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ABSTRACT. Thioredoxin/glutathione reductase (TGR) is a recently discovered member of the selenoprotein
thioredoxin reductase family in mammals. In contrast to two other mammalian thioredoxin reductases, it
contains an N-terminal glutaredoxin domain and exhibits a wide spectrum of enzyme activities. To elucidate
the reaction mechanism and regulation of TGR, we prepared a recombinant mouse TGR in the selenoprotein
form as well as various mutants and individual domains of this enzyme. Using these proteins, we showed
that the glutaredoxin and thioredoxin reductase domains of TGR could independently catalyze reactions
normally associated with each domain. The glutaredoxin domain is a monothiol glutaredoxin containing
a CxxS motif at the active site, which could receive electrons from either the thioredoxin reductase domain
of TGR or thioredoxin reductase 1. We also found that the C-terminal penultimate selenocysteine was
required for transfer of reducing equivalents from the thiol/disulfide active site of TGR to the glutaredoxin
domain. Thus, the physiologically relevant NADPH-dependent activities of TGR were dependent on this
residue. In addition, we examined the effects of selenium levels in the diet and perturbations in
selenocysteine tRNA function on TGR biosynthesis and found that expression of this protein was regulated
by both selenium and tRNA status in liver, but was more resistant to this regulation in testes.

Animal thioredoxin reductases (TRsare NADPH-de- Selenium is an essential trace element with significant
pendent, FAD-containing proteins that belong to a pyridine cancer prevention potential and numerous other roles in
nucleotide disulfide oxidoreductase family, @). To date, human health§, 6). In cells, it is present in the form of (i)

three thioredoxin reductases have been identified in mam-small molecular weight selenium compounds, (ii) a compo-
mals, including TR1 (the cytosolic TR, also called TrxR1, nent of certain bacterial tRNAs, (iii) a protein cofactor, and
TxnRd1, or TrxRx), TR3 (mitochondrial TR, also called (iv) selenocysteine (Sec) residues in proteids Among
TrxR2, TxnRd2, or TrxiR), and TGR (thioredoxin and these forms, Sec is by far the major functional form of
glutathione reductase, also called TR2). TR1 and TR3 areselenium §). This residue is inserted into proteins in response
the major thioredoxin reductases in the cytosol and mito- to UGA codons. UGA is a conventional stop signal, but in
chondria, respectively, and are ubiquitously expressed inthe presence of cis-acting Sec insertion sequence (SECIS)
various tissues and cell types. The catalytic mechanism ofelements9, 10), it can be recoded to insert Sec. In addition
TR1 has been well-characterized, but there is little informa- to SECIS elements, trans-acting factors such as the Sec-
tion about the reactions catalyzed by TR3 and TGR. specific elongation factor, Sec tRNA, and SECIS-binding
Recently, TR1 and TR3 were shown to be essential for proteins are involvedi(I—16). Sec tRNA (tRNAS1S¢§ gene
mouse embryogenesis,(4), although through different  knockout is embryonic lethal in micel?, 18), consistent
mechanisms. TR1 was found to be critical for cell growth with the important role of Sec in biology. Mammalian
(4), whereas TR3 was shown to be essential for heart thioredoxin reductases are selenoproteins, which contain a

developmentJ). penultimate Sec in their C-terminal active cent&®, (20).
Sec is essential for TR1 activity and function.
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s Present address: HHMI, Department of Medicine, Duke University Knockout @3) genetic backgrounds, have been established
Medical Center, Durham, NC 27710. to study the properties, functions, and hierarchy of seleno-
""National Institutes of Health. proteins. Both TR1 and TR3 were shown to have high

1 Abbreviations: DTNB, 5,5dithiobis(2-nitrobenzoic acid); EST, . . - L. ;
expressed sequence tag: HEBhydroxyethyl disulfide; IPTG, iso- priority for selenium supply, the finding that distinguished

propyl B-p-thiogalactopyranoside; GPx, glutathione peroxidase; GR, these proteins from stress-related selenoproteins, such as
glutathione reductase; Grx, glutaredoxin; GSH, glutathione, reduced glutathione peroxidase 23).

