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ABSTRACT 

Selenium is an essential trace element with known antioxidant properties. Cytosolic thioredoxin reductase from 
mammalian cells is a dimeric flavin enzyme comprising a glutathione reductase-like equivalent elongated with 
16 residues including the conserved carboxy-terminal sequence, Gly-Cys-SeCys-Gly, where SeCys is selenocys­
teine. Replacement of the SeCys residue by Cys in rat cytosolic thioredoxin reductase using site-directed muta­
genesis and expression in Escherichia coli resulted in a functional mutant enzyme having about one percent ac­
tivity with thioredoxin as a substrate through a major loss of Kcat and a shift in the pH optimum from 7 to 9. The 
truncated enzyme expected in selenium deficiency by the U G A m R N A codon for SeCys acting as a stop codon 
was also expressed. This enzyme lacking the carboxy-terminal SeCys-Gly dipeptide contained FAD but was 
inactive because the SeCys selenol is in the active site. These results show that selenium is essential for the ac­
tivity of thioredoxin reductase, explaining why this trace element is required for cell proliferation by effects on 
thioredoxin-dependent control of the intracellular redox state, ribonucleotide reductase production of deoxy­
ribonucleotides, or activation of transcription factors. The selenazol drug ebselen (2-phenyl-l,2 benzisoselenazol-
3 (2H)-one) is a known glutathione (GSH) peroxidase mimic with antioxidant properties. The hydrogen peroxide 
reductase activity of human thioredoxin reductase was stimulated 15-fold by 2 p M ebselen. Glutaredoxins protect 
against oxidative stress by catalyzing reduction of protein mixed disulfides with GSH. The mechanism of glutare­
doxins as efficient general GSH-mixed disulfide oxidoreductases may protect proteins from inactivation as well 
as play a major role in general redox signaling. Antiox. Redox Signol. 2, 811-820. 

I N T R O D U C T I O N members of the thioredoxin superfamily of 

structures (see review by Martin, 1995). 

Thioredoxin and glutaredoxin are small Thioredoxins are reduced by NADPH-depen-

proteins containing a redox-active disul- dent thioredoxin reductases, which are 

fide (CXXC) and were both discovered from dimeric flavoproteins present in all living cells. 

Escherichia coli as independent cofactors for the In contrast, glutaredoxins are reduced by glu-

dithiol-dependent reduction of ribonu- tathione (GSH), the oxidized form of which is 

cleotides to deoxyribonucleotides by the es- G S S G and is reduced by G S H reductase 

sential enzyme ribonucleotide reductase (Holmgren, 1989) or formed directly from the 

(Holmgren, 1985, 1989). Thioredoxin and rapid synthesis by the enzymes gammaglu-

glutaredoxin were subsequently shown to be tamyl-cysteine synthetase and G S H syn-

general thiol-disulfide oxidoreductases and thetase. 

Medical Nobel Institute for Biochemistiy, Department of Medical Biochemistiy and Biophysics, Karolinska Insti­
tutet, S-171 77 Stockholm, Sweden. 
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Antioxidant functions of thioredoxin and 

glutaredoxin are, e.g., as electron donors for 

ubiquotous methionine sulfoxide reductases 

participating in protein repair by reduction of 

methionine sulfoxide residues (Moskovitz et 

al, 1999). Oxidation of methionine residues to 

the sulfoxide by reactive oxygen species (ROS) 

m a y impair protein function, and the methio­

nine sulfoxide reductase restores the methion­

ine side chain. Lately, a lot of focus has been 

on the antioxidant properties of thioredoxin-

dependent peroxidases (peroxiredoxins), 

which reduce hydrogen peroxide with a low 

K m value via cysteine residues and are ubiqui­

tous with quite a large number of isoenzymes 

(Chae et al, 1999). 

