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Abstract 

Reactive oxygen species are generated within peroxisomes during peroxisomal 

metabolism.  However, due to technological difficulties, the intraperoxisomal 

redox state remain elusive and the effect of peroxisome-deficiency on the 

intracellular redox state is controversial.  A newly developed, genetically-

encoded fluorescence resonance energy transfer (FRET) probe, Redoxfluor, 

senses the physiological redox state via its internal disulfide bonds, resulting in a 

change in conformation of the protein leading to a FRET response. We made use 

of Redoxfluor to measure the redox states at the subcellular level in yeast and 

Chinese hamster ovary (CHO) cells.  In wild-type peroxisomes harboring an 

intact fatty acid β-oxidation system, the redox state within the peroxisomes was 

more reductive than that in the cytosol, despite the fact that reactive oxygen 

species were generated within the peroxisomes.  Interestingly, we observed that 

the redox state of the cytosol of cell mutants for peroxisome-assembly, regarded 

as models for a neurological metabolic disorder, was more reductive than that of 

the wild-type cells in yeast and CHO cells.  Furthermore, Redoxfluor was 

utilized to develop an efficient system for screening of drugs that moderate the 

abnormal cytosolic redox state in the mutant CHO cell lines for peroxisome 

assembly, without affecting the redox state of normal cells.   
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Introduction 

 Peroxisomes are single-membrane bound organelles harboring at least one 

H2O2-generating oxidase and one H2O2-decomposing catalase, and are present in 

virtually all eukaryotic cells, from yeast to mammals.  The most conserved activity of 

peroxisomal metabolism is the β-oxidation of fatty acids (26).   

Peroxisome assembly requires more than 20 PEX gene products, termed 

peroxins in any given organism (5).  The impairment of peroxisomal protein transport 

caused by mutations in PEX genes causes fatal human peroxisome biogenesis 

disorders (PBDs) (33). In the cells of such PBD patients, essential enzymes normally 

localized to peroxisomes are mostly found in the cytosol. Mammalian cell lines 

harboring mutations in peroxins (including fibroblasts from PBD patients) grow well 

in cell culture.  On the other hand, pex mutants of the methylotrophic yeast Pichia 

pastoris  can grow normally on glucose, but not oleate or methanol (37).   

 Peroxisomal metabolic pathways can generate a high level of reactive oxygen 

species (ROS) (31).  Therefore, peroxisomal disorders have been studied with a focus 

on the generation of ROS.  However, the relationship between PBDs and the 

intracellular redox state is unclear (12, 31).   

 Peroxisomes have long been thought to be in a more highly oxidized state than 

the cytosol due to this generation of ROS.  However, there is no reported 

experimental evidence supporting this notion.  We previously identified a 20-kDa 

peroxisomal membrane protein, named Pmp20, in methanol-induced peroxisomes of 

methylotrophic yeasts.  Pmp20 had a glutathione peroxidase activity, suggesting the 

presence of glutathione within the peroxisomes (9).  However, we and other groups of 

investigators have been unable to determine the levels of the reduced and oxidized 

forms of glutathione due to technical difficulties, and therefore have been unable to 
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assess the redox state within peroxisomes by conventional biochemical methods.   

 In general, the intracellular redox state is determined by the levels of redox-

related metabolites that are generated by multiple metabolic pathways.  (We herein 

refer to the "redox state" as an intracellular environment at steady state, which is 

distinct from "oxidative stress" or "ROS" which functions as a signal for further 

intracellular events such as apoptosis.)  Therefore, the redox state is considered to 

reflect the overall metabolic status.  While the standard redox potential (E0') is a 

general index used to express the redox state of a compound, it cannot be used to 

describe the intracellular redox state because it does not take into account various 

physiological considerations, such as in the cytosol where many compounds co-exist 

in a mixture of various redox states (13).  Therefore, the equilibrium redox state in 

living cells has been estimated from indices such as the ratio of oxidized and reduced 

forms of glutathione, or from indirect indices of the redox state, such as the NAD(P)H 

ratio (11, 40), or the level of expression of antioxidant enzymes.  However, 

measurement of these indices often yields contradictory results, making it difficult to 

evaluate the physiological redox state using any single index.  This situation might 

have led to misunderstanding the redox state in cells from patients with PBDs.  

Reductive conditions could occur during conditions of oxidative stress, when the ROS 

defense system is functioning normally.  

 With the aim of determining the intracellular redox state directly, we 

developed a fluorescent redox probe, Redoxfluor, with a novel sensing mechanism.  

Several green fluorescent protein (GFP) variants that report the in vivo redox state 

[roGFP (4, 7), rxYFP (17, 23, 24)] or H2O2 level [HyPer (3)] have been developed 

since the start of our research.  However, none of these reporters have been used to 

visualize the redox state in mammalian cytosol, and differences in the redox potential 
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between normal and pathological states have not been reported.   

