Table S4. Reaction rates and parameter values for the anti-electrophilic gene regulatory network model.

Reaction #

Reaction rate Parameter value

Note

f, =k,[Nrf2_Keapl] k,=0.014s"

f, =k,[Nrf2_Keapl,] k,=1x107*s

These two reactions represents Keap1-mediated Nrf2 degradation. The current consensus on
activation of Nrf2 is that electrophilic/oxidative stress conjugates or oxidizes Keap1 (represented as
Keap1, here), rendering it unable to facilitate Nrf2 degradation [1,2]. Studies have shown that under
stresses, Nrf2 half-life lengthens from 13~21 min to 100~200 min [3,4]. ki, k2, as well as kis were
thus chosen so that at the basal condition overall Nrf2 half-life is 15 min, at fully stressed condition,
the half-life relaxes to 115 min. ko was set the same as Kis, i.e., for free Nrf2.

f, =k, [Nrf2][Keapl]—k,, [Nrf2_Keapl] ks =0.002nM7's™, ky, =0.02”

f, =k, [Nrf2][Keapl ]-k,,[Nrf2_Keapl,] ke =0.002 nM7's™, k,, =0.02s™

These two reactions represents the binding between Keap1 and Nrf2. Several studies have
indicated that the binding affinity between Keap1 and Nrf2 does not differ between unstressed and
stressed conditions [1,4-6]. Therefore activation of Nrf2 was not due to increased dissociation from
Keap1 sequestration as previously thought. In these studies, the measured Kd between keap1 and
Nrf2 was 1 nM, 9 nM, or higher. Here we used 10 nM. The absolute values of these parameters
were then chosen to make the binding dynamics in the order of second ~ minute.

ks;=0.93s™ ky; =2.6x10 nM's™,
ks, =0.1s"
ks =093 s ko =2.6x107 nM"s™,
kg, =0.1s"

These two reactions represents Keap1 conjugation/oxidation by electrophile or ROS and its
reduction. We assume this occurs with free and Nrf2-bound Keap1 equally. ks; and ke; represents
the oxidative activity of species excluding electrophile, such as ROS. Parameter values were
chosen so that at the basal condition, electrophile is only responsible for 22% of the oxidative
activity. Reversion from Keap1, to keap1 follows a constant rate ks, and kep.

fs = (ks; +kse [X])[Keapl]-ks, [Keapl,, ]

fo = (kg + kg [XDINrf2_Keapl]-k, [Nrf2_Keapl, ]

£, =k, [Nrf2]—k,, [Nrf2, ] Ky =2pum’”, k,, =1 um’s™

Translocation of Nrf2 between the cytosol and nucleus. It appears that the nuclear Nrf2
concentration was twice as much as the cytosolic concentration [7], we thus set the ratio between
this two parameters to 2. These values were also chosen so that translocation of Nrf2 is not rate-
limiting for its nuclear accumulation.

f, =kg[Nrf2, ] ke =1x10"*s"

Nrf2 degradation in the nucleus. Assume nuclear Nrf2 has a similar half-life as the free Nrf2 in the
cytosol.

£, =Ko [Nrf2, J[Maf]—ko, [Nrf2_Maf] Kop =0.001 nM7's™, k,, =0.025™

Nrf2 dimerization with Maf. The kinetics are unknown. We set it so that the dissociation dynamics is
less than a minute. The current values give a Kd of 20 nM, which is similar to that for estrogen
receptor dimerization [8]

10

fio =Kor[Nrf2_Maf]™"* [EpRE y;1 ]~ k0, [Nrf2_Maf _EpRE 1, ] Kjor =0.002nM™s™, k5, =0.02 8™

Binding of Nrf2-Maf dimer to EpRE in Nrf2 gene promoter. These values, along with values for
other genes, were chosen so that the residence time of Nrf2-Maf dimer on EpRE is compatible with
the rapid exchange (seconds to minutes) observed between a variety of transcription factors and
response elements [9-11]. With the current values, the dissociation constant is 10 nM.

11

k;;; =0.0025s™,
k,; =100 nM's™, k,,, =0.01s™"

Activation of Nrf2 gene. These values, along with values for other genes, were chosen so that the
dynamics of the adaptive response is not determined by the kinetics at the promoter, but rather by

£y =k +kp ¢ [Nrf2_Maf _EpRE ¢, DINIE2 o ]k [Nr2,, ]




the half-lives of MRNAs and proteins of Nrf2 and other anti-electrophilic genes in the model. For
Nrf2, the values were also set such that at the basal condition the Nrf2 gene operates at about half
of its capacity. This ensures that even at full induction by oxidative stress, the increase in Nrf2
mRNA level can not exceed 2 fold, as observed experimentally with arsenic exposure [7,12].