The early work on thioredoxin in E. coli and 

yeast showed that the thioredoxins are stable 

disulfide-containing proteins with the con­

served active site (Cys-Gly-ProCys) being re­

duced by a 70-kDa dimeric thioredoxin reduc­

tase, which generally is species specific for its 

o w n thioredoxin (Holmgren, 1985). However, 

when research started around 1970 to isolate 

thioredoxin systems from bovine and rat, as 

well as human tissues (Engstrom et al, 1974; 

Holmgren, 1977), some important differences 

were noted that are important for understand­

ing the role of these proteins in antioxidant de­

fense. Thus, thioredoxin was a protein that only 

could be purified to homogeneity in the re­

duced form, because it contains two (calf thy­

mus) or three (rat and human) additional struc­

tural sulfhydryl groups that easily oxidize to 

generate inactive aggregated molecules, 

dimers, or even multimers (Holmgren, 1977; 

Luthman and Holmgren, 1982; Ren et al, 1993; 

Weichsel et al, 1996). This may be of signifi­

cance for redox regulation and particularly in 

conditions of severe oxidative stress (Ren et al, 

1993). However, the major difference was seen 

in the molecular properties and activity of 

thioredoxin reductase (Holmgren, 1977; Luth­

m a n and Holmgren, 1982). 

This review will focus on some recent de­

velopments in the structure and function of 

human and other mammalian thioredoxin re­

ductases, in particular in relation to the re­

quirement of selenium, a well-known antioxi­

dant element. 

M A M M A L I A N THIOREDOXIN SYSTEMS 

Mammalian thioredoxin systems comprise 

the same reactions as in all other living cells: 

Trx-S2 + NADPH + H+ ^> 

Trx-(SH)2 + N A D P + (1) 

Trx(SH)2 + Protein-S2 spontan(eous> 

Trx-S2 + Protein-(SH)2 (2) 

Reduction of Trx-S2 by thioredoxin reductase 

(TrxR) follows Michaelis-Menten kinetics with 

a Km value of Trx-S2 of about 2.5 /xM and Kcat 

of about 3,000 per min (Reaction 1) (Luthman 

and Holmgren, 1982). Trx-(SH)2 is a powerful 

protein disulfide reductase with a K2 of 5 X 104 

M _ 1 s'1 for insulin, a substrate used in assays 

(Reaction 2) (Holmgren, 1979a). However, Re­

action 2 is reversible and dependent on the re­

dox potential of the protein disulfide/dithiol 

pair. Via Reaction 2, thioredoxin m a y therefore 

catalyze general reactions between pairs of thi­

ols and disulfides acting as a shuttle (Holm­

gren, 1979b). 

A m o n g the properties noted early for m a m ­

malian thioredoxin reductase was its ability to 

directly reduce 5,5'-dithiobis (2-nitiobenzoic 

acid) (DTNB) (Holmgren, 1977), which is used 

today as a convenient substrate in assays of the 

purified enzyme (Holmgren and Bjornstedt, 

1995). Furthermore, quite a remarkable num­

ber of molecules have been shown to be re­

duced by mammalian thioredoxin reductase 

(Table 1). These include alloxan (Holmgren and 

Lyckeborg, 1980), which is known to be partic­

ularly toxic for pancreatic Langerhans islet in­

sulin-producing B cells, where thioredoxin re­

ductase may be participating in generation of 

toxic R O S leading to cell death and diabetes 

(Halliwell and Gutteridge, 1999). Thioredoxin 

reductase will also reduce the disulfide bond 

of thioredoxins from different species. In the 

case of E. coli thioredoxin, there is a 14-fold 

higher Km value but almost identical Kcat. The 

growing large number of proteins with thiore­

doxin domains (Ferrari and Soling, 1999) in­

cluding protein disulfide isomerases (PDI) and 
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Table 1. Substrates for Direct Reduction by NADPH 
and Mammalian Thioredoxin Reductase 

Substrate Reference 

Thioredoxin-S2 
Se032~ and selenocystine 
S-Nitrosoglutathione (GSNO) 
Plasma glutathione peroxidase 
Lipid hydroperoxides 
Alloxan 

Holmgren (1985) 
Kumar et al. (1992) 
Nikitovic and Holmgren (1996) 
Bjornstedt et al. (1994) 
Bjornstedt et al. (1995) 
Holmgren and Lyckeborg (1980) 

analogues are substrates for thioredoxin re­

ductase (Lundstrom and Holmgren, 1990; 

Lundstrom et al, 1995). H o w this has physio­

logical relevance remains to be established, but 

it could well be involved in oxidative stress re­

lated functions of calcium movements (Morad 

and Suzuki, 2000) and requires further studies. 