 In the present work, we developed Redoxfluor that discriminates the redox 

state of peroxisome assembly mutant cell lines (33) from that of the normal cell line.  

Our findings shed light on how to tackle problems with monitoring the spatiotemporal 

dynamics of the redox state within living mammalian cells and should also pave the 

way for the development of a screen for drugs that can affect various metabolic 

disorders with abnormal redox state.   
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MATERIALS AND METHODS 

Construction of plasmids driving expression of Redoxfluor.  A recombinant gene 

encoding Redoxfluor (Fig. 1A) was constructed as follows: the DNA fragment 

encoding Yap1 CRD (I601 to N650)  DNA was amplified by PCR using either one of 

the two primer sets: 1) a forward primer containing an SphI site and a reverse primer 

containing sequences encoding a short linker (GG) and a Cla I site, or 2) a forward 

primer containing Cla I site and a reverse primer containing Sac I restriction site.  The 

two PCR products were ligated, fused at the 5’ end to a DNA fragment encoding 

Cerulean (28) (a version of enhanced cyan fluorescent protein, or CFP) and at the 3’ 

end to a DNA encoding Citrine (6) (a version of enhanced yellow fluorescent protein, 

YFP) (Fig. 1A).  The constructed Redoxfluor C-probe DNA was cloned into the 

pRSETA-vector with N-terminal hexa-His tag (His6) (Invitrogen) for expression.  The 

plasmid encoding Redoxfluor A-probe was generated from the plasmid encoding 

Redoxfluor C-probe using QuikChange PCR-based mutagenesis kit (Stratagene).   

Expression and Purification of Redoxfluor.  E. coli BL21 (DE3) cells were 

transformed with the constructed expression plasmids encoding Redoxfluor A- or C-

probe.  Cultures of the transformants grown in L-broth at log phase (OD610 = 0.5) 

were treated with 0.5 mM isopropyl-β -D-thiogalactopyranoside (IPTG) for 12 h at 

23°C to induce expression of Redoxfluor.  Cells were collected and lysed by 

sonication in buffer A (300 mM NaCl, 50 mM NaH2PO4, 10 mM imidazole, pH 8.0).  

His-tagged Redoxfluor was purified by two cycles of chromatography on a column of 

Ni-nitrilotriacetic acid (Ni-NTA) agarose (Qiagen) according to the manufacturer’s 

instructions.  Proteins were quantified by Bradford’s method with the use of a Protein 

Assay kit (Bio-Rad) with bovine serum albumin (BSA) used as the standard.   
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Redox titration of Redoxfluor in vitro.  The redox potentials of Redoxfluor were 

determined from its reaction with glutathione. Purified Redoxfluor (0.3 µM) was 

incubated in RT buffer (75 mM HEPES-KOH (pH 7.0), 140 mM NaCl, 1 mM EDTA) 

containing concentrations of GSH and GSSG varying by 1 mM increments.  After 

equilibration of the protein samples for 20 h at 37°C, the fluorescence emission 

spectra were collected on a RF5300PC spectrofluorophotometer (Shimadzu Co. Ltd.) 

at 405 nm or 434 nm excitation.  All manipulations were carried out in an anaerobic 

chamber (Coy Laboratory products). 

Biochemical analysis of Redoxfluor with mPEG-maleimide.  For in vitro analysis, 

purified Redoxfluor proteins equilibrated with GSH/GSSG as described above were 

incubated with 10 mM (final concentration) of mPEG-maleimide (Laysan Bio) at 

30°C for 30 min.  The sample was mixed with 1/3 volume of SDS sample buffer [50 

mM Tris-HCl, pH 6.8, 30%(v/v) glycerol, 3%(w/v) sodium dodecylsulfate, 6% (v/v) 

2-mercaptoethanol, and 60 mg/L bromophenol blue], and boiled for 1 min.  For in 

vivo assessments of redox states, CHO cells were cultured on 90 mm-diameter culture 

dishes to semi-confluency, washed twice with ice-cold phosphate-buffered saline 

(PBS), and lysed in 100 µl of ice-cold PBS containing 0.5% (v/v) of Tween 20 and 

Complete proteinase inhibitor cocktail (Roche).  The protein concentration of the 

lysate was adjusted to 1 mg/ml in the same buffer used for cell lysis, and the samples 

(each 180 µl) were incubated with mPEG-maleimide and then SDS sample buffer as 

described above.  The samples were subjected to SDS-PAGE with 0.5% (v/v) 2-

mercaptoethanol contained in the running buffer, transferred to Immobilon-P PVDF 

membrane (Millipore), and analyzed by immunoblot analysis using a 3,000-fold 

dilution of rabbit anti-GFP antiserum (Invitrogen).   
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Plasmids for expression of Redoxfluor, cells and growth conditions.  The S. 

