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Table S1. EGSH values 

Strains
a) Carbon Source and 

Chemical Treatment 
EGSH [mV]

b) Reference 

Cytosol IMS Matrix 

Sensor: Grx1-roGFP2, monitored by fluorescence spectroscopy 

wt  Galactose -306 ± 1.3 -301 ± 5 -301 ± 2 this study Fig. 1 + 2 

∆glr1 Galactose -284 ± 3.8 -278 ± 3.4 -263 ± 2.5 this study Fig. 3 

∆glr1 + GLR1 Galactose  -302 ± 1.5 -296 ± 3 -294 ± 2.5 this study Fig. 3 

∆glr1 + cyto-GLR1 Galactose -303 ± 5.5 -293 ± 1 -269 ± 2.7 this study Fig. 3 

∆zwf1 Galactose -292 ± 2.4 -295 ± 0.9 -297 ± 3.6 this study Fig. 3 

wt + 10 µM Antimycin A Galactose; 30’/ 30°C -309 ± 1.2 -305 ± 2.7 297 ± 2.8 this study Fig. 5 

wt + 1 mM KCN Galactose; 1 h/ 30°C -307 ± 2.4 -312 ± 7.4 -300 ± 1.7 this study Fig. 5 

wt + 5 mM Paraquat Galactose; 30’/ 30°C -306 ± 0.6 -302 ± 4.1 -286 ± 1.5 this study Fig. 5 

wt  Glycerol -304 ± 2.6 -298 ± 2.7 -289 ± 3.8 this study Fig. 5 

wt + 2 µM Antimycin A Glycerol; 30’/ 30°C -304 ± 1.7 -298 ± 6.2 -297 ± 2.6 this study Fig. 5 

wt + 1 mM KCN Glycerol; 1 h/ 30°C -308 ± 3.4 -307 ± 3.5 -296 ± 3.9 this study Fig. 5 

wt + 5 mM Paraquat Glycerol; 30’/ 30°C -306 ± 1 -302 ± 1.8 -289 ± 4 this study Fig. 5 

∆nde1 Galactose -308 ± 2.6 -311 ± 8.8 -297 ± 3.8 this study Fig. 5 

∆nde2 Galactose -308 ± 4.3 -314 ± 5.8 -300 ± 1.9 this study Fig. 5 

∆rip1 Galactose -306 ± 2.2 -304 ± 3.2 -298 ± 2.5 this study Fig. 5 

∆cox17 Galactose -306 ± 0.9 -305 ± 4.8 -297 ± 2.8 this study Fig. 5 

∆ccp1 Galactose -309 ± 1 -308 ± 2.6 -301 ± 0.7 this study Fig. 5 

∆sod1 Galactose -308 ± 0.9 -299 ± 3.5 -294 ± 1 this study Fig. 5 

∆sod2 Galactose -308 ± 1.3 -301 ± 7.1 -298 ± 1.2 this study Fig. 5 

Gal10-Mia40 upregulated 24 h in Galactose -308 ± 3.3 -305 ± 12.3 -303 ± 7.2 this study Fig. 5 

GalL-Erv1 upregulated 24 h in Galactose -301 ± 2.8 -289 ± 3 -296 ± 2.8 this study Fig. 5 

∆por1 Galactose -308 ± 1.9 -271 ± 9.2 -296 ± 1.2 this study Fig. 6 

wt Glucose -310 - - Morgan et al, 2011 

∆glr1 Glucose -290 - - Morgan et al, 2011 

HeLa cells (H. sapiens) Glucose  -320 - - Gutscher et al, 2008 

Sensor: roGFP1 / roGFP2, monitored by fluorescence spectroscopy 

HeLa cells (H. sapiens)
c) Glucose - - -298 Hanson et al, 2004 

wt (P. pastoris)
c)

 Glucose -295 - - Delic et al, 2010 

wt (A. thaliana)
d)

 - -315 - - Meyer & Dick, 2010 

Sensor: rxYFP, monitored by fluorescence spectroscopy 

wt Glucose -289 - - Ostergaard et al, 2004 

wt  (E. coli) Glucose -259 - - Ostergaard et al, 2001 

∆trxB
e)

