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Abstract

Several studies has suggested that glutathione conjugation of polycyclic
aromatic hydrocarbons (PAHs) catalyzed by glutathione transferases (GSTs)
are important factors in protecting cells against toxicity and DNA damage
derived from these compounds. To further characterize the intracellular dy-
namics of PAH DEs and the role of GSTs in protection against DNA dam-
age, we recently developed a PDE model using techniques for mathematical
homogenization (Dreij K et al. PLoS One 6(8), 2011). In this study, we
wanted to further develop our model by benchmarking against results from
four V79 cell lines; control cells and cells overexpressing human GSTs A1-
1, M1-1 and P1-1. We used an approach of global optimization of the param-
eters describing the diffusion and reaction of the ultimate carcinogenic PAH
metabolite benzo[a]pyrene diol epoxide to fit measured values from the four
V79 cell lines. Numerical results concerning the formation of glutathione
conjugates and hydrolysis were in good agreement with results from mea-
surements in V79 cell culture. Cellular results showed significant protection
by GST expression against formation of DNA adducts with more than 10-
fold reduced levels compared to control cells. Results from the model us-
ing globally optimized parameters showed that the model cannot predict the
protective effects of GSTs. Extending the model to also include effects from
protein interactions and GST localization showed the same discrepancy. In
summary, the results show that we have an incomplete understanding of the
intracellular dynamics of the interaction between BPDE and GST that war-
rants further investigation and development of the model.
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Introduction

When mammalian cells are exposed to foreign and potentially harmful compounds,
a series of events takes place. Following uptake the substance is distributed in
different intracellular compartments usually by passive diffusion, absorption and
desorption. Depending on the lipophilicity, the majority of the compound is ei-
ther dissolved in the aqueous phase, i.e. the cytoplasm, or in the lipophilic phase,
i.e. the membranes. Simultaneously, biotransformation is catalyzed by different
soluble and membrane bound enzymes with the purpose to render the substance
non-toxic and suitable for excretion. The lipophilicity, which governs the par-
titioning between cytoplasm and membrane, is an important parameter in deter-
mining bioavailability and thus toxic effects of a chemical. This has been shown
in both biological and mathematical models for several groups of compounds in-
cluding alkanols, chlorinated hydrocarbons and polycyclic aromatic hydrocarbons
(PAHs) [1, 2].

PAHs are highly lipophilic widespread environmental pollutants and most
probably carcinogenic to humans [3]. Probably the most well-investigated car-
cinogenic PAH is benzo[a]pyrene (BP). To exert its biological activity BP requires
metabolic activation and subsequent DNA-adduct formation. One route of acti-
vation common to all studied PAHs includes the sequential action of cytochrome
P450 and microsomal epoxide hydrolase and results in formation of bay or fjord
region diol epoxides (DEs) [4]. The PAH DEs have been identified as the ultimate
carcinogenic metabolites and DNA-adducts derived from DEs have shown to be
mutagenic and carcinogenic [5].

In previous studies, to characterize the intracellular behavior of PAH DEs, we
have examined the kinetics and role of soluble glutathione transferase (GST) cat-
alyzed glutathione (GSH)-conjugation in protecting against DNA damage derived
from several PAH DEs using in vitro [6–8] and mammalian cell models [9, 10].
Our data, together with others [11–13], implicate a central role for the GSTs Al-
pha, Mu and Pi in protecting the genome against DE-induced damage and sub-
sequent mutagenicity. To allow more sophisticated predictions of cellular behav-
ior and thus toxicity of foreign compounds we recently developed a mathemati-
cal model describing the uptake and intracellular diffusion and reaction of PAH
DEs [14]. This is the first model which includes the cytoplasmic membranes in
such a diffusion reaction model, thus making it possible to study the effects of
partitioning.

Here, we extend the framework of our previously developed model for fur-
ther benchmarking against different GSTs. The results show that we have an
incomplete understanding of the protective effects of GTSs which are much more
pronounced than can be expected from their catalytic role and cytosolic location.
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Material and Methods

Experimental Methods
Chemicals

Synthesis of the optically active (+)-anti-DE of benzo[a]pyrene has been per-
formed according to literature methods. Additional chemicals and reagents were
from Sigma-Aldrich and Fisher Scientific.