cerevisiae strain used in this study was BY4741 (MATa his3Δ1 leu2Δ0 met15Δ0 

ura3Δ0) (22).  For expression in S. cerevisiae, Redoxfluor was subcloned into the 

pRS416 CEN vector containing the GAP promoter and terminator.  For expression in 

P. pastoris strain PPY12 (arg4 his4) (30), Redoxfluor was subcloned into the 

integrating pIB2 vector (32) containing the GAP promoter.  The isogenic Pppex5Δ 

and Ppcta1Δ strains were generated by replacing the respective coding region with 

Zeor gene.  For mammalian expression, we chemically synthesized the Yap1 CRD 

region of Redoxfluor with the preferred codon usage and cloned the sequence into 

pIRESpuro3 (Clontech) downstream of a Kozak consensus sequence (15) 

(GCCGCCACC-ATG).  For C-probe-PTS1, the C-probe was extended by PCR at the 

3’ end with a sequence encoding the peroxisomal targeting signal (PTS1) (21).  CHO 

cells were transfected with plasmid constructs using LipofectamineTM 2000 

(Invitrogen).   

For the oxidative stress assay, S. cerevisiae and P. pastoris were grown at 28°C 

in SD medium (0.67% yeast nitrogen base and 2% glucose) supplemented with amino 

acids and transferred to the same medium containing either of H2O2 (100 µM), ATZ 

(10 mM) or BSO (100 µM).  For microscopic analyses of P. pastoris strains under 

peroxisome-inducing conditions, the cells were grown at 28°C for 16 hours in SM 

medium (0.67% yeast nitrogen base without amino acids and 0.5% methanol) or YNO 

medium (0.67% yeast nitrogen base, 0.05% yeast extracts, and 0.5% oleate) 

supplemented with their auxotrophic amino acids (100 µg/mL).  CHO cell lines were 

grown in Ham’s F-12 medium supplemented with 10% (v/v) FCS under 5% CO2/95% 

air. 
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Fluorescence microscopy.  We performed light microscopic imaging using a 

fluorescence-inverted microscope (IX70; Olympus) equipped with an Uplan Apo 

100x/1.35 oil iris for yeast cells or LUCPlanFLN 40x/0.60 Ph2 dry iris objective lens 

for CHO cells using mirror/filter units XF88-2 (Omega Optical, Inc.) for CFP/YFP 

FRET and U-MNIBA (Olympus) filter set for GFP.  Images were captured with a 

charged-coupled device camera (Sensys; PhotoMetrics) and analyzed using the 

MetaMorph software package version 7.0 (Universal Imaging Corp).  For the 

evaluation of FRET values of the cytoplasm or peroxisomes, more than 20 regions in 

each acquired FRET image were selected and subjected to ‘Region Measurements’ 

using the above-mentioned software.     

qRT-PCR.  Total RNA was isolated from cells at log-phase using the RNeasy mini 

kit (Qiagen) followed by on-column DNase digestion.  cDNAs were synthesized from 

1 µg total RNA using Random Primers (Promega) and ReverTra Ace (Toyobo).  After 

reverse transcription for 50 min at 42°C, the samples were heated for 5 min at 99°C to 

terminate the reaction, and 0.5 µl of RNase H was added.  qRT-PCR was performed 

in 20 µl mixtures in glass capillary tubes in a LightCycler (Roche Diagnostic).  

Primers used for the reactions are listed in Supplementary Table 1.  Negative control 

PCR reactions were performed without ReverTra Ace addition. 

Determination of glutathione.  CHO cells were grown to confluence in the presence 

or absence (control culture condition) of pharmacological agents for 24 h.  P. pastoris 

cells were cultured to mid-log phase in YNO medium at 30°C.  CHO and yeast cells 

were harvested by centrifugation, washed once with physiological saline, and 

disrupted with zirconia beads in 300 µl of ice-chilled 8 mM HCl solution.   Cell 

homogenates were centrifuged at 12,000 x g at 4°C, and the amount of GSH and 

GSSG in the resultant supernatant was determined as previously described (35).   
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RESULTS 

Development and characterization of Redoxfluor as a redox indicator.  The yeast 

transcriptional factor Yap1 senses the intracellular redox state via its carboxy-terminal 

cysteine-rich domain (c-CRD) (16), and the structure of c-CRD has been reported to 

reflect the equilibrated and steady-state physiological redox status (1).  The 

Redoxfluor C-probe (C-probe) contains a tandem repeat of the partial sequence for c-

CRD (Yap1 601-650) (Fig. 1A), and mediates fluorescence resonance energy transfer 

(FRET) between Cerulean (28) (CFP) and Citrine (6) (YFP) (Fig. 1B).  Exposure of 

the purified C-probe to H2O2 enhanced the CFP emission at the expense of the YFP 

emission, and decreased the yellow-to-cyan emission ratio (527/476 nm), indicating 

an H2O2-induced loss of FRET (Fig. 1B and C).   