12

f,, =k,,[Nrf2,, ] kj, =2.04x107s™

Transcription of Nrf2 mRNA. The value was chosen so that basal nuclear Nrf2 concentration is
about 1 nM.

13

f,; =k,s[Nrf2mRNA] ki3 =6.43x107 s

Nrf2 mRNA degradation in the cytosol. The value reflects a half-life of 3 h observed in HepG2 cells
[13].

14

f,, =k ,[Nrf2mRNA] kj;=0.0417s"

Translation of Nrf2. This value gives about 150 protein molecules produced per mRNA per hour, an
average found in eukaryotic cells [14,15]. Translation rates for protein GCLC (k2o), GCLM (kzs), GS
(k34), GST (ka2), and MRP (kso) used the same value.

15

f,5 =k,s[Nrf2] ks =1x107*s

Free Nrf2 degradation in the cytosol. This value gives a half-life of 115 min, which is in the range of
100~200 min as measured experimentally [3,4].

16

Ky =0.8nM7s™, k,(, =0.025,
N =3

Binding of Nrf2-Maf dimer to EpRE in Gclc gene promoter. Cooperative binding was implemented
here to enhance Gclc expression. The values were chosen so that the time-course profiles of both

Nrf2 and GCLC can simultaneously and quantitatively match the respective experimental
observations in RAW macrophages treated with hypochlorous acid (unpublished data, Pi et al.).

fig =k;or[N1f2_Maf ™ [EpRE gy ¢ 1=k, [Nrf2_Maf _EpRE e ]

17

Ky =4x107*s™,
ki =8.7nM"s™, k., =0.01s™

Activation of Gclc gene. It contains both constitutive and Nrf2-activated components. With these
values, steady-state GCLC mRNA level in the model drops to 41% in the absence of Nrf2 gene,
which is in the range of 16%~65% observed experimentally in Nrf2(-/-) cells and mice [16-19].
Together with decrease in GCLM, GSH level decreases correspondingly to 58%, which is also
compatible with the 50%~71% range observed experimentally in Nrf2(-/-) cells and mice [17,18,20].
Moreover, Nrf2(-/-) mouse macrophages only show minimal decreases in GSH levels compared
with Nrf2(+/-) [21]. Consistent to this result, in our model, GSH level only decreases from 3.1 mM in
Nrf2(+/-) to 2.87 mM in Nrf2(-/-). Also see reaction 11 for rationale on the dynamics.

fi7 =(Ky7; +ky7¢[Nrf2_Maf EpREq c D[GCLC,g; ]-k;7,[GCLC,, ]

18

f,s =k s[GCLC,, ] ks =0.66s"

Transcription of GCLC mRNA. The value and that for GCLM mRNA were chosen so that at the
basal condition 1) GCL and GCLC are at concentrations maintaining a GSH production rate of
close to 400 nM/s as specified in the GCLC and GCL entry in Table S5; 2) the ratio of GCLC/GCL
is at 3 as specified in reaction 28.

19

f,o =k,;o[GCLCmRNA] ko =4.83x107s™

GCLC mRNA degradation. The value reflects a half-life of 4 h observed in both HepG2 and L2 cells
[22,23].

20

£, =k, [GCLCMRNA] Koy =0.0417 8™

Translation of GCLC. See reaction 14 for explanation of the parameter value.

21

f,, =k,,[GCLC] k,, =3.86x107°s"

GCLC degradation. The half-life of GCLC is unknown. Here we adjusted the value, together with
those for the degradation of the subunit GCLM and holoenzyme GCL, to give a half-life of 5 h. This
value, together with that for GCLM degradation, allows the increase in GSH to peak around 12 h,
as occurring in RAW macrophages under exposure to hypochlorous acid (unpublished data, Pi et
al.).

22

Kyr =0.8 nM3s™, k,,, =0.025™,

f= kzzf[Nrf27Maf]N22 [EPREGcim 1=Ky, [Nrf2_Maf _ EpRE ¢ ] N 3
2=



Binding of Nrf2-Maf dimer to EpRE in Gc/m gene promoter. Cooperative binding was implemented
here to enhance Gclm expression. The values were chosen so that the time-course profile of GSH
can match quantitatively the experimental observation in RAW macrophages treated with
hypochlorous acid (unpublished data, Pi et al.).