Cells and Treatment

The production and characterization of V79 Chinese hamster lung cells stably
expressing human GSTs A1-1, M1-1 and P1-1 Val105, Ala114 and correspond-
ing control cells has been previously described [10]. V79 cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 10% fe-
tal bovine serum , 100 U/mL penicillin, 100 mg/mL streptomycin, 1 mM sodium
pyruvate (all from Gibco, Paisley, UK) and 0.1 mg/ml Hygromycin B (Invitrogen)
at 37°C and 5% CO2 in a humidified environment. Cells were treated with DE as
described [10]. In brief, cells in exposure medium (PBS containing 1 g/L glucose,
pH 7.5) were incubated with 1 µM BPDE for up to 30 min. The extent of hydrol-
ysis of BPDE during storage was determined to be in average 5%. At certain time
points unreacted DE, GSH conjugates, tetrols and DNA adducts were analyzed by
HPLC as previously described [6, 10]. Some samples were spiked with internal
standard during the processing to adjust for loss of recovery.

Estimation of Protein Covalent Binding Constant

Confluent V79 cells were washed with PBS, pelleted at 1500 rpm for 5 min and
washed twice with PBS. Cells were resuspended in 20 mM Tris-HCl buffer pH
7.5, 0.25 M sucrose, 0.5 mM EDTA, and sonicated 2 × 20 sec on ice. The cell
lysate was spun 10 min at 4,000 rpm at 4°C and the subsequent supernatant 60
min at 40,000 rpm at 4°C. The resulting supernatant containing cytosolic pro-
teins was concentrated by Amicon Ultra-4 devices (Millipore Corp, Billerica,
MA, USA) 30 min at 3,750 rpm at 4°C. BPDE was added to cytosolic protein
solution (0.05 to 5.0 mg/ml) to a final concentration of 20 µM and incubated at
37°C. At certain time points the reaction was stopped with the addition of alkaline
2-mercaptoethanol. The protein was precipitated with 4 × volume ice-cold ace-
tone and the samples spun 10 min at 3,200 rpm at 4°C. The resulting pellet was
washed three times with ice-cold acetone, dried under N2 (g) and subsequently
dissolved in 5% aqueous SDS. Extent of BPDE-protein binding was analyzed by
UV spectrophotometry, ε345.7nm = 21000M−1cm−1.
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Estimation of DNA Covalent Binding Constant

The reactivity of BPDE against DNA was determined using isolated nuclei from
rat liver cells. Livers were removed from male Sprague Dawley rats (ca 180 g
body weight) and the nuclear fraction isolated [15]. DNA was quantified using
Hoechst 33258 staining as described [16]. Isolated nuclei corresponding to 100
µg DNA were incubated with 10 nmol BPDE in 100 µl 50 mM Tris-HCl buffer pH
7.5 at 37°C for up to 30 min in duplicates. At certain time points unreacted BPDE
was trapped by addition of alkaline 2-mercaptoethanol and the DNA isolated by
phenol chloroform extraction. DNA adducts were analyzed as tetrols released
following hydrolysis in dilute HCl as described [17,18]. The tetrols were analyzed
by HPLC using a Nova Pak 4 µm C18 (3.9 × 150 mm analytical column, Waters
Inc.) and an elution system composed of 55% methanol in water. The tetrols
were identified and quantitated by comparison with authentic standards obtained
by acidic hydrolysis of pure DE enantiomers.

Model Implementation
Mathematical Model

The reactions considered in the model are shown in Figure 1. The model is ba-
sically the same as that described previously [14] but has been extended to in-
clude the reaction of DE with cellular proteins. The system comprises three
sub-domains; extracellular medium, cytoplasm and nucleus, separated by cellu-
lar and nuclear membranes, respectively as shown in Figure 1. The DEs, referred
to as C, are taken up and equilibrates through the cellular sub-domains by diffu-
sion. Because of the lipophilic nature of the modeled compound and its metabo-
lites a major part of the molecules will be absorbed into the cellular membranes.
The partition coefficient, KP, describes the equilibrium ratio of the concentra-
tion of C and its metabolites between any intracellular aqueous-lipid interface,
i.e. membrane-cytosol. In the model, no reactions take place in the membranes.
The parameter values for the enzymatic and non-enzymatic reactions and diffu-
sion coefficients are shown in Table 4. The geometric constants for the model,
including volume of the cells and the medium and relative volume/thickness of
the sub-domains/membranes were set as previously described [14].

Modeling Assumptions The following assumptions were earlier made in [14]
and discussed in detail there.

A1 On the microscopic view, we observe that the structure of the cytoplasm is
very complex. It contains many thin membranes. We assume these mem-
branes as layered structures.
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A2 On the large scale, we assume that the volume of the cytoplasm contains an
unordered set of small-scale substructures, which are uniformly distributed
over the volume.