 (E. coli) Glucose -237 - - Ostergaard et al, 2001 

Sensor: rxYFP, monitored by redox Western Blot 

wt Glucose -286 ± 5 -255 ± 3 -296 ± 5
f)

 Hu et al, 2008 

∆glr1 Glucose -252 ± 2 -259 ± 6 -267 ± 3
f)

 Hu et al, 2008 

wt Glucose -297 - - Dardalhon et al, 2012 

∆glr1 Glucose -261 - - Dardalhon et al, 2012 

∆trr1
g)

 Glucose -277 - - Dardalhon et al, 2012 

∆trx1 ∆trx2 
h) Glucose -277 - - Dardalhon et al, 2012 

∆trr1 ∆trx1 ∆trx2 Glucose -275 - - Dardalhon et al, 2012 

EGSH calculated from GSH/GSSG ratio after LC-tandem MS of yeast cells 

wt  Glucose -222.78 ± 0.65 Kumar et al, 2011 

HGT1
i) Glucose -224.02 ± 2.03 Kumar et al, 2011 

HGT1 Glucose + 50 µM GSH -244.03 ± 2.88 Kumar et al, 2011 

HGT1 Glucose + 100 µM GSH -249.56 ± 2.88 Kumar et al, 2011 

∆gsh1
j) Glucose -125.44 ± 0.52 Kumar et al, 2011 

∆gsh1 Glucose + 1 µM GSH -175.27 ± 2.61 Kumar et al, 2011 

∆gsh1 Glucose + 100 µM GSH -202.8 ± 0.51 Kumar et al, 2011 

∆trr1  Glucose -209.69 ± 0.62 Kumar et al, 2011 

a) EGSH determined in S. cerevisiae except otherwise indicated, b) EGSH were calculated at pH 7.0, c) EGSH determined by 

roGFP1 d) EGSH determined by roGFP2, e) deletion of thioredoxin reductase, f) EGSH [Matrix] was calculated at pH 7.4, g) 

deletion of thioredoxin reductase, h) deletion of thioredoxin1 and thioredoxin2, i) overexpression of the GSH/GSSG 

transporter in the plasma membrane, j) deletion of ɣ-glutamyl cysteine synthase



Table S2. Plasmids used in this study 

Plasmid Characteristics Primer 5‘-3‘ Restriction 

p416
a) 

TEF promoter, CEN-

plasmid, URA3 marker 

  

p416- 

Grx1-roGFP2
b) 

Cytosolic form of Grx1-

roGFP2 

  

p416-b2 Presequence (1-86) of 

cytochrome b2 

F: TCTAGAATGCTAAAATACAAACCTTTAC 

TAAAAATC 

R: GGATCCCATATCCAGTTTCGGCTCG 

XbaI 

BamHI 

p416-b2-Grx1-

roGFP2 

Grx1-roGFP2 fused to 

the presequence (1-86) 

of cytochrome b2 

F: GGATCCGCTCAAGAGTTTGTGAACTGC  

R: AAGCTTTTACTTGTACAGCTCGTCCATG 
BamHI 

HindIII 

p416-Su9 Presequence (1-69) of 

subunit 9 of Neurospora 

crassa ATPase 

F: TCTAGAATGGCCTCCACTCGTG 

R: GGATCCGGAAGAGTAGGCGCGC 
XbaI 

BamHI 

p416-Su9-

Grx1-roGFP2 

Grx1-roGFP2 fused to 

the presequence of 

subunit 9 

F: GGATCCGCTCAAGAGTTTGTGAACTGC 

R: AAGCTTTTACTTGTACAGCTCGTCCATG 
BamHI 

HindIII 

a) Mumberg et al, 1995 

b) As template p415-Grx1-roGFP2 was used (Morgan et al, 2011) 

  



Table S3. Strains used in this study 

Strain
a) 

Genotype Characteristics Reference 

BY4741
 

MAT a his3Δ1 leu2Δ0 

met15Δ0 ura3Δ0 

 Outten & 

Culotta, 2004 

∆glr1
 

BY4741 (MATa his3Δ1 

leu2Δ0 met15Δ0 

ura3Δ0) 