23

K,y =1.3x107s™,

Ky =1.6 nM's™, k,,, =0.01s™
Activation of Gclm gene. It contains both constitutive and Nrf2-activated components. With these
values, steady-state GCLM mRNA level in the model drops to 54% in the absence of Nrf2 gene.
Reported decrease in GCLM mRNA levels in Nrf2(-/-) cells and mice ranged from 12.5% to no
change [17,18]. Together with decrease in GCLC, GSH level decreases correspondingly to 58%,
which is also compatible with the 50%~71% range observed experimentally in both Nrf2(-/-) cells
and mice [17,18,20]. Also see reaction 11 for rationale on the dynamics.

T3 =(Kyg; ko3 [Nrf2_Maf _EpREqey \ DIGCLM, g [-k3,[GCLM,, ]

24

f,, =k,,[GCLM,, | Kk, =1.07s"

Transcription of GCLM mRNA. See reaction 18 for explanation of the parameter value.

25

f,5 =k,5s[GCLMmRNA] kys =4.83x107 s

GCLM mRNA degradation. Half-life of GCLM mRNA is 3.5 and 8 h in L2 and HepG2 cells,
respectively [22,23]. The value used here gives a half-life of 4 h.

26

f,5 =k,s[GCLMmRNA] Kys =0.0417 s

Translation of GCLM. See reaction 14 for explanation of the parameter value.

27

f,; =k, [GCLM] Ky, =3.86x107 s

GCLM degradation. The half-life of GCLM is unknown. See reaction 21 for explanation of the
parameter value.

28

£, =K 55 [GCLC][GCLM]—K 5, [GCL] Kogr =2x10° nM's™ kg, =0.0287

Dimerization of GCLC and GCLM to form the holoenzyme GCL. The parameter values were
chosen here to meet two conditions. 1) They give a GCLC/GCL ratio close to 3, which is in the
range of 2~7 in various tissues observed by Chen et al [24]. 2) The GSH level decreases to 80%,
72%, 24% for Gcele(+/-), Gelm(+/-),and Gclm(-/-) gene deficiency, respectively. The experimentally
observed decreases are 80%, 43%~83%, and 9%~16%, respectively [25,26]. With these values,
the dissociation constant is at 1uM.

29

£, =k ,[GCL] Ko =3.86x107 5™

Holoenzyme GCL degradation. The half-life of GCL is unknown. See reaction 21 for explanation of
the parameter value.

30

Ksor =0.042nM s, kyp, =0.0257,
N;p=2

Binding of Nrf2-Maf dimer to EpRE in Gs gene promoter. Cooperative binding was implemented
here to enhance Gs expression.

f,0 =Ko [NIf2_Maf N [EpRE g ]~k 305[Nrf2_ Maf EpRE ]

31

Ky =5x107*s™,
Ky =5.950M7's™ ky,, =0.01s™

Activation of Gs gene. It contains both constitutive and Nrf2-activated components. With these
values, steady-state GS mRNA level in the model drops to 54% in the absence of Nrf2 gene. Also
see reaction 11 for rationale on the dynamics.

f3; = (ks + ks [Nrf2_Maf _EpRE s D[GS o4 ] k31, [GS,, ]

32

f3, =k3p[GS,,] ki, =038

Transcription of GS mRNA. The value was chosen so that at the basal condition GS is at a
concentration maintaining a r-GC level of 0.15 mM as specified in the r-GC entry in Table S5.

33

f,; =k;;[GSMRNA] ky; =4.83x107°s™

GS mRNA degradation. The half-life of GS is unknown, we assumed it is 4 h.

34

f,, =k, [GSMRNA] ks, =0.0417 s



Translation of GS monomer. See reaction 14 for explanation of the parameter value.

35 f35 =k35[GSuono | K5 =3.86x107 s
GS monomer degradation. The half-life of GS monomer is unknown, we assumed it is 5 h.

36 f16 =Kt [GSmono I — K36 [GS] Kaer =2x107* nM's™, ky,, =0.028™
Homodimerization of GS monomers to form dimer GS. The kinetics are unknown. The values used
here give a dissociation constant of 0.1 yM.

37 f3; =k, [GS] k3, =1.93x107° s
GS degradation. The half-life of GS is unknown. In keeping with the concept that fully active
enzymes are generally more stable than their subunits, we assumed the half-life of GS is 10 h,
which is twice that of the monomers.