A3 The cell has spherical symmetry. With this assumption, the three dimen-
sional model has been reduced to one dimensional computational model.

A4 The physical and chemical properties of the cytoplasm and the membranes
are uniform. The diffusion coefficients will be constant in their respective
sub-domains as the consequence of this assumption.

A5 We adopt the continuum hypothesis meaning that; the distribution of the
substances will be described using the concentrations.

A6 The jump condition in the concentration between the two sub-domains can
be conveniently described by the partition coefficients.

Using assumption A5, the distribution of the substances is described using con-
centrations. In order to distinguish among the concentrations within the different
sub-domains, we add an index i.e. the quantities valid in sub-domain i carry the
index i. In addition to the model given in [14], new reaction for protein binding
has been added in cytoplasm and nucleus.

Detailed Equations The reactions and diffusion in Figure 1, give rise to the
following system of reaction-diffusion partial differential equations.

• Sub-domain 1 (extracellular medium)

∂

∂ t
C1 = ∇ · (D1∇C1)− kUC1,

∂

∂ t
U1 = ∇ · (D1∇U1)+ kUC1.

• Sub-domains 2 and 4 (cellular and nuclear membranes)

There is only diffusion process in this domain, and no chemical reaction is
taking place.

For i = 2,4, it holds:

∂

∂ t
Ci = ∇ · (Di∇Ci),

∂

∂ t
Ui = ∇ · (Di∇Ui).
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• Sub-domain 3 (cytoplasm)

σC,h
∂

∂ t
C3 = ∇ · (D3,C,h∇C3)− (kU,h + kB,h + kE,h)C3,

σU,h
∂

∂ t
U3 = ∇ · (D3,U,h∇C3)+ kU,hC3,

∂

∂ t
B3 = kB,hC3,

∂

∂ t
E3 = kE,hC3.

where σS,h,S = C,U represents the time scaling coefficient which is ob-
tained due to the homogenization procedure, and is defined by,

σS,h =

{
pw + pl/KP,S, x ∈ acqeous part of cytoplasm
1/KP,S, x ∈ lipid part of cytoplasm

where pw and pl denote the volume fraction of the aqueous and lipid parts,
respectively, where it holds that pw + pl = 1. KP,S represents the partition
coefficient. ’h’ in the subscript of diffusion and rate constants stands for the
homogenized diffusion and rate constants. The detailed derivation of the
homogenized system, including the derivation of effective diffusion coeffi-
cients, D3,S,h, and effective chemical constants in cytoplasm, can be found
in [14].

• Sub-domain 5 (nucleus)

∂

∂ t
C5 = ∇ · (D5∇C5)− (kU + kA + kE)C5,

∂

∂ t
U5 = ∇ · (D5∇U5)+ kUC5,

∂

∂ t
A5 = kAC5,

∂

∂ t
E5 = kEC5.

The basic values of all the chemical parameters have been summarized in Table 4.

Compartment Model Even after homogenization, the computational complex-
ity for the model described above is rather complex. Therefore, we used a com-
partment model for some more expensive calculations. The complete set of equa-
tions for the compartment model is given below. In addition to to the model de-
veloped in [14], new reaction for protein binding has been added in the cytoplasm
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and nucleus in the present model.

V1
d
dt

C1 =
DA1

Kp,Cδ
(
C3

σC
−C1)−V1kUC1,

V1
d
dt

U1 =
DA1

Kp,U δ
(

U3

σU
−U1)+V1kUC1,

V3
d
dt

C3 =
DA1

Kp,Cδ
(C1−

C3

σC
)+

DA2

Kp,Cδ
(C5−

C3

σC
)−V3

kU,h + kB,h + kE,h

σC
C3,

V3
d
dt

U3 =
DA1

Kp,U δ
(U1−

U3

σU
)+

DA2

Kp,U δ
(U5−

U3

σU
)+V3

kU,h

σC
C3,

V3
d
dt

B3 =V3
kB,h

σC
C3,

V3
d
dt

E3 =V3
kE,h

σC
C3,

V5
d
dt

C5 =
DA2

Kp,Cδ
(
C3

σC
−C5)−V5(kU + kA + kE)C5,

V5
d
dt

U5 =
DA2

Kp,U δ
(

U3

σU
−U5)+V5kUC5,

V5
d
dt

A5 =V5kAC5,

V5
d
dt

E5 =V5kEC5.

Dimensional Analysis For the purpose of dimensional analysis, a typical length
(X), time (τ), and concentration (C̃) have been defined. We choose them as fol-
lows:

• Length scale: Radius of a cell. It is computed from the volume of a cell
under the assumption that the cell has a spherical shape. If we denote the
radius of cell by R, then X = R.

