
Table S5. Species, ODEs, and initial values for the anti-electrophilic gene regulatory network model. 

Species ODE 
Initial  

concentration 
(nM) 

Note 

ATP 0 6105×  
Adenosine triphosphate. The reported physiological 
concentration ranges between 1~7 mM [1-4]. 

Glu 0 61010×  
Glutamate. The reported physiological 
concentration ranges between 4~30 mM [5-8]. 

Cys 0 6103.0 ×  

Cysteine. Since GCL-catalyzed GSH synthesis is 
sensitive to cysteine level, and the Km of cysteine in 
this reaction is 0.22 mM [9], we set the basal 
concentration at 0.3 mM so that cysteine is not 
completely saturating the reaction. 

γ-GC 5554 ff −  61015.0 ×  
gamma-glutamylcysteine. In human fibroblast, the 
level of γ-GC was estimated to be 0.15 mM, given 
[GSH] is at 5mM [10]. 

Gly 0  6101×  Glycine. The concentration was assumed. 

GSH 575655 fff −−  6105×  

Reduced glutathione. The reported intracellular 
GSH concentration ranges from 1 to 10 mM in 
various biological tissue and cells [11]. We used 5 
mM. 

X 576059 fff −+  3101×  

Here X represent an active electrophile. A major 
endogenous electrophile is the lipid peroxidation 
product 4-hydroxnonenal, the concentration of 
which ranges from 0.1~3 uM [12,13]. We used 1 
uM.  

GSX 5857 ff −  200  GSH conjugate of X. This basal concentration is set 
at about 25% of the Ki for inhibition of GST. 

Keap1 6531 ffff −−−  20  

Kelch-like ECH-associated protein 1. The 
intracellular concentration is unknown. The value 
here gives the desired control on Nrf2 half-live as 
specified in Table S4. 

Keap1o 542 fff +−  0  Oxidized or conjugated form of Keap1. 

Nrf2 c743 V/fff −−−  
15f14f −+  

5.0  

Nuclear factor erythroid 2 related factor 2 in the 
cytosol. The intracellular concentration is unknown. 
Since transcription factors generally exist in low 
abundance (in the nanomolar range ), we 
implemented a basal level of 0.5 nM. 

Nrf2-Keap1 631 fff −+−  0  Complex of Nrf2 and Keap1. 

Nrf2-Keap1o 642 fff ++−  0  Complex of Nrf2 and Keap1o. 

Nrf2n 98n7 ffV/f −−  1  
Nuclear Nrf2. As it appears that nuclear Nrf2 level is 
about twice that in the cytosol [14], we implemented 
a basal level of 1 nM. 

Maf 9f−  1  
Small maf protein. The intracellular concentration is 
unknown. A low concentration of 1 nM was 
assumed since it is a transcription factor partner. 

Nrf2-Maf 
2216109 f3f3ff −−−  

463830 f2f2f2 −−−  0  Heterodimer of Nrf2 and Maf. 

EpREgene, where 
,Gclc,2Nrf{gene∈  
}Mrp,Gst,Gs,Gclm  

mf− , where 
}46,38,30,22,16,10{m∈

 
0167.0  

EpRE-containing promoter for Nrf2, Gclc, Gclm, Gs, 
Gst, and Mrp genes, respectively. The value of 
0.0167 is equivalent to one copy of molecule in a 
nuclear volume of 100 um3. 



Nrf2-Maf-EpREgene, 
where 

,Gclc,2Nrf{gene∈  
}Mrp,Gst,Gs,Gclm  

mf , where 
}46,38,30,22,16,10{m∈

 
0  

Complex of Nrf2-Maf dimer and EpRE-containing 
promoter for Nrf2, Gclc, Gclm, Gs, Gst, and Mrp 
genes, respectively. 

Geneoff, where 
,Gclc,2Nrf{gene∈  
}Mrp,Gst,Gs,Gclm  

nf− , where 
}47,39,31,23,17,11{n∈

 
0167.0  

Inactive state of Nrf2, Gclc, Gclm, Gs, Gst, and Mrp 
genes, respectively. The value of 0.0167 is 
equivalent to one copy of gen in a nuclear volume 
of 100 um3. 

Geneon, where 
,Gclc,2Nrf{gene∈  
}Mrp,Gst,Gs,Gclm  

nf , where 
}47,39,31,23,17,11{n∈

 
0  Active state of Nrf2, Gclc, Gclm, Gs, Gst, and Mrp 

genes, respectively. 

Gene mRNA, where 
,Gclc,2Nrf{Gene∈  
}Mrp,Gst,Gs,Gclm  

qcnp fV/Vf − , where 
}48,40,32,24,18,12{p∈
}49,41,33,25,19,13{q∈

 

0  mRNA of Nrf2, Gclc, Gclm, Gs, Gst, and Mrp 
genes, respectively. 

GCLC 282120 fff −−  3107.1 ×  
Glutamate cysteine ligase catalytic subunit. See the 
GCLM and GCL entries in the same table. 