form; GSSG, glutathione, oxidized form; ORF, open reading frame; = Thg recently identified TGR is unusual among TRs in that
Sec, selenocysteine; SECIS, selenocysteine insertion sequence; TGR

thioredoxin/glutathione reductase; TR, thioredoxin reductase; Trx, It has an additional N-terminal glutaredoxin (Grx) domain,
thioredoxin. which is fused to a canonical TR modul24j. A similar
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domain organization has recently been found in one of the (Amersham Biosciences) was used to prepare the GST-tag
human TR1 formsZ5, 26), as well as in several TRs from  constructs. To express proteins, cells carrying the plasmids
parasitic organisms27—29). Mammalian TGR exhibits  were induced with 1 mM IPTG and, after-3 h of protein
broad substrate specificity and can reduce various compo-synthesis at 37C, were collected. In addition, the TGR
nents of both thioredoxin and glutathione syste24).(A construct coding for the His-tagged protein was cotrans-
three-dimensional molecular structure of TGR has beenformed into E. coli BL21 (DE3) cells with a pG-Tf2
modeled in silico, and a reaction mechanism has beenconstruct, which encodes a trigger factor and GroEL-GroES
proposed Z4). We also identified a disulfide bond isomer- chaperones 31), and protein synthesis was induced as
ization activity of this protein and suggested its role in described above.
formation of structural components of sper80y Constructs encoding Grx and TR domains of TGR with
In this report, we developed various recombinant TGR either His-tag or GST-tag were also generated. For the Grx
forms and used them for structure/functional studies of this domain construct,'SCGGAATTCTTAGTCATCTTGAAG-
enzyme. These experiments demonstrated the key role of Se6AGCTTCTGCA-3 was used as the reverse primer. This
and supported the previously proposed reaction mechanisntonstruct encoded a 123-amino acid protein corresponding
of TGR (24). In addition, expression analysis of TGR under to the N-terminal sequence of TGR, including the Grx active
various conditions that perturb selenium homeostasis showedcenter and the GSH binding motif. For the TR domain
that TGR was regulated by these conditions in liver, but it construct, SGAGATTCCATATGTCGGCTCATGATTAC-

was largely immune to this regulation in testes. GACCTCAT-3 was used as the forward primer. It encoded
a 492-amino acid protein corresponding to the TR domain
MATERIALS AND METHODS of TGR. It included the pyridine nucleotide disulfide

. . . . oxidoreductase portion and the C-terminal extension but
Analysis of Thioredoxin Reductase DistributiddCBI lacked the Grx domain.

nonredundant and EST databases were analyzed by tBLASTN  7sg, Labeling of Recombinant TGR Forriis label cells

u§ing human TR1 as query. The identified sequences WEr€ith 75Se, cells carrying plasmids were grown at*&7until
aligned with three human TRs and grouped by phylogenetic 1, ODyoo reached 0.50.7 and~20 uCi 7*Se (as freshly

analysis using PHYLIP in BioEdit. Phylogenetic analyses o ralized sodium selenite, specific radioactivity000 Cil
were carried out separately on entire protein sequences angy o) University of Missouri Research Reactor) was added
truncated sequences common to all hits. in addition to 54M sodium selenite. After an additional 30
Preparation of Recombinant Mouse TGR and Its Mutant mjn, 50,M IPTG was added to each cell culture. After-18
Forms. Wild-type recombinant mouse TGR and its mutant 24 h of protein synthesis at 1%, cells were collected,
forms (Sec614Cys, Sec614Ser, and a form truncated atsonjcated, and centrifuged at 18 @d0r 30 min. Cell lysates
Cys613) were produced as recombinant proteins expressegyere then subjected to SDSAGE followed by transfer of
in Escherichia coli To generate the constructs, the open proteins onto a PVDF membrari&Se signal was visualized
reading frame (ORF) of mouse TGR4) was amplified by with a Phosphorimager.
PCR and ligated at the introducéddd and EcoRl sites Isolation of TR1, TGR and Recombinant TGR, Grx
into pET21(b) vector (Novagen).-BAGATTCCATATG- Domain, and Grx2.Mouse and rat TR1 and TGR were
GCGTCGCCACCCGGCCGCCG-@as used as the forward  jsolated from liver and testes (Pel-Freez Biologicals, Rogers,
primer for the wild-type and mutant TGR forms. For the AR) using a three-step procedure that included anion-

wild-type form, 3-CGGAATTCTTAGCTAGCGATTGGT-  exchange chromatography on a DEAE-Sepharose column,
GCAGACCTGCAACCGATGGCTAGCCTCAG-  Hffinity chromatography on an ADP-Sepharose column