• Time scale: We take the rate constant of U in the extracellular medium as
gauge value. Hence, τ = kU .

• Concentration: The choice is not critical since the system is linear in all
concentrations. We choose C̃ = C0, the initial concentration of C in the
extracellular medium.
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Using the new scale variables, the compartment equations take the form,

d
dτ

C̃1 = D1,C,V1(
C̃3

σC
−C̃1)−C̃1

d
dτ

Ũ1 = D1,U,V1(
Ũ3

σU
−Ũ1)+C̃1

d
dτ

C̃3 = D1,C,V3(C̃1−
C̃3

σC
)+D2,C,V3(C̃5−

C̃3

σC
)− (KU +KB +KE)C̃3

d
dτ

Ũ3 = D1,U,V3(Ũ1−
Ũ3

σC
)+D2,U,V3(Ũ5−

Ũ3

σU
)+KUC̃3

d
dτ

B̃3 = KBC̃3

d
dτ

Ẽ3 = KEC̃3

d
dτ

C̃5 = D2,C,V5(
C̃3

σC
−C̃5)− (k̃U + k̃A + k̃E)C̃5

d
dτ

Ũ5 = D2,U,V5(
Ũ3

σU
−Ũ5)+ k̃UC̃5

d
dτ

Ã5 = k̃AC̃5

d
dτ

Ẽ5 = k̃EC̃5

where for S = C,U, D1,S,V1 = D̃Ã1
Ṽ1Kp,Sδ̃

,Di,S,V3 = D̃Ãi
Ṽ3Kp,Sδ̃

(for i = 1,2), D2,S,V5 =

D̃Ã2
Ṽ5Kp,Sδ̃

,KU =
k̃U,h
σC

,KB =
k̃B,h
σC

,KE =
k̃E,h
σC

.

Table 1 and 2 provide an overview of the scaled parameters. From Table 2,
we see that the diffusion related parameters have very small scaled values. Thus,
their time scale is beyond the resolution of the measurements.

Global Parameter Fitting

The parameters have been optimized to fit the measured values. The quality of a
fit is measured by the total error between the numerical results of the model and
the experimental data. The usual way of minimizing this error is done by defining
the objective function,

f (k,y) =
1
2

n

∑
i=1

wi(ϕi(k)− yi)
2
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where ϕ represents the vector of numerical results depending upon the set of pa-
rameters (k), and y represents the experimental observations. wi stands for the
weights.

Sensitivity measures the changes in the estimated parameters (here, k) against
perturbations in the data y. It is given by,

s(k,y) =
dk
dy

where k = k(y) is given by the solution of the minimization problem

min
k

f (k,y).

The weights wi are determined as follows:

1. The measured and computed values have been normalized using represen-
tative sizes for their concentrations.

2. The reliability of the measured values has been taken into account by mod-
ifying the weights by the scaled standard deviations of the individual mea-
surements.

3. In a first series of optimization, the weights have been used as described
above giving roughly equal influence to all measurements. In a second
numerical experiment, the weight for A has been increased whereas the
weights for other species were decreased. The aim of doing this is to de-
termine optimized parameters to accurately predict the protection of GST
against DNA adducts in all 4 cell lines.

This provides us with
W = S−1

d S−1

where Sd = diag(s̄1, s̄2, ..., s̄n) is the diagonal matrix of scaling values, while S =
diag(e1,e2, ...,en) contains the standard deviations of the measured values.

Finally, we obtain

s(k,y) =
dk
dy

= H−1
ϕ
′(k)TW, (1)

where H denotes the Hessian of ϕ(k).
For a qualitative estimation of the influence of different parameters on the

mathematical model, the compartment model was used. The PDE model could not
be used for the purposes of this sensitivity analysis because it is computationally
too complex and the necessary gradient information is not available.
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The parameter fitting problem is formulated in terms of a constrained opti-
mization problem where the constraints consist essentially of non-negativity con-
ditions. We observed that, within the search region, there are many local min-
ima. Therefore, optimization calls for global technique such as the Multistart

method [19] from Matlab’s Optimization Toolbox, which has the ability to per-
form a global search. A similar kind of approach has been followed in [20].

The Multistart method uses gradient-based methods to return local and
global minima. It runs a local solver from all starting points. It also provides the
users the flexibility in choosing different local nonlinear solvers. For our problem,
we have used fmincon as local solver.

fmincon is a gradient based optimization function available in Matlab’s Op-
timization Toolbox [21]. It minimizes the function with several variables, tak-
ing into account their available bounds as well. In order to use the trust-region-
reflective algorithm, one needs to provide the gradient function. For the compart-
ment model, it consists essentially of the solution of the equation of first variation
for the system of differential equations. Thus, it is easily available.

