 (29,61)

dRp lyase 0.075 500 (62)

Lig1 Ligation 0.04 100 (56,63)

Fen1 5′-flap endo 0.39 39 (64)

Polδ Gap filling 0.0022b 67b (65)
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assumption, reactions were modeled assuming a zero average
velocity of molecules, consistent with recent studies of protein
movement in the nucleus using single molecule fluorescence
imaging (27,28). Thus, in the case of the BER pathway,
assumptions of determinism and homogeneity are likely to be
consistent with in vivo conditions.

Comparing the model prediction to an in vitro pathway
reconstruction: evidence for cooperativity in abasic site
repair

To evaluate our quantitative modeling approach against
existing experimental data, we focused on the repair of abasic
(AP) sites in short-patch repair (Fig. 1, pathway B), as this
pathway was previously reconstructed in vitro (29). Figure 2
shows the linear reaction pathway of Srivasta et al. (29) with
the definitions of substrate concentrations yi, enzyme concen-
trations ei and reaction velocities vi. Assuming Michaelis–
Menten kinetics, the model equations are
dy1/dt = –v1 v1 = y1[k1e1/(y1 + K1)]
dy2/dt = v1 – v2 v2 = y2[k2e2/(y2 + K2)]
dy3/dt = v2 – v3 v3 = y3[k3e2/(y3 + K3)]
dy4/dt = v3 – v4 v4 = y4[k4e3/(y4 + K4)]
dy5/dt = v4

where ki is the kcat and Ki is the KM of the reaction labeled vi.
The results of the simulation are shown in Figure 3. Notably,
the model using average kinetic parameters obtained for the
individual BER enzymes (Fig. 3, thin solid line) and reported
in the literature (Table 1) underestimates the in vitro reaction
rate of the ‘fully’ reconstructed assay (Fig. 3, diamonds).

To account for this discrepancy, we investigated the effect of
enzyme cooperativity suggested in the literature. The data of
Bennett et al. (30) showed a 2.7-fold increase in Polβ dRp lyase
activity in the presence of an Ape1 concentration of 8 nM. To
simulate this effect, we increased Polβ dRp lyase catalytic
efficiency (kcat/KM) 3-fold, modeled as a 3-fold increase in kcat
or a 3-fold decrease in KM (Fig. 3). Neither change accurately
predicts the curve of the experimentally derived data (Fig. 3,
diamonds), although increasing the kcat resulted in an amount
of repaired adduct at the end of the simulation that showed
good agreement with the experimental outcome.

Given the inability of Ape1–Polβ cooperativity to accurately
predict pathway behavior, we explored other possibilities of
cooperativity not explicitly described in the literature, but
which can be modeled as a change in equations requiring no
additional parameter measurement. Specifically, it is known
that the gap-filling and dRp lyase reactions of Polβ occur in

different structural domains (31). However, it is not known
whether these reactions occur coordinately. In the initial model
(Fig. 2), the equations assume that these reactions are catalyzed
by different Polβ molecules, where each enzyme must diffuse
and locate the target site. While spatial coordination between
these consecutive reactions has not been demonstrated experi-
mentally, it is a reasonable consideration. The consequence of
Polβ staying on or near the DNA was simulated by changing
the expression of v3 to v3 = k3y3 and allowing for dRp lyase and
gap-filling functions of Polβ to occur in any order (see Fig. 7
and equations in Appendix A). This adjusted model (Fig. 3,
thick dashed line; using an initial AP site concentration of 1 µM)
predicts a >10-fold increase in abasic site repair rate relative to
the model incorporating Ape1–Polβ cooperativity alone (Fig. 3,
dashed lines). Thus, the adjusted model of Appendix A greatly
overestimates observed repair. However, the apparent saturation
of the repair curve in the reconstruction assay (Fig. 3,
diamonds) at abasic DNA substrate concentrations <50 nM
likely suggests that only a fraction of substrate is accessible to
the operational enzymes, either due to product inhibition or

Figure 2. Schematic of the model for AP site repair (pathway B) showing the definition of substrate concentrations yi, enzyme concentrations ei and reaction velocities
vi. Ape1 (e1) incises the abasic site generating a single nucleotide gap with a 3′-hydroxyl group and a 5′-dRp group. Subsequent to this activity, DNA Polβ (e2) fills
the gap producing a nicked substrate, with a 5′-dRp group remaining. This 5′-terminus is then processed by the dRp lyase activity of Polβ prior to sealing of the
nick by DNA ligase (e3).