CAGCCTTTCTGAG-3was used as the reverse primer. This (amersham Biosciences), and hydrophobic interaction chro-

sequence contains a bacterial SECIS element, derived frommatography on a phenyl-HPLC colum82 33). Recombi-
the E. coli formate dehydrogenase H gene, immediately nant TGR forms were also isolated frofa coli according

downstream of the TAG stop signal.-6GGAATTC- o this procedure. His-tagged TGR forms and the Grx domain
CTAGCCGCAGCAGCCTTTCTGAG-35-CGGAATTC-  \yere isolated using a Ni-NTA resin (Novagen) and ADP-

CTAGCCTGAGCAGCCTTTCTGAG-3 and 3-CGGAAT- Sepharose according to the corresponding product manuals.
TCCTAGCCTTAGCAGCCTTTCTGAG-3were used as  Recombinant human Grx2 protein was isolated as described
reverse primers for the Sec613Cys mutant, the Sec614Sepyreviously 34).

mutant, and the truncated form, respectively. Analysis of Selenium ConterBelenium content of the
The resulting constructs were transformed iito coli recombinant wild-type TGR was analyzed by Inductively
BL21 (DE3) cells (Novagen). Cells were grown in LB Coupled Plasma-Emission Spectrometry (ICP) at the Chemi-
medium with ampicillin at 37C until the absorbance at 600 cal Analysis Facility at University of Georgia.
nm was above 0.5, followed by changing the temperature to  Molecular Modeling of TGRThe TR domain of TGR was
15°C. Thirty minutes later, @M sodium selenite was added modeled using SWISS-MODEL3F) based on the crystal
to the medium. After an additional 30 min, M IPTG structure of rat TR136) (PDB number 1H6V); similarly,
was added and cells were grown further for-28} h. Cells the Grx domain was separately modeled based db. @oli
were then centrifuged and proteins isolated according to theGrx structure 87) (PDB number 3GRX). The two domains
PET System Manual (Novagen) and the QlAexpressionist were manually fit in DeepViewdp). The figure illustrating
(QIAGEN). the active site was generated using Chim&@).(
We also generated TGR constructs expressing proteins Western BlottingSamples were subjected to SDBAGE,
containing GST- or His-tags. pET 28(a) vector (Novagen) and the separated proteins were electrophoretically transferred
was used for the His-tag constructs, and pGEX4T1 vector to a PVDF membrane. The membrane was blocked with 5%
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dry _fatfree milk in phosphate-buffered saline (PBS, 10_mM Table 1: Distribution of Thioredoxin Reductases in Humans and
sodium phosphate and 0.15 M NaCl, pH 7.4) containing Animal Model Organisms
0.1% Tween 20 (PBST) fdl h atroom temperature. Primary

Lo 2 ; " . TR1 TGR TR3
antibodies (1:1000 dilution) in PBST with 5% milk were human Homo sapiens m m m
added and incubated with _the membrane elthe_rlfdn at chimpanzeeRan troglodyte) H H H
room temperature or overnight at'@. After washing with mouse Mus muscults + T +
PBST, the membrane was incubated with secondary antibody rat (Rattus novegicuy + + +
(1:3000 dilution, 5% milk in PBST). The membrane was P9 (?El;s StCVOf)i$ I EDa I

. . . Cow (bos tauru

then washed again with PBST and developed with the ECL dog (Canis familiarig H ND? H
system (Amersham Biosciences). chicken Gallus gallus) + + ND?