Of specific interest was the discovery that 

lipid hydroperoxides (HPETE) are direct sub­

strates for N A D P H and thioredoxin reductase 

using either the h u m a n or the bovine enzymes 

and that free selenocyst(e)ine was shown to en­

hance this reaction (Bjornstedt et al, 1995). 

REACTIVITY OF SELENIUM 
C O M P O U N D S W I T H THIOREDOXIN 

R E D U C T A S E 

The first studies on the reactivity of thiore­

doxin reductases with selenium compounds 
(Holmgren and Kumar, 1989) were aimed at 

understanding the reported inhibitory effects 

of inorganic selenium compounds like selenite 

on the growth of mouse tumor cells (reviewed 

by Ip, 1998). When we tested selenite (1-10 

fiM), it was surprisingly found to be a direct 

substrate for the mammalian thioredoxin re­

ductase (Kumar et al, 1992) (Reaction 3): 

Se032" + 3NADPH + 3H+ ^ Se2" 

+ 3H20 + 3NADP+ (3) 

The product selenide (Se2-) generated anaero-

bically is required for selenocysteine synthesis. 

Under normal aerobic conditions, the reaction 

between selenite and mammalian thioredoxin 

reductase is redox cycling by oxygen resulting 

in nonstoichiometric oxidation of large 

amounts of N A D P H (Kumar et al, 1992). This 

is true also for selenodiglutathione (GS-Se-SG) 

(Bjornstedt et al, 1992). Selenocystine is also a 

substrate for thioredoxin reductase with a Km 

value of 6 fiM and a Kcat of 3,000 X muiT1 

(Bjornstedt et al, 1997). In the presence of 10 
fiM selenite, a strong inhibition of the ribonu­

cleotide reductase reaction (85%) as well as 
general protein disulfide reduction was ob­

served (Bjornstedt et al, 1992). These results 

showed that selenite is toxic to particularly tu­

mor cells because of the redox cycling and po­
tential generation of free radicals via thiore­

doxin reductase. Selenide (Se~ and HSe^) is 
readily autooxidized and generates DNA-dam­
aging free radicals as observed in model stud­

ies (Whiting et al, 1980; Seko and Imura, 1997). 

Many tumor cells express 10-fold higher levels 
of thioredoxin reductase, with up to 0.5% of to­
tal protein (Gladyshev et al, 1996; Gallegos et 

al, 1997; Berggren et al, 1997). Cells do not con­
tain a free pool of selenocysteine, as this would 

prohibit using oxygenated lipid intermediates 

like prostaglandins or leukotrienes (Bjornstedt 

et al, 1995), and it would furthermore redox cy­
cle by oxygen by thioredoxin reductase and 

thioredoxin (Kumar et al, 1992). As will be dis­
cussed below, selenocysteine synthesis utilizes 

a cotranslational machinery for the proteins 

having this rare 21st amino acid encoded by 

T G A in D N A and U G A in m R N A (Bock et al, 

1991; Low and Berry, 1996). 

STRUCTURE OF M A M M A L I A N 

THIOREDOXIN R E D U C T A S E 

Thioredoxin reductase from rat liver cytosol 

was purified to homogeneity in 1982 and 

shown to have subunits of Mr 58,000 (Luthman 

and Holmgren, 1982). The enzyme contained 
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GCUG 

COOH 

- Gin - Ala - Gly - Cys - SeCys - Gly - Ter (human TrxR) 

- CAG GCT GGC TGC TGA GGT TAA 

CAG TCT GGC TGC TGA GGT TAA 
- Gin - Ser - Gly - Cys - SeCys - Gly - Ter (rat TrxR) 

B cDNA encoding selenium-containing rat TrxR 

_TGA_ 

Open reading frame 

SECIS 

• o 1 

3-UTR 

C cDNA encoding selenium-deficient rat TrxR mutant enzymes 
TGC (Cys) 
TCA (Ser) 