Figure 3. Model for abasic site BER pathway reconstruction experiment. The
initial model using the parameters in Table 1 without cooperativity (thin solid
line) underpredicts the experimental data from Srivasta et al. (29) (diamonds).
The in vitro assay of Srivasta et al. (29) was performed for 120 s with an initial
abasic site concentration of 1 µM and enzyme concentrations of 10 nM Ape1,
10 nM Polβ and 100 nM DNA ligase 1. We modeled a 3-fold increase in Polβ
dRp lyase activity in the presence of Ape1 (dashed lines) as either a 3-fold
increase in kcat or as a 3-fold decrease in KM. The model incorporating coordination
between Polβ reactions (detailed in Appendix A) is simulated at initial abasic site
concentrations of 1 µM (thick dashed line) and 50 nM (thick solid line).
Differential equations were solved numerically using the variable-order stiff
solver ‘ode15s’ of Matlab 5.3 on a Sun UltraServer workstation.
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inadequate mixing. If we assume an initial damage concentration
of 50 nM instead of 1 µM in the model, then the further
adjusted model (Appendix A) agrees well (Fig. 3, thick solid
line) with the experimental results of Srivasta et al. (29),
including the shape of the curve. This finding suggests an alterna-
tive means of BER cooperativity not yet experimentally
demonstrated.

Sensitivity of model predictions to kinetic parameters

Model sensitivity analysis identifies those reactions that have
the most impact on pathway throughput and thus require the
most precise measurement. We studied the sensitivity of the
simplest abasic site repair model (i.e. without cooperation) as
described in Figure 2. We analyzed a 100-fold variation in kcat
of the individual reactions, adjusting each parameter 10-fold
higher or lower than the average value presented in Table 1
(Fig. 4A). The predicted repair outcome is most sensitive to the
kcat of the slowest reaction, Polβ dRp lyase, yet exhibits sensitivity
to the rates of other reactions, particularly Polβ gap filling.

We also examined the differences in pathway efficiency
using kinetic parameters found in the literature. In the case of
Ape1 5′-abasic site incision activity (Fig. 1, pathway B), six
sets of kcat and KM parameters were found (Table 2). The high

degree of variability of these data (a coefficient of variation
>100%) illustrates the imprecision and inconsistency of kinetic
measurements, likely to be a consequence of variation in buffer
choice, incubation time and quantification of chemical concen-
trations. As shown in Figure 4B, final repair outcome shows
highest sensitivity to the slower sets of Ape1 parameters
(Table 2, sets 1 and 2), where sensitivity decreases as the Ape1
reaction rate increases and the other steps in the BER pathway
become lesser bottlenecks.

Comprehensive BER model: subpathway comparision

To evaluate the quantitative contribution of the subpathways of
BER to overall pathway throughput, we first constructed a
comprehensive model of BER using the kinetic parameters in
Table 1. We selected 8-oxoguanine (8-oxoG) repair, since
8-oxoG DNA glycosylase (Ogg1) has activities that allow for
pathway A (Ogg1 AP lyase activity) or pathway B (Ape1
incision), followed by either short-patch (pathway B) or long-
patch repair (pathway C). The full schematic of the model and
the incorporated equations are shown in Appendix B, and the
kinetic parameters are those shown in Table 1, except that we
have included a 3-fold increase in Polβ dRp lyase kcat,
assuming Ape1 and Polβ cooperativity. No numerical kinetic
data were found for DNA ligase 3, the effects of XRCC1, or
Polε long-patch repair activity, so their reactions were
excluded. For comparative purposes, we also simulated the
repair of uracil, initiated by uracil DNA glycosylase (UDG), a
glycosylase that lacks AP lyase activity (i.e. pathway A). There
are other glycosylases for which kinetic data are present in the
literature, such as endonuclease III (Nth1) (32), but we leave
analysis of these glycosylases for future studies.

For these more complete BER simulations, where available,
protein concentrations were based on experimental measurements
of enzyme number in human cell extracts (Table 3). We found
no data for the cellular abundance of Polδ or Fen1, so we
assumed the same concentration as Polβ (i.e. 50 000 molecules
of each per typical cell), so as not to impose bias in polymerase
selection. In the absence of experimental data for Lig1, we
assumed 100 000 molecules per cell, a concentration halfway
between Ape1 and Polβ. Enzyme number was then converted
into concentration (Table 3) using a spherical whole cell diameter
of 20 µm. Because enzyme amounts were measured from
whole cell extracts and there is evidence that some of these
species are found throughout the cell [e.g. for Ape1 (33)], the

Figure 4. Sensitivity of the abasic site repair model (shown in Fig. 2) to
changes in kcat of each reaction. (A) The final number of repaired DNA adducts
(after 120 s) upon varying kcat by an order of magnitude either more or less than
the average value used in the original simulation (Table 1). (B) Predicted abasic
site repair (after 120 s, 1 µM initial damage) for six different experimentally
measured Ape1 incision kcat parameters (Table 2) and their average (gray box).
The points are labeled with the kcat value.