For the estimation of the Hessian matrix, we numerically approximated the
Jacobian of the gradient function using numjac provided by Matlab [22]. Tech-
nically it was not possible to use the Multistart method with the trust-region-
reflective algorithm. Therefore, fmincon was used (without Multistart) with
the trust-region-reflective algorithm for the sensitivity analysis, and with the initial
guess obtained from the Multistart method.

For our optimization problem using compartment model, we included Kp,C,
Kp,U , kU , kA, kBP , kBA , kBM and kBC(parameters were included in the optimization
code in that order). The vector of eigenvalues (λall) of the Hessian matrix is de-
termined at the fitted parameters, resulting in

λall =



8.2841×1012

7.3807×1012

3.6507×1012

2.0616×1012

1.5728×1011

1.0514×1011

2.6299×108

1.9819×10−1


whereas the matrix Vall of eigenvectors of the Hessian matrix is:
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Vall =



−0.3046 0.0422 −0.0339 −0.6168 −0.2079 −0.1983 −0.6643 −0.0000
0.0000 0.0000 −0.0000 −0.0000 −0.0000 −0.0000 −0.0000 1.0000
−0.1037 0.0121 −0.0120 −0.1714 −0.7607 −0.3042 0.5370 0.0000
−0.0011 −0.0006 0.0006 0.0018 0.4430 −0.8877 0.1251 0.0000
0.0471 −0.0074 0.0149 0.7232 −0.4056 −0.2696 −0.4870 −0.0000
0.3695 −0.9135 −0.0107 −0.1333 −0.0665 −0.0431 −0.0695 −0.0000
0.8704 0.4044 −0.0173 −0.2185 −0.1126 −0.0738 −0.1124 −0.0000
0.0067 −0.0011 0.9990 −0.0391 −0.0131 −0.0076 −0.0116 −0.0000


From the vector of eigenvalues of Hessian matrix, we see that one eigenval-

ues is (almost) zero. Due to the zero eigenvalue, the fitted parameters cannot be
uniquely determined. From the matrix of corresponding eigenvectors we expect
that, we cannot determine Kp,U given the provided data. Thus, we fixed the pa-
rameter Kp,U at its measured value which is given in the Table 4, whereas the other
parameters were included in the optimization code for data fitting. Once again the
eigenvalues of the Hessian matrix of the reduced system were obtained. The sen-
sitivity of the optimal parameters was calculated using Eq. 1. The relative error in
the fitted parameters are given in the Table 3.

The PDE model was implemented in COMSOL Multiphysics3.5a [23] and
interfaced to Matlab’s Optimization Toolbox. The globally optimized parameters
are found in Table 5.

Results and Discussion

Previous work from our laboratory and by others has shown that GST and GSH
are important factors in protecting cells against toxicity and DNA damage derived
from PAHs [6–13]. To further characterize the intracellular dynamics of PAH DEs
and the role of GSTs in protection against DNA damage we recently developed
a PDE model using techniques for mathematical homogenization [14]. Initial
numerical results concerning reaction and metabolism of PAH DEs were in good
agreement with results from cellular experiments. Furthermore, compared to a
compartment model with well-stirred compartments our model allowed for a more
realistic representation. In this study we wanted to further develop our model by
benchmarking against results from four V79 cell lines; control cells and cells
overexpressing human GSTs A1-1, M1-1 and P1-1. In order to investigate how
the model mimics cellular exposure, uptake, metabolism and reaction of BPDE,
data from in vitro experiments and cells in culture describing the partitioning,
intracellular metabolism, and reactivity of BPDE were collected. The reaction
and partition constants governing the dynamics can be found in Table 4. When
measurements of the different species were performed the total amounts of BPDE,
tetrols and GSH conjugates were analyzed. Accordingly, the model was utilized
to mimic this situation by adding the intra and extra cellular profiles.
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Modeling Glutathione Conjugation and Tetrol Formation

As can be seen in Figure 2, the model demonstrated reasonable agreement with
the results of cellular measurements for the conversion of BPDE and formation
of tetrols for all three V79 cell lines overexpressing GSTs as well as the control
V79 cell line. However, a significant difference between model and cells in the
formation of GSH conjugates for the GSTA1-1, GSTM1-1 and control cells was
observed. While formation of GSH conjugates was well predicted for GSTP1-1
cells, the same reaction was overestimated by a factor of 2-3 for the two other
GST overexpressing cell lines and underestimated by factor in the same range for
the control cells. The discrepancy between model and control cells is explained
by using an arbitrary low kcat/KM for the constitutive GST based on our previous
studies showing that constitutive V79 GST essentially lacks activity against BPDE
[24]. The overestimation of formation of GSH conjugates for GSTs A1-1 and
M1-1 confirm that there is no exact correlation between activities obtained from
experiments with purified enzymes and the activities observed in complex cellular
systems [10].