TAA (Stop) 

l Open reading frame 

FIG. 1. (a) Schematic structure of rat and human cytosolic thioredoxin reductase based on the homology to GSH re­
ductase, with the conserved active site redox active disulfide in one-letter abbreviations and the nucleotide and pro­
tein sequence of the carboxyl terminus of the proteins, (b) Native rat TrxR cDNA with the TGA codon for seleno­
cysteine and the SECIS element in the 3'-untranslated region, (c) Engineered cDNA for expression of rat TrxR mutants 
replacing the SeCys residue by Cys, Ser or by a stop generating the Des-SeCys-Gly mutant protein (Zhong and Holm­
gren 2000). Structures are not drawn to scale. 

two moles of FAD, and titration with N A D P H 

resulted in a spectral change similar to that of 

glutathione reductase (Arscott et al, 1997). The 

enzymes from calf thymus and liver as well as 

the human placenta enzyme purified by a dif­

ferent method had similar activity (Holmgren 

and Bjornstedt, 1995; Gromer et al, 1998). These 

enzymes generally cross-react with the cytoso­

lic thioredoxins from human, bovine, or rat 

with full activity (Ren et al, 1993). 

The sequence of cloned human thioredoxin 

reductase was reported by Powis and co-work­

ers (Gasdaska et al, 1995), w h o found a protein 

homologous to glutathione reductase. H o w ­

ever, the cloned protein was a putative thiore­

doxin reductase because expression in E. coli 

resulted in a subunit of the expected size (57 

kDa), but the protein did not bind F A D and 

consequently lacked activity. Selenium in hu­

m a n thioredoxin reductase was discovered by 

Stadtman and co-workers (Tamura and Stadt­

man, 1996) using 35S-labeled selenite in tissue 

culture experiments of carcinoma cells aimed 

at isolating a cytochrome P450 potentially con­

taining selenium. This instead resulted in the 

isolation of a novel yellow protein that turned 

out to have thioredoxin reductase activity sim­

ilar to the known rat liver enzyme (Tamura and 

Stadtman, 1996). The protein contained seleno­

cysteine, and it was later shown that the T G A 

interpreted as a stop codon (Gasdaska et al, 

1995) encoded selenocysteine (Fig. 1) and the 
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true stop codon was the T A A downstream 

(Gladyshev et al, 1996). In our own work, we 

had sequenced large parts of calf thymus 

thioredoxin reductase in 1996 and identified an 

unusual amino acid in the carboxy-terminal 

peptide and also found an active site sequence 

identical to that of glutathione reductase 

(Zhong et al, 1998). On the basis of this, we 

cloned and sequenced the rat enzyme and 

found a high homology to G S H reductase, in­

cluding a 16-residue elongation with the car­

boxy-terminal conserved sequence-Gly-Cys-

SeCys-Gly. W e also identified a typical 

selenocysteine insertion sequence (SECIS) ele­

ment in the 3'-untranslated region required for 

selenocysteine synthesis (Zhong et al, 1998). 

Alkylation of selenocysteine residue inactivat­

ing the enzyme was only possible after reduc­

tion by N A D P H . Furthermore, treatment of 

this reduced enzyme with carboxypeptidase Y 

removed selenocysteine and also resulted in 

loss of enzyme activity in reduction of DTNB 
and thioredoxin (Zhong et al, 1998). These re­

sults demonstrated that all the mammalian cy­

tosolic enzymes contained selenocysteine, 
which was required for enzyme activity. 

ESSENTIAL ROLE OF SELENOCYSTEINE 

A N D R E C O M B I N A N T EXPRESSION OF 

R A T THIOREDOXIN R E D U C T A S E 

Because the SECIS element of the mRNA 
forms a complicated hairpin secondary struc­

ture not recognized by the E. coli selenocysteine 

synthesis machinery (Low and Berry, 1996), we 

decided to remove this element from the gene 
(Fig. 1) and introduce mutations at the seleno­

cysteine residue (Zhong and Holmgren, 2000). 