Next, the purified C-probe was used for determination of the FRET ratio (the 

fluorescence intensity of YFP divided by that of CFP) in titration buffers containing 

various ratios of reduced (GSH) and oxidized (GSSG) glutathione (Fig. 2A).  Based 

on the Nernst equation with an E0 value of -240 mV for the GSH/GSSG redox couple 

(29),  the redox midpoint potential of the C-probe was determined to be -213 mV at 

pH 7.0 and 30°C, which was close to the value of the mammalian cytosolic redox 

potential (10).  From the titration curve, the redox potential within the range of ~-180 

to -250 mV can be estimated from the FRET ratio (Fig. 2A).  Under the conditions 

used for our experiment in vitro, this titration curve was unaffected by the probe 

concentration within a range up to 1 µM (data not shown), which is estimated to be a 

much greater concentration than the level of the intracellularly expressed Redoxfluor 

and much lower than the intracellular GSH + GSSH concentration (0.5-10 mM) (14).  

Thus, the effect of intracellular expression of Redoxfluor on the redox state was 

assumed to be negligible.   
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 The redox-dependent FRET response of the C-probe was supported by 

experiments using the control Redoxfluor A-probe (A-probe), in which all of the 

redox-sensitive cysteine residues in the C-probe CRD had been replaced by alanine 

(Fig. 2A).  The A-probe did not show the C-probe-like FRET response following 

exposure to oxidizing reagents, although we observed a slight change in FRET due to 

the inherent redox-responsive nature of the fluorescent protein.  This CRD-

independent FRET change was reduced by the use of Cerulean and Citrine instead of 

the original CFP and YFP, and the former combination of fluorescent proteins gave 

rise to a larger change in FRET than did the latter combination (data not shown).   

 The CRD-dependent oxidation of the C-probe was confirmed by biochemical 

experiments that involved conjugation of methoxy-Poly (Ethylene Glycol)-maleimide 

(mPEG-maleimide) to free thiol residues within the probe proteins, resulting in 

incremental increases in size of the probe proteins that could be detected by 

immunoblot analysis (Fig. 2B).  Consistent with the FRET ratio analysis, the fraction 

of C-probe protein modified with mPEG-maleimide decreased as the redox potential 

of the GSH/GSSG titration buffer increased.  In contrast, similar treatment of A-probe 

protein did not show any change in the mobility of the protein as assessed by 

immunoblot analysis (Fig. 2B).  The C-probe responded to redox reagents within a pH 

range of 6.5 to 8.5 (Fig. S1).  Unlike the case with other fluorescent redox probes, 

such as roGFP, we were able to make use of the A-probe as a control that enabled us 

to assess the true redox-dependent conformational change of the C-probe.  

 

Redoxfluor is an intracellular redox indicator.  Redoxfluor was then expressed in 

the yeast Saccharomyces cerevisiae and Chinese hamster ovary (CHO) cells (with 

optimized codon usage), which were subsequently subjected to conventional FRET 
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imaging analysis (Fig. 3).  We observed a change in the cytosolic FRET image of the 

C-probe from green (reducing) to blue (oxidizing) in response to treatment of both 

types of cell with either oxidative agents such as H2O2, or non-oxidative reagents, 

such as 3-amino-1,2,4-aminotriazole (ATZ), an inhibitor of catalase, or buthionine 

sulfoximine (BSO), an inhibitor of glutathione synthesis (Fig. 3A and B; Video 1 and 

Video 2).  In contrast, neither ATZ nor BSO led to a change in the FRET signal in 

vitro (Fig. 1C),  indicating that the observed change in the FRET signal in vivo 

reflects an effect upon cellular metabolism rather than a direct effect of these reagents  

on the C-probe.  Similar results were obtained in cells of the methylotrophic yeast 

Pichia pastoris expressing the C-probe (Fig. S2).   

 Analysis of cells following removal of H2O2 or ATZ from the culture media 

led to reduction of the redox state of the cytosol (Fig. 3A and B), demonstrating that 

the C-probe responds to the redox state in a reversible manner in yeast and CHO cells.  

This reversibility of the C-probe response was seen even in the presence of 

cycloheximide (Fig. S3), demonstrating that the reversibility of the probe response 

was real and not merely due to the synthesis of new probe following wash out of the 

drug.   