. Kagr =0.042nM7s™, ke =0.0287,

38 fig =ksge [Nrf2_Maf] 3 [EpRE qgr -k, [Nrf2_Maf _EpRE 4] No. 22

38
Binding of Nrf2-Maf dimer to EpRE in Gst gene promoter. Cooperative binding was implemented
here to enhance Gst expression.
Ky =1x107 s

39 fi9 = (Ky9; + k3o [Nrf2_Maf EpRE o1 DIGST, 1—Kk30,[GST,, ] 9 7 .

39 39 39f GST ff 39b Kyop =11.9 nM 1S 1, Koy =0.01'S 1
Activation of Gst gene. It contains both constitutive and Nrf2-activated components. With these
values, steady-state GST mRNA level in the model drops to 54% in the absence of Nrf2 gene,
which is compatible to the 40%~66% reported range [19,27]. Also see reaction 11 for rationale on
the dynamics.

40 fa0 =ky[GST,, ] k,, =0.081 s”

Transcription of GST mRNA. The value was chosen so that at the basal condition GST is at a
concentration maintaining a X level of 1 uM as specified in the X entry in Table S5.

41 f, =k, [GSTmRNA] Kk, =4.71x107 s
GST mRNA degradation. The value used here gives a half life of 4.1 h, as observed for GST pi
isoform mRNA in human colon cancer cells [28]

42 f,; =k, [GSTmRNA] k,,=0.0417 s
Translation of GST monomer. See reaction 14 for explanation of the parameter value.

43 f43 =k 43[GST 000 kg, =1.29x107* s’

GST monomer degradation. GST pi isoform protein half-life is 1~2 h in human colon cancer cells
[28]. We used 1.5 h.

44 fo =Kyt [GST,m0 1 —K sy [GST] K =2x107* nM7s™, k,,, =0.02s™
Homodimerization of GST monomers to form dimer GST. The kinetics are unknown. The values
used here give a dissociation constant of 0.1 yM.

45 f4s =k,s[GST] ks =1.29x107s™
GST degradation. In keeping with the concept that fully active enzymes are generally more stable
than their subunits, we assumed the half-life of GST is 15 h.

. Kyer =0.042 "M, k4, =0.0257,

46 f46 =K46r [Nrf2_Maf] " *[EpRE \zp ] =k 4, [Nrf2_Maf _EpRE,zp] N. =2

46 —
Binding of Nrf2-Maf dimer to EpRE in Mrp gene promoter. Several consensus EpREs have been
identified in the promoter of Mrp1 in mice and human [19]. Cooperative binding was implemented
here to enhance Mrp expression.
K7 =0.68x1073 5™,
47 f47 = (Kyp; +ky47p[Nrf2_Maf _EpRE\jzp NIMRP |-k 47, [MRP,, ] 7

Kr =16 "M7's™, k,;, =0.01s™

Activation of Mrp gene. It contains both constitutive and Nrf2-activated components. With these
values, steady-state MRP mRNA and MRP protein levels in the model drops to 39% and 29%
respectively in the absence of Nrf2 gene. This magnitude of decrease approximately matches the




38% and 32% drop reported in the fibroblast in Nrf2(-/-) mice [19]. Also see reaction 11 for rationale
on the dynamics.

48

f,0 =k s[MRP,, ] k=828

Transcription of MRP mRNA. The value was chosen so that at the basal condition MRP is at a
concentration maintaining a GSX level of 0.2 uM as specified in the GSX entry in Table S5.

49

f,o =k ,o[MRPMRNA] K4 =1.93x107 5

MRP mRNA degradation. The half-life is unknown, we assumed it is 10 h.

50

£, =k ;,[MRPMRNA] ksp=0.0417 s

Translation of GST monomer. See reaction 14 for explanation of the parameter value.

51

f,, =ks,[MRP, .1 ks, =1.93x107° s

MRP monomer degradation. The half-life of MRP monomer is unknown, we assumed it is 10 h,
which is about 1/3 of the dimer.

52

fy, =k, [MRP, . 1> —ks,,[MRP] ko =1x107° nM's™, k,, =0.028™

mono

Homodimerization of MRP monomers to form dimer MRP. The kinetics are unknown. The values
used here give a dissociation constant of 2 yM.

53

fs; =ks;[MRP] kg3 =7.15x10 s

MRP degradation. This value gives a half-life of 27 h, as reported for MRP2 in rat liver cells [29].