Thus, we have expressed and purified to ho­

mogeneity recombinant enzymes with the se­

lenocysteine replaced by cysteine or by serine. 

W e also engineered the truncated protein ex­

pected in selenium deficiency by the U G A in 

the m R N A acting as a stop codon (Fig. 1). All 

three proteins were purified to homogeneity in 

high yields (Zhong and Holmgren, 2000). The 

truncated enzyme (Des-SeCys-Gly) and the Ser 
mutant lacked activity as reductants of thiore­

doxin. In contrast, the selenocystine to cysteine 

mutant enzyme had about 1.5% activity with a 

major loss in Kcat but also a lower Km value for 

human thioredoxin compared to the wild-type 

rat liver enzyme (Zhong and Holmgren, 2000). 

Most important, the p H optimum for the cys­

teine mutant enzyme was 9 as supposed to 7 

for the selenocysteine containing wild-type en­

zyme, stiongly suggesting that a low pKa (5.2) 

selenol directly participates in the mechanism. 

HYDROPEROXIDE REDUCTASE 
ACTIVITY OF M A M M A L I A N 

THIOREDOXIN REDUCTASE 

Hydroperoxides like hydrogen peroxide 

(H202) and different lipid hydroperoxides are 
generated in cells, e.g., from the electron trans­

port chain, the metabolism involving cy­

tochrome P450 or from arachidonic acid inter­
mediates in the formation of prostaglandins 

and leukotrienes (Halliwell and Gutteridge, 

1999). Previously, we discovered that mam­
malian thioredoxin reductases directly reduced 
HPETE by N A D P H resulting in production of 

HETE (Bjornstedt et al, 1995). This activity was 

strongly stimulated by the addition of free se­
lenocystine and was reported before the sub­
sequent discovery that the enzyme itself con­

tained selenocysteine. Human thioredoxin 

reductase directly reduced H202 with initial an 

apparent Km value of 2.8 m M and Xcat of 100 
per min (Zhong and Holmgren, 2000). Analyz­

ing the cysteine mutant enzyme demonstrated 
no detectable H202 reductase activity consis­

tent with the selenocysteine residue being es­

sential for this activity (Zhong and Holmgren, 

2000). 

STRUCTURE M O D E L A N D 

M E C H A N I S M S OF M A M M A L I A N 
THIOREDOXIN REDUCTASE 

Today at least three different isoenzymes of 

mammalian thioredoxin reductase have been 

described. Apart from the classical cytosolic en­

zyme with potential splice variants (Rundlof et 

al, 2000), there is a mitochondrial thioredoxin 

system involving a selenocysteine-containing 

enzyme (Rigobello et al, 1998; Lee et al, 1999; 
Miranda-Vizuete et al, 1999). In addition, there 
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N A D P H domain Interface 
domain 

16 aa elongation 
with Cys-SeCys 

FAD domain 

16 aa elongation 
with Cys-SeCys 

Interface 
domain 

FAD domain 

N A D P H domain 

T h i o r e d o x i n R e d u c t a s e 

FIG. 2. Schematic structure of mammalian thioredoxin reductase based on homology to GSH reductase. The en­
zyme contains two identical subunits that from a functional perspective are arranged in a head-to-tail fashion. The 
NADPH, FAD, and interface domains are shown. The redox active disulfides in the FAD domains are represented as 
black circles. The selenenylsulfides in the interface domains are also shown. Electrons are tiansferred from NADPH 
to FAD and to the redox active disulfide in one subunit and across to the other subunit where the resulting selenolthiol 
is the active site (Zhong et al, 2000). 

is a third form reported, which appears to be 

testis specific and is elongated at the amino ter­

minus (Sun et al, 1999). However, all of these 

enzymes have the classical glutathione reduc­

tase structure active site ( C V N V G C , Fig. 1) and 

the carboxy-terminal sequence -Gly-Cys-Se-

Cys-Gly absolutely conserved. 