Redox state within peroxisomes.   We next genetically engineered derivatives of 

the Redoxfluor C- and A-probes harboring C-terminal peroxisome targeting signal 1 

(PTS1) (21).  The subcellular localization of these probe proteins exhibited a punctate 

pattern when expressed in wild-type CHO cells (Fig. 4A), but exhibited a disperse 

pattern of distribution following expression in temperature-sensitive, pex5 mutant 

CHO cells ZP105, which verifies the targeting of the probe proteins to the peroxisome.   

 Using these peroxisome-targeted probes, we found that the intraperoxisomal 

redox state is more reductive than that of the cytosol in wild-type CHO cells (Fig. 4A).  
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We observed that both the cytosolic and intraperoxisomal redox states became 

oxidative following exposure of the cells to either ATZ or H2O2 (Fig.4B; Video 3), 

thereby demonstrating that the C-probe functioned normally in peroxisomes and that 

the peroxisomes were in a reductive state in CHO cells.  

 We next introduced the peroxisome-targeted Redoxfluor into the 

methylotrophic yeast P. pastoris.  In this yeast, peroxisomes can be induced by 

culture on either oleate or methanol as a sole carbon source.  The oleate-induced 

peroxisomes contain a fatty acid β-oxidation system similar to that in mammalian 

peroxisomes, whereas methanol-induced peroxisomes contain enzymes for methanol 

metabolism that are specific to the methylotrophic yeasts.  We performed the FRET 

ratio analysis in these cells, and observed that the redox state within the oleate-

induced peroxisomes was more reductive than that in the methanol-induced 

peroxisomes (Fig. 4C).  These results demonstrate that changes in the 

intraperoxisomal redox state can be monitored using Redoxfluor and that the redox 

state within peroxisomes depends on the carbon source used to induce peroxisome 

proliferation.   

Cytosolic redox state within peroxisome-assembly mutant cell lines. We next 

applied Redoxfluor to investigate the relationship between the cytosolic redox state 

and peroxisomal disorders. For this purpose, the cytosolic Redoxfluor C-probe was 

introduced into the temperature-sensitive pex5 mutant cell line, ZP105.  We observed 

a more reductive cytosolic redox state in the mutant ZP105 cells than in wild-type 

CHO cells at the non-permissive temperature (37°C) (Fig. 5A and B).  And the 

cytosolic redox state of ZP105 cells became more oxidative following the decrease  of 

the culture temperature to 30°C for 7 days.  This change in the redox state of ZP105 

cells was accompanied by recovery of the peroxisomal import of GFP-PTS1 (Fig. 5B) 
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and PTS2 proteins (data not shown).   On the other hand, we did not observe 

differences in the redox state in the wild-type CHO cells between the culture 

temperatures at 37°C and 30°C (Fig. 5A and B).  These experiments demonstrate that 

the steady-state cytosolic redox equilibrium is more reductive when peroxisome 

assembly is impaired.  

 In order to verify the microscopic results showing a more reductive redox state 

in the pex mutant cell line, cell lysates were prepared from the Redoxfluor-expressing 

cells and subjected to biochemical analysis using mPEG-maleimide (Fig. S4).  

Incubation of cell lysate with this reagent led to a greater degree of modification of 

the probe proteins compared to that observed in the corresponding in vitro analyses 

(Fig. 2B), presumably due to a reduced level of thiol-containing substances (which 

could compete with the probe proteins for modification by mPEG-maleimide)  upon 

cell breakage.  Comparison of the intensities of the immunoblot signals indicated that 

the probe proteins in the lysate prepared from the pex5 cells were modified to a 

slightly greater extent by mPEG-maleimide, although the difference was very small.   

Next, we compared the microscopic results using Redoxfluor with those 

obtained using conventional redox indices: the ratio between the oxidized and reduced 

forms of glutathione and the expression level of antioxidant enzymes (8, 27).  In good 

agreement with the FRET imaging, we observed decreased GST transcription at 37°C 

and 30°C in ZP105 cells, relative to the level observed in the wild-type cells (Fig. 5C).  