GLR1::kanMX4 Outten & 

Culotta, 2004 

∆glr1 + GLR1
 

MATa his3Δ1 leu2Δ0 

met15Δ0 ura3Δ0 

GLR1 introduced into ∆glr1 

on a plasmid containing 

LEU2 

Outten & 

Culotta, 2004 

∆glr1 + cyto-GLR1
 

MATa his3Δ1 leu2Δ0 

met15Δ0 ura3Δ0 

Cytosolic GLR1 introduced 

into ∆glr1 on a plasmid 

containing LEU2  

Outten & 

Culotta, 2004 

BY4742 BY4742 (MATα 

his3Δ1 leu2Δ0 lys2Δ0 

ura3Δ0) 

 Euroscarf 

∆zwf1 MATα his3Δ1 leu2Δ0 

lys2Δ0 ura3Δ0 

ZWF1::kanMX4 Open 

Biosystems 

∆por1 MATα his3Δ1 leu2Δ0 

lys2Δ0 ura3Δ0 

POR1::kanMX4 Open 

Biosystems 

∆nde1 MATα his3Δ1 leu2Δ0 

lys2Δ0 ura3Δ0 

NDE1::kanMX4 Open 

Biosystems 

∆nde2 MATα his3Δ1 leu2Δ0 

lys2Δ0 ura3Δ0 

NDE2::kanMX4 Euroscarf 

∆rip1 MATα his3Δ1 leu2Δ0 

lys2Δ0 ura3Δ0 

RIP1::kanMX4 Euroscarf 

∆cox17 MATα his3Δ1 leu2Δ0 

lys2Δ0 ura3Δ0 

COX17::kanMX4 Euroscarf 

∆ccp1 MATα his3Δ1 leu2Δ0 

lys2Δ0 ura3Δ0 

CCP1::kanMX4 Open 

Biosystems 

∆sod2 MATα his3Δ1 leu2Δ0 

lys2Δ0 ura3Δ0 

SOD2::kanMX4 Open 

Biosystems 

∆sod1 W303 (MATα ade2-1 

ura3-1 his3-11,15 trp1-

1 leu2-3,112 can1-100) 

SOD1::HIS3 Klöppel et al, 

2010 

W303A GalL-Erv1 MATa ade2-1 ura3-1 

his3-11,15 trp1-1 leu2-

3, 112 can1-100 

GALL promoter inserted 

upstream of ERV1 

Bien et al, 2010 

YPH499 Gal10-Mia40 MATa ura3-52 lys2-

801_amber ade2-

101_ochre trp1-Δ63 

his3-Δ200 leu2-Δ1 

GAL10 promoter inserted 

upstream of MIA40 

Terziyska et al, 

2005 

W303A GalL-Erv1 

∆glr1 

MATa ade2-1 ura3-1 

his3-11,15 trp1-1 leu2-

3, 112 can1-100 

GLR1::kanMX4 this study 

a) Grx1-roGFP2 sensors were introduced into all yeast strains 

 

  



Supplementary Methods 

In vitro fluorescence spectroscopy using purified Grx1-roGFP2 and purified Erv1 

Fluorescence measurements were performed with a spectrofluorometer FP6500 (Jasco) at 

25°C with constant stirring in a quartz cuvette (Hellma Analytics, light path 5 mm). 

Fluorescence was recorded using excitation wavelengths of 405 nm and 488 nm (bandwith 

±1.5 nm) and an emission wavelength of 511 nm (bandwith ±1.5). Grx1-roGFP2 and Erv1 

were purified as described previously (Bien et al, 2010; Gutscher et al, 2008). Grx1-roGFP2 

and Erv1 were diluted in measurement buffer (0.1 M Sorbitol, 0.1 M NaCl, 0.1 M Tris-HCl 

pH 7.4). 0.5 µM Grx1-roGFP2 were monitored for 10 min and at the indicated time points 

either buffer, 0.5 µM / 5 µM Erv1 (final concentration), or 50 µM GSSG (final concentration, 

Sigma-Aldrich) were added. 