54

[ATP] [Glu] o [Cys]

fy, =k [GCL] x
5 K ngarmy (400 [ATP L9080 L9 g+ LO5BL) - Kooy #1Cys]

is(ATP) ii(ATP) is(Glu) ii(Glu)

Synthesis of y-glutamylcysteine by GCL and GCLC. The above equation gives the rate by GCL,
GCLC follows the same rate equation with different parameter values. The overall synthesis rate is
the sum of that catalyzed by GCL and that by GCLC. According to [24], this reaction is modeled as
an irreversible random reaction, and GSH noncompetitively inhibits GCL and GCLC through
binding sites for both glutamate (Glu) and ATP. The following parameter values are taken from
mouse GCL and GCLC [24].

For GCL the parameter values are: k, =8.2s", K, xrp) =0.87x10° nM, K41, =6.5x10° nM,
Kiiatp) =3.9x10° M, K Gy =0.48x10° nM, Ky ) =0.8x10° nM, Ky g,y =3.1x10° nM,

K. cys) =0.22x10° NM.

m(Cys
For GCLC the parameter values are: k, =1.95™, K, s1p) =5x10°nM, K (xrp) =1.3x10° nM,
Kiiatpy =0.4x10° M, K gy =1.6x10° nM, K gy =0.3x10° 1M, Kj; 1,y =0.8x10° nM,

K, (cys =027x10° NM.

55

[Gel [rGC]?

Kooy  KmieooyKmaeao) « [Gly] » [ATP]

14 2[rGC] N [rGC]2 Km(Gly)+[Gly] Km(ATP)+[ATP]
Kooy Kmieeo)Kmaeeo)

f55 =k [GS]

Synthesis of GSH by GS. This reaction is modeled as an irreversible random reaction, with rGC
exerting some negative cooperativity as suggested by [30,31]. The following parameter values are
taken from human GS [31].

ke =6.55", K nipae) =0.66x10° M, K 60y =1.5x10° M, K, 1y =1.75x10° M, K a7p) =0.07x10° nM

56

__Vmss[GSH] K nss =20x10° M
56 —
K 56 +[GSH] V,.5 =1.845x10°nM s™



This reaction lumps all the GSH consumptions except that through the GST pathway, and is
expressed in a simple Michalis-Menten form. This mainly includes GSH efflux and net GSH
conversion to GSSG. It appears that GSH efflux is the dominant form of consumption in most of cell
types [32-34]. This is also corroborated by the exponential decay of GSH after inhibition of its
synthesis [33]. Were GSH primarily consumed through enzymatic reactions including those
catalyzed by GST and GPx, the decay profile would have been more linear since GSH
concentration is usually far greater than its Km. The reported GSH efflux rate ranges from
200~1000 nM/s in various cell types [32,33,35,36]. In our model the efflux rate is 366 nM/s at the
basal condition. These parameter values ensure that basal GSH concentration is about 5mM,
which is the middle point of the reported 1-10 mM range [34].

For enzymatic conjugation: f; =k [GST] [?SIS{)](] X [X] [GSX]
(Km<csa)(1+K7)+[GSH]) Knxy H[XDA+ )
i(GSH) i(X)

Conjugation of electrophile X with GSH by GST. This reaction is modeled as an irreversible
sequential random reaction with competitive product inhibition on GSH and noncompetitive
57 inhibition on 4-hydroxynonenal (HNE) [37,38]. The following parameter values are for 4-
hydroxnonenal [38], except K, sy, for 1-chloro-2,4-dinitrobenzene (CDNB) [39].

k. =7.678", K pigs =0-5x10° nM, K ggip, =0.085x10° nM, K., =0.05x10° nM, K 5, =0.085x10° nM.

For non-enzymatic conjugation: fy; =k _[X][GSH], where k_ =4.04x10° nM" s to keep the basal X
level the same as the case of enzymatic reaction.

k.ss[MRP][GSX]
K 55 F[GSX]
Export of GS-conjugated X (GSX) by MRP. The value of k., falls into the middle of the

0.012~13.3 s range reported for a variety of chemicals for MRP2 in 4 different species [40]. The
value of K, s is also in the range of 0.53 ~ 9.79 uM as reported in [40].

58 fog = K55 =0.18", K, ;s =7x10° nM

59 fo =Ky, ksy=20nMs™

This reaction represents the basal endogenous production of electrophile X including HNE. The
production rate was chosen to assure that GSH consumption through GST is only a fraction of its
total consumption, as the majority of GSH is removed through efflux [32-34]. In this case, the
fraction was set to be about 5%.

60 oo =kgo[stressor] ko =20NnM s”

This reaction represents the production of electrophile by external stressors. ks, was set equal
to ks, so that the stressor level can be quantitatively expressed relative to the basal electrophile
production rate.
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