All three mutant rat enzymes described 

above (Fig. 1), including the truncated version 

lacking the SeCys-Gly dipeptide, contained one 

mole of F A D per monomeric subunit and were 

enzymatically active proteins (Zhong and 

Holmgren, 2000). This was shown by titrations 

under anaerobic conditions with N A D P H . The 

long wave-length spectral changes characteris­

tic of the thiolate-flavin charge transfer com­

plex (Arscott et al, 1997) were observed, 

demonstrating that the reductive half-reaction 

characteristic of glutathione reductase oper­

ated also in the truncated enzyme (Zhong and 

Holmgren, 2000). This involves transfer of elec­

trons from N A D P H to the F A D and then to the 

redox active disulfide located in the amino-ter­

minal part of the enzyme (Fig. 1). From the na­

tive oxidized enzyme w e isolated the carboxy-

terminal peptide, which contained a bridge 

joining the neighboring cysteine and seleno­

cysteine residues (Zhong et al, 2000). This 

unique selenenylsulfide is the state of the sele­

nium in the oxidized form of the enzyme, 

which will be present as a selenolthiol in the 

NADPH-reduced enzyme (Zhong et al, 2000). 

The active site of the enzyme (Fig. 2) is directly 

reducing thioredoxin or the other substrates, 

including hydroperoxides. The enzyme is thus 

a head-to-tail structure with transfer of elec­

trons across the subunits (Zhong et al, 2000). 

ROLE OF SELENIUM IN 

ANTIOXIDANT DEFENSE 

The essential role of selenium in thioredoxin 
reductase provides a new mechanism for cou­

pling decreased antioxidant defense and loss of 
cell growth with selenium deficiency. As pre­

viously shown, the immunomodulating elec-

trophile l-chloro-2,4-dinitrobenzene (DNCB) is 
a strong irreversible inhibitor of thioredoxin re­

ductase, inactivating the enzyme only in the 
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presence of N A D P H (Arner et al, 1995). W e 

showed that the carboxy-terminal adjacent cys­

teine and selenocysteine residues were both 

alkylated by D N C B (Nordberg et al, 1998). 

However, the modified enzyme is still active 

and has a more than 30-fold increase in activ­

ity as an N A D P H oxidase activity producing 

superoxide from N A D P H and oxygen (Arner 

et al, 1995). This ROS may account for some of 

the immunomodulating properties of D N C B 

(Arner, 1999). It has been reported that the se­

lenium content of thioredoxin reductase varies 

with the selenium status (Hill et al, 1997) and 

that more active enzyme is particularly pro­

duced when selenium is supplemented 
(Berggren et al, 1997; Gallegos et al, 1997; Fu­

jiwara et al, 1999). Thus, if the truncated ver­

sion of the enzyme is made, our results show 
that this may well produce more superoxide 

from FAD and account for an increased pro­

duction of reactive species resulting in a higher 

mutation frequency in cells. This hypothesis 

would be consistent with known protective 

roles of selenium in carcinogenesis (Ganther, 

1999) and should be tested experimentally. 

In electron paramagnetic resonance (EPR) 

spin trap experiments, we have observed that 
the pure rat thioredoxin reductase incubated 

with N A D P H in a closed system with initial 

containing atmospheric oxygen will consume 

N A D P H corresponding to dissolved oxygen 

(—240 fiM) and then give rise to a burst of hy­

droxyl radicals (S. Kuprin, T. Kerimov, and A. 

Holmgren, unpublished). The selenium-con­

taining enzyme showed a small burst, whereas 

E. coli thioredoxin reductase and the seleno-

cysteine-to-cysteine mutant rat enzyme pro­

duced more of this free radical also inactivat­

ing the enzyme. This may be one reason why 

the mammalian enzyme contains selenium to 

remove H202 to avoid toxic production of free 

radicals. 