This reductive cytosolic redox state in ZP105 cells at 37°C and its shift at 30°C to a 

level similar to that observed in the wild-type cells were also confirmed by 

measurement of the intracellular GSH/GSSG ratio (Fig. 5D).  Taken together, these 

data demonstrate a more reductive state of the cytoplasm in the pex5 strain, that was 

readily observed by FRET imaging using Redoxfluor.   
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The more reductive state in the cytoplasm of peroxisome-assembly mutant 

cells was also observed in P. pastoris pex2∆ and  pex5∆ cells transferred to oleate 

medium (Fig. 6A).  This may be partly due to lower levels of H2O2 generation in the 

mutant strains.  Acyl-CoA oxidase is a major peroxisomal H2O2-generating enzyme 

that is found degraded in the cytosol of pex mutants of both mammalian and yeast 

cells (36). As such, the difference between the redox state observed in normal cells 

and peroxisome-assembly mutants might reflect differences in the efficiency of 

generation and elimination of H2O2 between the wild-type and mutant cells.  This 

notion is supported by the observation that ROS accumulation is more readily 

detected in CHO-K1 (wild-type) cells than in ZP105 cells using the fluorescent ROS 

indicator, 2',7‘-dichlorodihydrofluorescein diacetate (DCF) (Fig. S5).  The import of 

catalase was not restored in ZP105 cells following culture at 30°C for 7 days, which is 

reminiscent of the phenotype of infant Refsum disease, a milder form of PBD (Fig. 

5B) (25).  These results suggest that mislocalization of peroxisomal catalase is not the 

main cause of abnormal reductive states observed in cells mutant for peroxisome 

assembly.   

 The findings that mitochondrial manganese-superoxide dismutase is strongly 

expressed in PBD cell lines has led to the conclusion that PBD cell lines suffer from 

oxidative stress (2).  The level of transcription of genes encoding several antioxidant 

enzymes in P. pastoris was compared between the wild-type and pex5 mutant strains 

(Fig. 6B).  The lower level of expression of PpGPX (glutathione peroxidase) and 

PpTSA1 (cytosolic thioredoxin peroxidase) in the Pppex5∆ cells suggested that the 

Pppex5∆ cells are in a reductive state.  Meanwhile, the transcription level of PpCTA1 

(catalase) and PpSOD2 (mitochondrial manganese-superoxide dismutase) was greater 

in the same mutant than in the wild-type cells, suggesting a greater level of ROS 
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generation in the Pppex5∆ cells.  These results imply that the cytosol could be in a 

reductive state even under conditions of oxidative stress owing to a greater level of 

expression of anti-oxidant genes induced following generation of ROS in these cells 

under these conditions.   

Screening for "redox modulators".  We finally made use of Redoxfluor in the 

development of a screen for "redox modulators" that can restore the redox state in the 

patient-derived cells to a level similar to that observed in wild-type cells without 

affecting the redox state in normal cells.  Several pharmacological agents have been 

suggested as potential therapeutics to treat milder forms of PBD (12, 13, 18-20, 38).  

We examined whether such agents could alter the intracellular redox state using 

Redoxfluor.  Exposure of cells to Trichostain A (TSA), a histone deacetylase inhibitor, 

narrowed the difference between the redox states observed in CHO-K1 (wild type) 

and ZP105 cells at 37°C (Fig. 7A).  TSA was more effective in doing so than either 

tocopherol (VE) or another histone deacetylase inhibitor, 4-phenylbutyrate (4PBA).  

In contrast, TSA treatment led to only a small change in the redox state of wild-type 

CHO-K1 cells (Fig. 7A).  VE treatment led to a small change in the redox state to a 

more oxidative level in ZP105 cells, despite the fact that Kawada et al. speculated that 

VE can act as an antioxidant in PBD cell lines (12).  The effects of the drugs observed 

by FRET-ratio imaging were verified by analyses of both the level of GST 

transcription and GSH/GSSG ratio, in that TSA was also observed to narrow the 

differential between these indices between the wild-type and ZP105 strains more 

efficiently than the other compounds tested (Fig. 7C and D).  The level of ROS 

accumulation in drug-treated ZP105 cells detected by DCF paralleled the change in 

redox state visualized by Redoxfluor (Fig. S5), confirming the validity of the 

microscopic assessment.   
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DISCUSSION 

 With the Redoxfluor probe developed in this study, we were able to visualize 

pathological redox states of a metabolic disorder in cells mutant for peroxisome 

assembly.  Visualization of the redox state at the subcellular level has revealed that to 

our surprise the intraperoxisomal redox state is maintained in a reductive state in 

CHO cells, despite the generation of ROS by normal peroxisomal metabolism.  This 

was unexpected because peroxisomes express numerous oxidative metabolism 

pathways and have been long thought to exist in an oxidized state.  The difference 

between the cytoplasmic redox potential of wild-type and pex5 CHO cells at 37°C 

was estimated to be approximately 9 mV (-217 mV in the wild-type versus -226 mV 

in the pex5 cell line) when the FRET ratio monitored following excitation at 405 nm 

using a confocal spectrophotometric imaging system (Zeiss LSM510 META) was 

compared with the titration curve generated from the in vitro data (see Fig. 2A).  This 

small difference detected by using Redoxfluor would be difficult to detect using a 

biochemical assay (Fig. 5 and Fig. S4).  We are confident that the FRET signal 

generated by using Redoxfluor can be used directly as an index of the equilibrated 

redox state in a cell, shedding light on the physiological and pathological significance 

of the change in the steady-state redox potential caused by a metabolic defect.  