In our earlier paper we proposed that the observed differences between PDE
model and cells in part might be explained by the reaction of BPDE with other
cellular macromolecules, such as proteins. To further investigate this the rate
of binding of BPDE to cytosolic protein (kE) was determined using cytosolic
fractions from control V79 cells as described in material methods and estimated
to be 4.3× 10−4s−1. In contrast to earlier studies performed in different cell-
like systems showing that up to about 10% of the total reaction of BPDE could
be accounted for as covalent binding to proteins the addition of our experimen-
tally obtained protein binding constant had minimal impact on the modeled cel-
lular diffusion and reaction of BPDE (resulting in up to 0.12% protein bound
BPDE) [25, 26].

Next we used a global optimization technique, Multistart [19] to optimize
the parameters included in the model that are accessible to optimization for the
given set of measurements, to fit the cellular results. With this technique, the
solver searches for the global optimum solution of the parameters. The resulting
fitted parameters can be seen in Table 5 with the corresponding curves plotted in
Figure 2 (dashed line). The estimation of the relative errors has been computed
using the compartment model. As can be seen, most parameters were changed
within one order or magnitude with the exception of rate of GSH conjugation in
control cells which can be explained as discussed above.
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Modeling DNA Adduct Formation

In order to include the formation of DNA adducts in the model to study the im-
pact of GST metabolism, the rate of DNA binding of BPDE was determined using
isolated nuclei from rat liver as described in material and methods. Using intact
nuclei allowed for estimation of a more relevant reaction rate in relation to intra-
cellular diffusion and reaction of BPDE compared to using naked DNA. The DNA
binding reaction constant was estimated to 6.2× 10−3s−1. This value is 10-fold
lower than corresponding binding rate to naked DNA [27], most likely reflecting
the impact of chromatin structure and nuclear proteins on DNA binding. This dif-
ference is in agreement with studies on the distribution of adducts derived from
BPDE in the eukaryotic genome demonstrating up to 5-fold higher frequency of
adducts in linker and genetically active DNA than in nucleosomal and inactive
DNA [28, 29].

Comparing levels of DNA adducts in the model with results from the 4 cell
lines (taken from [10]) showed that the model could not predict the protection
of GSTs against the formation of DNA adducts (Figure 3A). While cell results
showed up to more than 10-fold reduction of DNA adducts in the presence of
GST, the model only showed up to 15% reduction.

Results from the global optimization to fit the parameters to the results from all
4 cell lines showed the reverse discrepancy between model and cells. Although the
model now could accurately predict level of DNA adducts in GST overexpressing
cells, the level in control cells was underestimated. However, there was only data
for A from one time point available, reducing the impact of this parameter (kA) on
the fitted values. Consequently, to be able to determine optimized parameters to
accurately predict the protection of GST against DNA adducts in all 4 cell lines
the fitting of kA was given full weight (Figure 3A). This was done analytically
by increasing the weights for A, whereas the weights for other species were de-
creased. The resulting parameters can be found in Table 5. While lipophilicity
and reactivity against water and DNA were within one order of magnitude from
both the original and globally fitted parameters, the rates of GSH conjugation (kB)
showed larger deviations from the starting parameters. According to this analysis,
to accurately predict the protection of GSTs against DNA adducts the difference
in rate of GSH conjugation between overexpressing and control cells needed to
be larger. These results suggest that the model needs to be modified or extended
in order to properly model the protection from DNA adduct formation in cells
expressing GSTs.

13



Impact of Intracellular Interactions of BPDE on DNA Adduct
Formation

Recent papers have shown that GSTs can have different localizations and sug-
gested the importance of GST localization for its function as a phase II enzyme
protecting against DNA damage. Stella et al showed that up to 10% of the cy-
tosolic pool of GST Alpha class enzymes were localized in the nucleus in rat
hepatocytes [30]. Furthermore, Fabrini et al recently showed that detoxifying and
antioxidant enzymes, including GSTs, can form a nuclear shield resulting in an
increased protection against chromosomal oxidative damage (26). Consequently,
nuclear localization or a shield of GSTs could have an impact on the protection
against DNA damage derived from BPDE. We tested this hypothesis by introduc-
ing these GST localizations into the PDE model. Data describing the width of
the shield and the GST concentration was taken from [31]. Comparing control
and GSTP overexpressing cells the results showed that placing up to 100% of the
cytosolic GST protein pool in the nucleus does not affect the formation of DNA
adducts, neither did the inclusion of a nuclear shield (Figure 3B).