 

  



Supplementary Figures 

Figure S1. Titration of the Grx1-roGFP2 sensor with diamide and DTT in vivo. Yeast 

cells expressing cytosolic Grx1-roGFP2 were incubated with the oxidant diamide and the 

reductant DTT at different concentrations to test for the amounts necessary to achieve full 

oxidation and full reduction of the sensor, respectively. The concentrations used for further 

experiments were 20 mM diamide and 100 mM DTT. 

Figure S2. Viability of yeast cells after diamide treatment. Wild type yeast cells were 

incubated with 20 mM diamide for the indicated times. Subsequently, cells were washed once 

in YPD, a tenfold dilution series was plated on YPD plates and growth at 30°C was assessed. 

Treatment with diamide for the indicated times did not significantly affect subsequent growth 

on YPD. 

Figure S3. Defining the parameters of the kinetics of recovery of EGSH. (A) Diamide 

sensitivity of the cytosolic sensor. As Figure 1F, except that different diamide concentrations 

were used for the oxidative shock. Increasing amounts of diamide resulted in an increasing 

deviation of the Grx1-roGFP2 redox state from the steady state OxD. Following incubation 

with diamide concentrations below 20 mM the OxD of the sensor remained below 100%. 

Upon incubation with 20 and 100 mM diamide the sensor reached 100% oxidation, and 

recovery started only after an increasingly long lag phase indicating that the glutathione pool 

had been oxidized beyond the measuring range of the roGFP2 sensor (B) Influence of 

glutathione reductase concentrations on the recovery of the sensor in lysed mitochondria. 

Mitochondria from strains expressing a matrix targeted variant of Grx1-roGFP2 (see Figure 

2A) were isolated. In these isolated mitochondria, the sensor was fully oxidized (= 100 % 

oxidized Grx1-roGFP2). Mitochondria were lysed and the recovery of the sensor was 

monitored in the presence of a reducing system composed of NADPH, GSH and varying 

concentrations of glutathione reductase. The addition of increasing amounts of the enzyme 

resulted in an increasing recovery rate. The incubation with DTT at the end of the kinetics 

served as control for fully reduced proteins (= 0 % Grx1-roGFP2). (C) Scheme depicting the 

three parameters to evaluate the recovery kinetics after oxidative shock: (i) lag phase, (ii) 

recovery rate, and (iii) steady state OxD.  

(i) The initial apparent lag phase in recovery. Of note, this lag phase does not reflect a delay 

in the start of the recovery process, but rather represents the time needed for EGSH to drop into 

the dynamic range of the roGFP2 probe. In other words, the amount of cellular GSSG (i.e. 

EGSH) initially remains so high that its reduction to GSH does not (yet) result in sensor 

reduction. Only when EGSH falls below ~-240 mV Grx1-roGFP2 starts to accompany the 

recovery process by coupling its own reduction to that of glutathione (Meyer & Dick, 2010). 

We thus assume that the length of the lag phase correlates with the maximal EGSH reached 

upon diamide treatment, and thus also represents the sensitivity of the cellular redox 

environment towards treatment with 20 mM diamide for 5 min.  

(ii) The slope of the recovery curve, which reflects the sum of the rates of the different 

reducing systems that contribute to the recovery of the glutathione redox potential back to 

steady state levels.  



(iii) The steady state OxD of Grx1-roGFP2, this value indicates the degree of probe oxidation 

and thus EGSH under unstressed conditions. It reflects the balance of oxidizing and reducing 

contributions acting on the glutathione pool, and is also dependent on the total glutathione 

concentration in the respective compartment. 

Figure S4. Steady state redox OxD values and recovery kinetics after oxidative shock in 

yeast cells grown on glycerol and treated with inhibitors of the respiratory chain. (A) 

Steady states of the cytosolic and mitochondrial sensors (Grx1-roGFP2, Su9-Grx1-roGFP2, 

b2-Grx1-roGFP2) in wild type cells grown on glycerol and treated with KCN (1 mM, 1 hr), 

antimycin A (AntA; 10 µM, 30 min) and paraquat (5 mM, 30 min). Reported values are the 

mean of three independent experiments. Error bars are the means ± S.D. Paraquat-treated cells 

exhibited an increased OxD in the matrix. (B) Recovery kinetics after diamide shock on cells 

expressing Grx1-roGFP2, Su9-Grx1-roGFP2 and b2-Grx1-roGFP2. Wild type cells grown on 

glycerol were treated with antimycin A (AntA; 10 µM, 30 min) (B), KCN (1 mM, 1 hr) (C), 

and paraquat (5 mM, 30 min) (D) before diamide incubation and analysis as described in 

Figure 1F. Reported values are the mean of three independent experiments. Error bars are the 

means ± S.D. OxD recovery and the lag phase of recovery after diamide treatment were 

affected in all compartments upon AntA treatment.  