 In cells, the equilibrated redox state is established by the levels of various redox-

related metabolites, such as GSH, NAD(P)H, thioredoxin, and ROS.  Therefore, the 

redox state is considered to reflect the overall metabolic status.  This study revealed 

that peroxisomes induced for oleate metabolism were more reductive than those 

induced for methanol metabolism in P. pastoris.   This observation seems to reflect 

the fact that the high-energy bonds of fatty acid thioesters are stabilized in 

peroxisomes during β-oxidation.  On the other hand, during methanol metabolism, the 
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reduced glutathione within peroxisomes is consumed through two critical reactions 

for methanol metabolism, i.e., by forming hydroxymethyl glutathione non-

enzymatically and by being further oxidized to S-formylglutathione to metabolize 

formaldehyde (39), or by Pmp20-glutathione peroxidase to detoxify intraperoxisomal 

ROS (9).      

 In many genetic disorders such as PBDs, where gene therapy is not a practical 

approach, drugs are used for symptomatic treatment. Desirably screening of such 

drugs is performed using cultured cells.  The results obtained here using CHO cell pex 

mutants and PBD cell lines strongly suggest that an oxidative redox state is not the 

direct cause of PBDs.  We believe that any metabolic deficiency owing to the 

dysfunctions of peroxisomes in the PBD cell lines, such as the impaired peroxisomal 

fatty-acid β-oxidation, readily gives rise to an imbalance in overall cellular 

metabolism, resulting in a reductive cytosolic state.  Therefore, the redox state in 

CHO cells mutant for peroxisome assembly may reflect the degree of metabolic 

abnormality that is  correlated to the severity of PBDs.  In this context, it is plausibe 

that TSA treatment (Fig. 7) may modulate metabolic defects arising from the 

peroxisomal abnormalities, whereas in the wild-type cell line these defects are not 

induced and the cells are thus not affected by the drug application.  

 A genetically-encoded redox probe, roGFP (7), was recently used to visualize the 

redox status in plant leaf cytosol (around -310 mV) (34) and also in yeast and 

mammalian cells that were exposed to oxidoreductive reagents, including H2O2 and 

DTT (4).  However, the roGFP probe did not respond to cell treatment with non-

oxidative reagents such as ATZ, a catalase inhibitor. Moreover, roGFP showed only a 

small change in the fluorescence spectrum following exposure of cells to buthionine 

sulfoximine (BSO), an inhibitor of glutathione synthesis. These results imply that 
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roGFP is neither sufficiently sensitive to visualize the redox dynamics at the 

physiological level in the cytosol nor sufficiently sensitive to distinguish the 

differences in the redox state between normal cells and patient-derived cell lines.  

Even the spectrum of  the original GFP and other fluorescent proteins (not developed 

as redox probes) are known to be affected by some intracellular environment, e.g., pH, 

temperature, or redox state.    Unlike the case with roGFP, the control Redoxfluor A-

probe made it possible to confirm that the change in the conformation of the 

Redoxfluor C-probe in living cells is CRD-dependent.      

 We are currently attempting to identify and characterize metabolites that 

contribute to the reductive state in mutant cells for peroxisome assembly by several 

approaches, including metabolome analysis.  Since Redoxfluor can discriminate 

between physiological and pathological redox states, it may be possible to screen for 

compounds that can modulate the intracellular redox state in cells of patients with 

abnormal redox potential.  
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Figure legends 

FIG. 1.  The domain structure, schematic representation and in vitro characterization 

of Redoxfluor.  (A) Schematic drawing of Yap1 comprising a basic leucine-zipper 

DNA-binding domain (bZIP), an n-CRD (N279 to R313), and a c-CRD (N565 to 

N650).  Redoxfluor comprises a fusion of Cerulean, a tandemly repeated fragment of 

the Yap1 c-CRD (I601 to N650), and Citrine.  (B) Emission spectra of Redoxfluor 

before (black) and after (red) exposure to H2O2 (100 µM) at 434 nm excitation.  (C) 

Responses of Redoxfluor C-probe (red) and A-probe (black) to various reagents.  The 

purified probes were incubated with H2O2 (100 µM), ATZ (10 mM), or BSO (100 

µM) until the emission intensities following 434 nm excitation reached constant 

values.  The FRET ratios (YFP intensity /CFP intensity) are shown relative to those 

obtained from untreated control samples.  The data represent the means ± s.d. (n=3).   
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FIG. 2.  Redox titration of Redoxfluor with reduced and oxidized glutathione in vitro. 