Table 2. Experimental data for Ape1 incision kinetics

Parameter set kcat (s–1) KM (nM) Source

1 0.362 13.7 (36)

2 0.578 13.2 (57)

3 2.3 47 (59)

4 10 100 (56)

5 1.8 11.9 (58)

6 3.42 9.2 (60)

Average 3.077 32.5

St. Dev. 3.58 35.9
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simulation assumes enzymes are homogenously distributed in
the entire cell volume.

In the absence of enzyme cooperativity, the comprehensive
BER model (shown in Appendix B) predicts that the rate of
8-oxoG repair is >100-fold slower than uracil repair (Fig. 5).
Much of this difference arises because Ogg1 glycosylase
activity is significantly slower than UDG (the kcat/KM is 105

smaller). Yet the experimentally determined rate of 8-oxoG
repair using human cell extracts is only 5–7-fold slower than
in vitro uracil repair (34,35). We therefore considered the
recent work of Hill et al. (36) that suggests Ape1 enhances
Ogg1 glycosylase activity (with a kcat of 7.55 × 10–3 s–1 and a
KM of 8.9 nM when in the presence of Ape1). Since the glyco-
sylase step is much slower than the other reactions, when
modeled this increased efficiency significantly enhanced
Ogg1-initiated pathway throughput (Fig. 5). Thus, with
Ape1–Ogg1 cooperativity included, the difference between
the modeled rates of UDG and Ogg1-initiated repair agrees
qualitatively well with the biochemical experiments (35),
offering support to the idea of Ape1–Ogg1 cooperativity. We
note that the observed enhancement of UDG glycolysis rate by
Ape1 is negligible (37) at normal physiological enzyme
concentrations (about twice as much Ape1 as UDG, see Table 3),
and therefore was not considered in the models here. Omitting
the Ape1–Polβ dRp lyase cooperativity (30) had a similar

negative impact on the kinetics of either Ogg1 or UDG-initiated
repair (Fig. 5). However, unless Ape1–Ogg1 cooperativity is
included, Ape1–Polβ dRp lyase has no impact on Ogg1 repair
(Fig. 5), due to the dominance of Ogg1 activity in dictating
pathway throughput.

To obtain further insight into potential subpathway utilization,
we computed the number of 8-oxoG sites repaired by pathways
A, B and C as a proportion of the total number of repaired sites.
In our model (Fig. 1), pathway B (short-patch repair) uses Polβ
exclusively, while pathway C (long-patch repair) uses the other
polymerases, Polδ/ε. This is largely supported by experimental
results in Fortini et al. (34), although some exceptions exist:
pathway B can proceed at a low rate without Polβ (38) and
pathway C can proceed with only Polβ present (24,39). With
these caveats in mind, our comprehensive model (with or
without cooperativity) predicts that pathway B is the dominant
subpathway for 8-oxoG repair (Table 4). Even when the
abundance of Polβ is reduced to 10%, pathway B is still
dominant, even though pathway C does contribute more to
repair. The prevalence of pathway B agrees with the results of
in vitro assays using crude cell extracts (34) where the repair
rate of 8-oxoG is (i) independent of PCNA, i.e. the kinetic
activity of Polδ and (ii) significantly slower in the absence of
Polβ. Thus, under the conditions employed, long-patch repair
(pathway C) appears relatively inconsequential as a BER
pathway.

Sensitivity of BER throughput to polymerase type
(Polβ/δ/ε)

To examine in more detail the impact of the various poly-
merases on BER capacity, we simulated AP site repair (starting
with an initial damage of 1 µM) using the model of Figure 2
with polymerase inhibition modeled as a reduction in enzyme
concentration (Fig. 6). Eliminating Polδ had a minimal effect
on pathway throughput, whereas reducing the Polβ abundance
to 10% led to an ∼5-fold increase in repair half-life (time until
0.5 µM repaired sites appear). This latter value corresponds to
an 80% reduction in repair velocity, agreeing well qualitatively
with the experimental finding of Nealon et al. (40), where
using Polβ or Polα/δ/ε inhibitors, these scientists found that
repair was suppressed by 70% at 10% Polβ activity.