Since BPDE is highly lipophilic a large proportion of the intracellular molecules
will partition and diffuse inside the membranes throughout the cell. Consequently,
the interaction of BPDE with membranes could affect the extent of GSH conjuga-
tion and reaction with for example DNA. To test if the structural organization of
the membranes could affect the intracellular dynamics of BPDE and thus pro-
tection of GSTs against DNA adducts the orientation of the membranes were
changed. In the homogenized PDE model the orientation of the membranes is
also homogenized here, the orientation of the membranes was changed to be ei-
ther fully parallel or transversal to the gradient of BPDE. This could easily be
implemented by a slight modification of the homogenization algorithm. As can
be seen in Figure 3B neither of these changes had an effect on DNA adduct levels.

The cytosol contains in the range of 300 mg/ml protein and earlier studies
have suggested a role of intracellular PAH-protein interactions in the regulation of
metabolism and could thus potentially also influence the extent of DNA adducts
formed [32, 33]. To test this we introduced two different scenarios of BPDE-
protein interactions in the model. The first representing a more unspecific interac-
tion with cytoplasmic proteins using a dissociation constant (kd) in the micromo-
lar range (kon = 1×109M−1s−1,koff = 1×103s−1). As can be seen in Figure 3B,
although this decreased the levels of A it could still not predict the GST protec-
tion against DNA damages. Previous studies regarding the intracellular dynamics
of BP reported the presence of a BP binding protein with a kd in the nanomolar
range [34]. It was suggested that the GSTs could be responsible for this. This was
tested by introducing a second more specific protein interaction with the GSTs
(kon = 1×109M−1s−1,koff = 1s−1) and comparing the results from modeling for-
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mation of A in control and GSTP overexpressing cells. Although this lead to a
small reduction in levels of A in the GSTP overexpressing cells compared to con-
trol cells it did not fit with the cellular results. Moreover, the addition of protein
interactions significantly affected the kinetics of the rest of the metabolism evident
as prolonged intracellular half-life of BPDE resulting in significantly decreased
levels of intracellular tetrols in parallel to increased levels of GSH-conjugates no
longer matching the cellular results (results not shown).

In summary, none of the different possible intracellular interactions of BPDE
that was modeled here could explain the protective effects of GSTs. This shows
that we have an incomplete understanding of the intracellular dynamics of the
interaction between BPDE and GST and warrants further investigation. Interest-
ingly, previous studies have suggested that the GSTs interact with cellular mem-
branes possibly resulting in increased accessibility of substrates present in the
membranes [30, 35]. This possibility will be tested in future simulations, which
will however require extensive development of the model.
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Figure 1.Schematic diagram showing the reactions and diffusion of BPDE in and around one cell. 

 

  



 

 

Figure 2. Comparison between results from V79 cells, PDE model and globally optimized parameters. 

Simulated amounts of the different species were generated by running the model for 30 min. 

Parameters used for the PDE model and from global fit are found in Table 1 and 2, respectively. Results 

from cellular experiments show mean ± SEM, n=2. 

 

  



 

Figure 3.Modeling the protection of GST against DNA damages.A, comparison between results from 

V79 cells, PDE model, global optimization and full weight for kA. B, Effects of changed parameters related 

to the intracellular dynamics and interactions of BPDE on the protective effects of GST. 



Table 1: Problem parameters and their scaled values
Parameter Value Scaled
cell radius 8.947×10−6 m 1
kU 4.3×10−3 s−1 1
C0 10−6 M 1
kE 4.3×10−4 s−1 10−1

kBP,h
b 2.4291×10−1 s−1 5.649×101

kBA,h
b 8.1168×10−2s−1 1.8876×101

kBM ,h
b 1.5667×10−1 s−1 3.6434×101

kBC,h
b 5.9683×10−5 s−1 1.3880×10−2

kA 6.2×10−3 s−1 1.4419
kE,h 3.2079×10−4 s−1 7.4603×10−2

D 10−12 m2s−1 2.9052
kU,h 1.0444×10−3 s−1 7.4603×10−1

Kp,C 1.2×10−3 1.2×10−3

Kp,U 8.3×10−3 8.3×10−3

σC 212.4 212.4
σU 31.3 31.3
bCalculated for GSTP cell line.
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Table 2: Scaled values of diffusion and reaction related parameters.
Diffusion related