G L U T A R E D O X I N S A S ANTIOXIDANTS 

Glutaredoxins catalyze the reduction of pro­

tein as well as of low-molecular-weight mixed 

disulfides with G S H and are themselves re­

duced by glutathione via a specific binding site 

(Reactions 4-8): 

Grx-S2 + 2GSH -» Grx-(SH)2 + GSSG (4) 

Grx-(SH)2 + Protein-S-SG » 

SH < 

Grx-S-SG + Protein-(SH)2 (5) 

SH 

Grx-S-SG + GSH » 

SH < 

Grx-(SH)2 + GSSG (6) 

Grx-(SH)2 + Protein-S2 • 

Grx-S2 + Protein-(SH)2 (7) 

GSSG + NADPH + H+ GR > 

2GSH + N A D P + (8) 

As a dithiol protein disulfide reductase (Reac­
tions 4 and 7), glutaredoxin is known to work 
with ribonucleotide reductase and other pro­

teins (Holmgren and Aslund, 1995). The reac­

tion of glutaredoxin is coupled to G S H reduc­
tase and N A D P H (Reaction 8) or de novo 

synthesis of GSH. Under oxidative stress, 
glutaredoxin may catalyze formation of mixed 

disulfides from GSSG (reversal of Reaction 5 

and 6), which may be of a protective function 
to avoid oxidation of a thiol to higher oxida­

tion states. Regulating the activity of phospho­

tyrosine phosphatases, which contain a low 
pKa catalytically active SH-group, is one such 

example (Lee et al, 1998; Barrett et al, 1999). 

Under conditions, when oxidative stress is re­

lieved, glutaredoxins are the major catalysts to 
remove glutathione mixed disulfides, which 

generally lead to inactivation of protein func­

tion (Chai et al, 1991). 
In the context of GSH peroxidase, it was 

shown that the extracellular plasma enzyme 

could utilize glutaredoxin as well as thiore­
doxin or mammalian thioredoxin reductase as 

an electron donor. Because plasma lacks free 

GSH, this may explain how G S H peroxidase 

can operate in the extracellular space via 

glutaredoxins (Bjornstedt et al, 1994). H o w this 

is related to intiacellular functions is not 

known. However, it was observed that glutare­

doxin also functions as an electron donor for 
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the cytosolic GSH peroxidase (Bjornstedt et al, 
1994). 

Because glutaredoxin and GSH reductase 
have no requirement for selenium, this system 

will be operative under conditions of low sele­

nium and may then partly compensate for the 
loss of thioredoxin reductase activity. How­

ever, all functions of thioredoxin cannot be per­

formed by glutaredoxins. 

REACTIONS OF EBSELEN W I T H 
M A M M A L I A N THIOREDOXIN 

REDUCTASE 

Ebselen is a selenazol drug with GSH per-
oxidase-like properties and has extensive ef­
fects on cells (Sies, 1995). Because of its antiox­
idant properties, it has been used in clinical 
trials against stroke and other forms of isch­
emic disease (Ogawa et al, 1999). W e have 
found that ebselen promotes the activity of 
thioredoxin reductase as a hydroperoxide re­
ductase. With H202 as a substrate, ebselen at 2 
fiM will stimulate reductase activity 15-fold 
(M.H. Amiri, H. Masayasu, and A. Holmgren, 
unpublished). These results suggest that major 
effects of ebselen are via thioredoxin reductase. 

CONCLUSIONS 

Because the number of thioredoxin reduc­
tases, thioredoxins, and glutaredoxins is still 

growing, the complexity of redox reactions in­

volved in defense against oxidative stress re­

quires analysis of the enzymatic mechanisms 

and expression of each enzyme. As with ri­

bonucleotide reductase, the relative contribu­

tion and functions of thiols and selenol groups 

from the thioredoxin systems and thiols from 

the glutaredoxin systems in a cellular context 

of defense against oxidative stress and other 

stresses is yet unknown. 
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ABBREVIATIONS 

DTNB, 5,5'-Dithiobis(2-nitrobenzoic acid); 

DNCB, l-chloro-2,4-dinitrobenzene; ebselen, 2-

phenyl-l,2-benzisoselenazol-3(2H)-one; Grx, 

glutaredoxin; HPETE, hydroperoxyeicosate-

traenoic acid; HETE, hydroxyeicosatetraenoic 
acid; SECIS, selenocysteine insertion sequence; 
SeCys, selenocysteine; Trx, thioredoxin; TrxR, 

thioredoxin reductase. 
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