Figure S5. Steady state redox OxD values and recovery kinetics after oxidative shock in 

yeast cells grown on galactose and treated with inhibitors of the respiratory chain. This 

experiment was performed as described in Figure S4 except that cells were grown on 

galactose. The lag phases of recovery were slightly elongated in all compartments upon 

Antimycin A and KCN treatment, except for the matrix upon Antimycin A treatment where 

OxD recovery exhibited an elongated lag phase. The kinetics of recovery upon paraquat 

treatment were not changed, but recovery took place to the higher OxD[matrix] found at 

steady state in paraquat-treated cells. 

Figure S6. Steady state redox OxD values and recovery kinetics after oxidative shock in 

yeast mutants of the respiratory chain grown on galactose. This experiment was 

performed as described in Figure S4 except that cells were grown on galactose and analyzed 

directly. Deletion mutants in NDE1 (B), NDE2 (C), RIP1 (D) and COX17 (E) were analyzed 

with the latter two lacking complex III and IV activity, respectively. The IMS sensor in rip1 

and cox17 cells recovered to slightly higher steady state OxD values in the IMS after 

oxidative shock. The matrix sensor in nde2 and cox17 exhibited slightly slower recovery 

kinetics, and in rip1 the lag phase was slightly elongated. 

Figure S7. Steady state redox OxD values and recovery kinetics after oxidative shock in 

yeast mutants of the antioxidative defence system. This experiment was performed as 

described in Figure S4 except that cells were grown on galactose and analyzed directly. 

Deletion mutants in CCP1 (B), SOD1 (C) and SOD2 (D) were analyzed. OxD[matrix] 

recovery after diamide treatment was delayed in the sod2 strain. 

Figure S8. Steady state redox OxD values and recovery kinetics after oxidative shock in 

yeast cells containing increased levels of enzymes of the oxidative folding machinery. (A) 

Protein levels of Mia40 and Erv1 in cells expressing these proteins under the control of a 



regulatable promotor, (B) Steady states of the cytosolic and mitochondrial sensors (Grx1-

roGFP2, Su9-Grx1-roGFP2, b2-Grx1-roGFP2) in wild type cells and cells with increased 

levels of Mia40 and Erv1. Reported values are the mean of three independent experiments. 

Error bars are the means ± S.D. Cells containing higher Erv1 levels exhibited an increased 

OxD[IMS]. (C, D) Recovery kinetics after diamide shock on cells expressing Grx1-roGFP2, 

Su9-Grx1-roGFP2 and b2-Grx1-roGFP2. Cells containing higher levels of Mia40 (C) and 

Erv1 (D) were analyzed as described in Figure 1F. Reported values are the mean of three 

independent experiments. Error bars are the means ± S.D. The kinetics of recovery in cells 

with higher Erv1 levels were not changed, but recovery took place to the higher OxD[IMS] 

found at steady state in these cells. (E) Erv1 does not directly interact with Grx1-roGFP2. 

Purified Grx1-roGFP2 was reduced with 10 mM DTT. DTT was then removed by gel 

filtration. 0.5 µM of reduced Grx1-roGFP2 was incubated with either buffer, 50 µM GSSG, 

0.5 µM purified Erv1 or 5 µM purified Erv1. Only in the presence of GSSG oxidation of the 

sensor could be detected. This suggests that the increased OxD[IMS] that is observed upon 

Erv1 overexpression does not stem from direct oxidation of Grx1-roGFP2 by Erv1. 

Figure S9. Level of mitochondrial proteins in wild type and glr1 cells. Mitochondria 

isolated from wild type or glr1 cells were analyzed by Western blot with the indicated 

antibodies. Mitochondria from both strains contain equal amounts of all indicated proteins. 
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