It has been hypothesized that the remaining BER activity
under Polβ inhibition is due to switching to long-patch BER
(pathway C). However, the comprehensive model (Appendix
B) does not predict any significant increase in pathway C
throughput at 10% Polβ concentration (Table 4). Indeed, when
Polβ is at 10% and we reduce Polδ abundance to zero (thus
blocking pathway C), repair is suppressed by 82%, about the

Table 3. Determined cellular enzyme concentrations

aNot experimentally derived, see text.

Enzyme Abundance
(molecules/cell)

Source Cellular conc.
(nM)

UDG 178 000 (35) 70.6

Ogg1 123 000 (35) 48.8

Ape1 300 000 (avg.) (35,66) 119

Polβ 50 000 (66) 19.8

Lig1 100 000 a 39.7

Figure 5. Results of the comprehensive BER pathway simulation. The concentra-
tion of repaired uracil sites and 8-oxoG lesions is shown for 200 nM of initial
damage. Assuming a cell nucleus diameter of 5 µm, this corresponds to eight
damage sites per cell. The results for models without cooperativity, with
Ape1–Ogg1 and/or Ape1–Polβ dRp lyase cooperativity are shown.

Table 4. Relative contribution of BER pathwaysa

aSimulation was performed at an initial 8-oxoG site concentration of 200 nM.

Pathway With Ape1–Ogg1
cooperativity (%)

Without enzyme
cooperativity (%)

With enzyme cooperativity
and 90% reduction in Polβ
concentration (%)

A 0.00788 0.00788 0.00775

B 99.79 99.80 97.69

C 0.201 0.194 2.306
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same effect as inhibiting Polβ alone. The model therefore
suggests that the non-proportional reduction in repair efficiency
results simply from the influence of the other BER enzymes.
Any reduction in Polβ activity only reduces that portion of
overall pathway throughput controlled by Polβ-catalyzed
reactions. Other reactions that are not necessarily ‘rate-
limiting’ have some control over the pathway as well, for
example DNA ligase 1 (see the sensitivity plot in Fig. 4A).

DISCUSSION

Past efforts in modeling DNA repair (41,42) have focused on
systems-level aspects without including the detail of specific
enzymes or reactions. Using the kinetic parameters of individual
proteins in BER, we have constructed the first quantitative
model of a human DNA repair process. In light of the discrepancy
between the prediction of this initial model and experimental
measurements of pathway kinetics, we explored the conse-
quence of pathway cooperativity on the model prediction.
These modeling studies support the existence of cooperation
during AP site repair (43) and between Ape1 and Ogg1 in
8-oxoG repair (36,44,45).

In the case of abasic site repair, while incorporation of
Ape1–Polβ cooperativity (30) correctly predicted the total
amount of damage repaired in vitro, the adjusted model did not
accurately depict the nature of the repair curve. Assessment of
other potential mechanisms of cooperativity in BER revealed
that coordination between the dRp lyase and gap-filling activities
of Polβ more accurately reproduced both the in vitro kinetics
and total product output of AP site repair. Thus, while not
dismissing the possibility of Ape1–Polβ cooperativity, the
model does suggest an alternative mechanism of BER coordination
that will need to be tested experimentally.

Using a comprehensive model of BER, we assessed the
overall contribution of the various BER subpathways to
8-oxoG and, indirectly, AP site repair. This model suggests
that the AP lyase-directed pathway (pathway A) accounts for
<0.01% of the total BER throughput (Table 4) and that Polδ-
directed long-patch repair (pathway C) plays a minor backup
role to DNA Polβ. However, it is important to point out that in

some cases the contribution of long-patch BER may be under-
estimated in our current model. For instance, pathway
C presently does not have as many established sources of
quantitative cooperativity compared to pathway B. In addition,
we have not considered the contribution of DNA Polε due to
the lack of kinetic information. To fully appreciate the relative
roles of the BER subpathways, we will therefore need a more
complete and accurate kinetic picture. Additionally, we have
not considered the repair of lesions, e.g. reduced or oxidized
abasic sites, that are more likely to be processed by the alternative
long-patch BER pathways. To do so would require experimental
information on both the processing mechanisms and the repair
kinetics for such DNA damages.