parameters
Reaction related

parameters
Measured data available at

time scales
parameter scaled value parameter scaled value Species scaled value
D1,C,V1 3.8376e-005 kU 1 Cc 0,0.26,0.52,1.3,2.6,5.2,7.7
D1,U,V1 2.6543e-004 KU 284.69 Uc 0,0.26,0.52,1.3,2.6,5.2,7.7
D1,C,V3 1.2919e-007 KBP 3.76 B3P 0,0.26,0.52,1.3,2.6,5.2,7.7
D1,U,V3 8.9355e-007 KBA 11.25 B3A 0,1.3,2.6,5.2,7.7
D2,C,V3 3.2423e-007 KBM 5.83 B3M 0,1.3,2.6,5.2,7.7
D2,U,V3 2.2426e-006 KBC 15300 B3C 0,5.2
D2,C,V5 1.0884e-007 kA 0.69 A5 0,5.2
D2,U,V5 7.5284e-007 kE 10 E Not available
σC 212.4 KE 2847
σU 31.3
cOnly sum in all sub-domains available, not available in indivisual sub-dmains.
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Table 3: Fitted parameter obtained using PDE model and relative errors of the
optimal parameters using CM.

Parameter Starting value Fitted value e(Rel.Er) (%)
Kp,C 1.2×10−3 2.1680×10−3 0.46
Kp,U 8.3×10−3 Not fitted
kU 4.3×10−3 5.5708×10−3 1.75
kA 6.2×10−3 1.2855×10−3 18.09
dKBP 3.256×10−1 3.5923×10−1 5.08
dKBA 1.088×10−1 5.0950×10−2 6.06
dKBM 2.100×10−1 8.2393×10−2 4.16
dKBC 8×10−5 8.5848×10−3 17.64
kE 4.3×10−4 Not fitted
D2,D4 1×10−12 Not fitted
dG∗KC
eRelative error (Rel.Er) was computed using CM.
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Table 4: Constants describing diffusion and reaction of BPDE for the model.
Symbol Constant Value Ref.

D1 Diffusion coefficient in extracellular medium [m2s−1] 10−9 [36, 37]
D2,D4 Diffusion coefficient in cell/nuclear membrane [m2s−1] 10−12 [38]
D3,lt Diffusion coefficient in cytoplasm membranes/tangential [m2s−1] 10−12 [38]
D3,ln Diffusion coefficient in cytoplasm membranes/normal [m2s−1] 10−12 [38]
D3,w Diffusion coefficient in cytoplasm [m2s−1] 2.5×10−10 a
D5 Diffusion coefficient in nucleus [m2s−1] 2.5×10−10 a
c0 Initial concentration in extracellular medium [M] 10−6

KP,C DE partition coefficient 1.2×10−3 b
KP,U Tetrol partition coefficient 8.3×10−3 b
kU Solvolytic reactivity [s−1] 4.3×10−3 [10]
kA DNA reactivity [s−1] 6.2×10−3 c
kE Protein reactivity [s−1] 4.3×10−4 c

kcat/KM Catalytic efficiency [M−1s−1]

GSTA1-1 3.2×103 [6]
GSTM1-1 10.5×103 [7]
GSTP1-1 3.7×103 [7]
Constitutive GST 25 d

G1 Concentration of cellular GST – Phase II [M]
GSTA1-1 3.4×10−5 [10]
GSTM1-1 2.0×10−5 [10]
GSTP1-1 8.8×10−5 [10]
Constitutive GST 3.2×10−6 [10]

a Based on DH2O ≈ 10−9m2s−1 of benzo[a]pyrene [36, 37] and the relationship that Dintracell ≈
2.5DH2O [39, 40].

b Determined using ALOGPS 2.1 software [41].

c This study.

d arbitrary low number [24]
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Table 5: Comparison of constants used in the PDE model, before and after global
parameter optimization.

Parameter PDE Globally optimized Full weight kA
KP,C 0.0012 0.0022 0.000737

kU [s−1] 0.0043 0.0056 0.005514
kA [s−1] 0.0062 0.0013 0.006679

kB,GSTP [s−1] 0.33 0.36 7.508407
kB,GSTA [s−1] 0.11 0.051 3.923624
kB,GSTM [s−1] 0.21 0.082 25.02053
kB,Control [s−1] 0.00008 0.0086 0.000463

kB = kcat/KM×G, (see Table 1).
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