GCLM 282726 fff −−  31036.0 ×  
Glutamate cysteine ligase modifier subunit. At this 
concentration, the GCLC/GCL ratio is 3 at the basal 
condition, as specified in reaction 28 in Table S4. 

GCL 2928 ff −  3106.0 ×  

Glutamate cysteine ligase holoenzyme. This 
concentration, together with that of GCLC, gives a 
basal GSH synthesis rate of 386 nM/s, which is 
close  to  360 nM/s measured in B16M melanoma 
cells given a cell volume of 1000 um3 [15] 

GSmono 363534 f2ff −−  0  Glutathione synthetase monomer. 

GSTmono 444342 f2ff −−  0  Glutathione S-transferase monomer. 

MRPmono 525150 f2ff −−  0  Multidrug resistance-associated protein monomer. 

GS 3736 ff −  31096.0 ×  

Glutathione synthetase dimer. This concentration 
keeps γ-GC at 0.15 mM at the basal condition. See 
the γ-GC entry in the same table for the choice of 
0.15 mM. 

GST 4544 ff −  310185.0 ×  
Glutathione S-transferase dimer. This concentration 
keeps X at 1 uM at the basal condition. See the X 
entry in the same table for the choice of 1 uM. 

MRP 5352 ff −  31022.7 ×  
Multidrug resistance-associated protein. This 
concentration keeps GSX at 0.2 uM at the basal 
condition. 

 
References 
 
1. Ko SH, Lee SK, Han YJ, Choe H, Kwak YG, et al. (1997) Blockade of myocardial ATP-sensitive 

potassium channels by ketamine. Anesthesiology 87: 68-74. 
2. Gribble FM, Loussouarn G, Tucker SJ, Zhao C, Nichols CG, et al. (2000) A novel method for 

measurement of submembrane ATP concentration. J Biol Chem 275: 30046-30049. 
3. Leist M, Single B, Castoldi AF, Kuhnle S, Nicotera P (1997) Intracellular adenosine triphosphate (ATP) 

concentration: a switch in the decision between apoptosis and necrosis. J Exp Med 185: 1481-1486. 
4. Marcussen M, Larsen PJ (1996) Cell cycle-dependent regulation of cellular ATP concentration, and 

depolymerization of the interphase microtubular network induced by elevated cellular ATP 
concentration in whole fibroblasts. Cell Motil Cytoskeleton 35: 94-99. 

5. Goldstein L (1966) Relation of glutamate to ammonia production in the rat kidney. Am J Physiol 210: 
661-666. 



6. Geerts WJ, Jonker A, Boon L, Meijer AJ, Charles R, et al. (1997) In situ measurement of glutamate 
concentrations in the periportal, intermediate, and pericentral zones of rat liver. J Histochem Cytochem 
45: 1217-1229. 

7. Divino Filho JC, Hazel SJ, Furst P, Bergstrom J, Hall K (1998) Glutamate concentration in plasma, 
erythrocyte and muscle in relation to plasma levels of insulin-like growth factor (IGF)-I, IGF binding 
protein-1 and insulin in patients on haemodialysis. J Endocrinol 156: 519-527. 

8. Huang CS, Chang LS, Anderson ME, Meister A (1993) Catalytic and regulatory properties of the heavy 
subunit of rat kidney gamma-glutamylcysteine synthetase. J Biol Chem 268: 19675-19680. 

9. Chen Y, Shertzer HG, Schneider SN, Nebert DW, Dalton TP (2005) Glutamate cysteine ligase catalysis: 
Dependence on ATPand modifier subunit for regulation of tissue glutathione levels. J Biol Chem. 

10. Ristoff E, Hebert C, Njalsson R, Norgren S, Rooyackers O, et al. (2002) Glutathione synthetase 
deficiency: is gamma-glutamylcysteine accumulation a way to cope with oxidative stress in cells with 
insufficient levels of glutathione? J Inherit Metab Dis 25: 577-584. 

11. Meister A, Anderson ME (1983) Glutathione. Annu Rev Biochem 52: 711-760. 
12. Esterbauer H, Zollner H (1989) Methods for determination of aldehydic lipid peroxidation products. 

Free Radic Biol Med 7: 197-203. 
13. Esterbauer H, Eckl P, Ortner A (1990) Possible mutagens derived from lipids and lipid precursors. 

Mutat Res 238: 223-233. 
14. Pi J, Qu W, Reece JM, Kumagai Y, Waalkes MP (2003) Transcription factor Nrf2 activation by 

inorganic arsenic in cultured keratinocytes: involvement of hydrogen peroxide. Exp Cell Res 290: 234-
245. 

15. Benlloch M, Ortega A, Ferrer P, Segarra R, Obrador E, et al. (2005) Acceleration of glutathione efflux 
and inhibition of gamma-glutamyltranspeptidase sensitize metastatic B16 melanoma cells to 
endothelium-induced cytotoxicity. J Biol Chem 280: 6950-6959. 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 1200
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