Sensitivity analysis of our model indicates that the rates of
Polβ dRp lyase and gap-filling reactions are most important in
determining AP site repair efficiency. This idea is supported by
in vitro and in vivo data that indicate the activities of Polβ play
a major role in determining BER throughput (25,46,47).
However, the contribution of the other reaction steps in deter-
mining BER pathway effectiveness cannot be overlooked and
will obviously be dictated by the rates and concentrations of
the other enzymes in the process. Along these lines, it has
been hypothesized that reduced-function, exposure-dependent
susceptibility factors exist, which are potentially responsible
for a large number of population cancer cases (reviewed in 48).
Significant variation has been seen in DNA repair genes, and
in some instances, this variation has been found to alter the
primary amino acid sequence and diminish the stability or
efficiency of the encoded protein [e.g. in Ogg1 (49,50) and
Ape1 (51)]. A loss in BER enzyme effectiveness could reduce
overall BER capacity, resulting in the inability to cope with
increased DNA damage (above some threshold level) and thus
accompanying genetic instability and the initiation of disease.
Using our developed model, we are currently evaluating the
effects of established variant protein kinetics on pathway
throughput, as well as the impact of changes in enzyme and
DNA damage concentrations.

The studies presented here are a first step towards being able
to simulate the cell-level consequences of exposure to DNA
damage, such as radiation exposure (accidental or clinical) or
ingestion of a food carcinogen. A complete model will require
identifying all genes and regulators relevant to DNA repair,
measuring the impact of enzyme variation on reaction rates,
and developing rapid and inexpensive high throughput
methods for determining protein concentrations. Then, given
an individual’s DNA repair genotype and a model for the DNA
damage [from damage models currently under development
(42,52,53)], an individual’s capacity to cope with (and potential
health consequence of) a damage-induction pulse could be
predicted. The studies presented here will hopefully serve as a
catalyst for other investigators to develop and expand compre-
hensive quantitative models for DNA repair.
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APPENDIX

A. Pathway B with Polβ coordination

The AP site repair model of Figure 2 has been expanded to
include coordination between Polβ dRp lyase and gap filling
functions. Polβ coordination is incorporated into the model by
making two changes. As shown in Figure 7, the pathway is
now branched so that the Polβ functions of gap filling or dRp
lyase occur in either order. The greatest impact on overall
pathway kinetics results from changing the expressions for the

velocities of the second Polβ reaction (v4 and v5) to linear
functions of the substrate concentration, modeling the
persistence of the Polβ-adduct complex through both reactions
(Fig. 7).

dy1/dt = –v1 v1 = y1[k1e1/(y1 + K1)]
dy2/dt = v1 – v2 – v3 v2 = y2[k2e2/(y2 + K2)]
dy3/dt = v2 – v4 v3 = y2[k3e2/(y2 + K3)]
dy4/dt = v3 – v5 v4 = k3y3
dy5/dt = v4 – v6 v5 = k2y4
dy6/dt = v5 – v7 v6 = y5[k4e3/(y5 + K4)]
dy7/dt = v6 + v7 v7 = y6[k4e3/(y6 + K4)]

B. Overall pathway model

The comprehensive model of the BER reactions, presented in
Figure 8, consists of the reactions shown in Figure 1 except
for those that lack published quantitative kinetic data. Polβ

Figure 7. Schematic of the model described in Appendix A: the AP site repair pathway (pathway B, Fig. 2) adjusted to include coordination between gap filling
and dRP lyase reactions catalyzed by Polβ.

Figure 8. Schematic of the model described in Appendix B: the comprehensive BER reaction system (as outlined in Fig. 1).
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coordination is not considered in this model. However, there is
known coordination between Ogg1 glycosylase (v1) and AP lyase
(v2) functions. The model for UDG-initiated repair is not
shown, but it is similar to the Ogg1 model except that pathway
A (v2, v4, v6) is absent (Fig. 8).

dy1/dt = –v1 v1 = y1[k1e1/(y1 + K1)]
dy2/dt = v1 – v2 – v3 v2 = k2y2
dy3/dt = v3 – v5 – v9 v3 = y2[k3e2/(y2 + K3)]
dy4/dt = v2 – v4 v4 = y4[k4e2/(y4 + K4)]
dy5/dt = v5 – v7 v5 = y3[k5e3/(y3 + K5)]
dy6/dt = v4 – v6 – v8 v6 = y6[k5e3/(y6 + K5)]
dy7/dt = v7 – v11 v7 = y5[k7e3/(y5 + K7)]
dy8/dt = v6 – v12 v8 = y6[k6e4/(y6 + K6)]
dy9/dt = v8 + v9 – v10 v9 = y3[k6e4/(y6 + K6)]
dy10/dt = v10 – v13 v10 = y9[k8e5/(y9 + K8)]
dy11/dt = v11 + v12 + v13 v11 = y7[k9e6/(y7 + K9)]

v12 = y8[k8e6/(y8 + K9)]
v13 = y10[k9e6/(y10 + K9)]
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