(A) Spectrophotometric analysis of C-probe (red) and A-probe (blue) at 37°C in 

titration buffer containing different ratios of GSH/GSSG corresponding to the 

designated electropotential (E0’) gradient.  The excitation wavelength was 405 nm 

(open circles) or 434 nm (closed circles).  (B) mPEG-maleimide modification of 

Redoxfluor.  Under the same titration conditions as in (A), the purified Redoxfluor 

was incubated with mPEG-maleimide and subjected to immunoblot analysis.  The 

arrows indicate the signals corresponding to the non-modified form of the protein.  

The asterisks indicate signals corresponding to modified forms of the probe protein.  
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FIG. 3.  Visualization of the redox state in yeast and CHO-K1 cells.  (A) Imaging of 

the FRET signal generated by wild-type (C-probe) or mutant (A-probe) Redoxfluor in 

S. cerevisiae in response to H2O2 (100 µM), ATZ (10 mM), or BSO (100 µM). 

Following exposure of cells to H2O2 or ATZ, the cells were incubated in fresh (drug-

free) medium, and were monitored at the indicated times.  Bar, 2 µm.  (B) The FRET 

ratio imaging of C-probe in CHO-K1 cells in response to H2O2 (100 µM) or ATZ (10 

mM) (Video 1 and Video 2).  ATZ-treatment of CHO-K1 cells expressing A-probe 

did not show a C-probe like FRET response, although a slight FRET change due to 

the inherent redox-responsive nature of the fluorescent protein was observed.  Bar, 10 

µm.  (C) From the microscopic analyses shown in (B), the relative values of the FRET 

signal intensity of the C-probe before and after H2O2 or ATZ treatment were plotted.   
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FIG. 4.  Targeting of Redoxfluor to peroxisomes in mammalian and yeast cells.  (A) 

The intraperoxisomal redox state assessed by C-probe-PTS1 is more reductive than 

the cytosolic redox state in a wild-type CHO cells.  The FRET-ratio images of A-

probe-PTS1 (lacking the redox-sensitive cysteine residues) and of cytosolic C-probe 

are also shown as  controls.  Bar, 10 µm.  The FRET values of the Redoxfluor probes 

are normalized to the value generated with the cytosolic C-probe which was 

arbitrarily set to 1.0. (B) The intraperoxisomal C-probe is functional (CHO cells).  

The intraperoxisomal redox change represented by FRET ratio imaging of C-probe-

PTS1 (also see Video 3).  (C) A P. pastoris wild-type strain PPY12 expressing C-

probe-PTS1 was transferred to oleate or methanol medium for induction of 

peroxisome proliferation, and subjected to fluorescence microscopy for the FRET 

ratio imaging.  Bar, 2 µm.      
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FIG. 5.  The cytosolic redox state is reductive in CHO cells defective in peroxisome 

assembly.  (A) Time course of the dynamics of the cytosolic redox state and 

peroxisome assembly in CHO-K1 and ZP105 cells.  After incubation at 37°C, cells 

were cultured at 37°C or 30°C for 7 days.  Bar, 10 µm. The import of GFP-PTS1, but 

not catalase, is restored in the ZP105 cell line after 7 days at 30°C, as shown in the 

lower panels. (B) Plotting of the relative values of the C-probe FRET signal intensity 

under the same culture condition as (A).   (C) Relative abundance of GST mRNA, 

normalized to the levels of β-cytoskeletal actin (ACTB).  (D) Intracellular glutathione 

redox ratio (GSH/GSSG). 
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FIG. 6.  Redox states of P. pastoris pex mutant strains.  (A) The cytosolic redox state 

is more reductive in the denoted P. pastoris pex mutants than in the wild-type (WT) 

strain during culture on oleate medium.  Bar, 1 µm.  The relative FRET values are 

normalized to the value generated from the probe in the wild-type strain, which was 

arbitrarily set to 1.0. (B) Transcription levels of antioxidant genes PpGPX1, PpTSA1, 

PpCTA1, and PpSOD2, in wild-type and Pppex5Δ strains.  Values represent the 

means ± s.d. (n=3).    
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FIG. 7.  Redox modulators, pharmacological agents that restore the intracellular redox 

state of mutant cell lines to normal levels.  (A) FRET imaging of CHO cells at 37°C 

treated with TSA (50 nM), VE (50 M), and 4PBA (5 mM).  Bar, 10 µm.  (B) The 

values represent the relative FRET values of Redoxfluor normalized to the value from  

non-treated CHO-K1 (wild-type) set arbitrarily to 1.0. (C) The relative abundance of 

GST mRNA standardized against the levels for ACTB. (D) Intracellular GSH/GSSG 

ratio.  In (B) and (C), values represent the means ± s.d. (n=3).   
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