Enzyme AssaysIR activities of TR1 and TGR were nematodeCaenorhabditis elegans) ~ + ND* +

assayed by two methods. (i) NADPH-dependent reduction Uit fly (Drosophila melanogastgr - + ND +

L . . . frog (Xenopus lagis) + + +

of 5,5-dithiobis(2-nitrobenzoic acid) (DTNB) was deter-  ;eprafish panio rerio) _ + +

mined as the increase in absorbance at 412 nm &£239). fugu fish (Takifugu rubripes) - + +

The reaction mixture contained 0.2 mM NADPH, 5 mM  Tetraodon nigreiridis - + +

DTNB, and 10 mM EDTA in 0.5 mL 100 mM phosphate aND: not detected.
buffer, pH 7.0. (ii) NADPH-dependent reduction ofud/
E. coli thioredoxin (Trx) and 0.5 mg/mL insulin was rat, cow, and frog TGR sequences. TGR was also detected
determined as the decrease in absorbance at 340 nm at 28 chicken, indicating that this protein is not unique to

°C (39). The reaction mixture contained 0.2 mM NADPH, mammals. In some mammals (pigs and dogs), no TGR genes
0.5 mg/mL insulin, 1 mM EDTA, and M Trx in 0.5 mL were found, probably due to incomplete genome sequences
50 mM phosphate buffer, pH 7.0. and lack of ESTSs. In zebrafish, TGR and TR3 were detected,

Glutathione reductase (GR) activity of TGR was assayed Whereas TR1 was not detected either in EST or completed
as NADPH-dependent reduction of oxidized glutathione 9enome sequences (Table 1). The zebrafish TGR clustered
(GSSG) determined as the decrease in absorbance at 34With the frog TGR rather than with mammalian TR1 in the
nm at 25°C (40). The reaction mixture contained 0.2 mm Phylogenetic tree (data not shown). A large number of
NADPH, 5 mM GSSG, 1 mM EDTA, and 50 mM Tris- available ESTs for zebrafish TGR suggest that TGR is the
HCI, pH 7.6, in 0.5 mL. Grx activity was assayed as the dominant TR form in this organism. Apparently, this is also
decrease in absorption at 340 nm at @5 The reaction ~ the case in other fishes, such as fugu ahetraodon
mixture contained 0.2 mM NADPH, 1 mM GSH, 2 mMm  higroviridis, whose genomes have been sequenced. Overall,
EDTA, 0.4 units of GR, 1 mMg-hydroxyethyl disulfide ~ these data suggested that, in organisms containing TGR and
(HED), and 0.1 M Tris-HCI buffer, pH 8.0, in 0.5 mL. To  TR1, the latter protein is the major thioredoxin reductase,
determine kinetic parameters of the Grx domain, substrateWhereas TGR may serve a specialized function. In contrast,

concentrations were 56500 xM GSH and 106-1000xM in organisms containing TGR and lacking TR1, TGR likely
apparenn andke values 41). the finding that parasitc TGR homologues present in

Echinococcus granulosandTaenia crassicepsiay account
for the entire thioredoxin reductase activity in these organ-
isms @7, 29).

In contrast to TGR and TR1, which appeared to recently
evolve from a common ancestor, TR3 is a more distantly
related protein. Most members of the TR3 subfamily have
predicted mitochondrial signals. Thus, their functions are
lowing labeling of an animal with 0:30.4 mCi of 5Se per probabl)_/ associqted with the mitochondrial fgnction, .although
animal for 48 h, tissues were collected, proteins extracted,""Item‘"‘t'vely spliced cytosolic forms of this protein were

resolved by SDSPAGE, and transferred onto a PVDF predicted 42—44) and demonstrated (Turanov and Glady-

; . : hev, unpublished data).
membrane. Radioactive bands were detected using a Phos® . . .
: V W using Preparation of Recombinant TGR Formnis. a previous

a ) :
phorlmager. In thé®Se labeling experiments, we found that study, we proposed a structural model of TGR)(in which

the labeling of selenoproteins in the selenium-deficient A . .
samples was stronger than that in selenium-sufficient samples.the Sec was located between the thiol/disulfide active site

This is likely because of dilution of°Se radioactivity by Idn the_ TRf ﬂ(})rtlon and tq_e ;ed:)?hactlve dclenter of the tG(rjx
nonradioactive selenium present in selenium-sufficient ani- omain of the enzyme. 10 test this model, we generated a
mals. The rescue mice, in which the tRN#Sec was recombmant mouse .TGR expres§edEn coli AIthqugh
disrupted and the lethality rescued by expressiofAofSec eukaryotic and bacterial Sec insertion systems are incompat-

tRNAS*ISectransgene, were described in a recent stady. ible, the presence_of Sec near t.he C-terminus aIIowed_ us to
employ the bacterial Sec insertion system for expression of

RESULTS Sec-containing forms of TGR by introducing tle coli
formate dehydrogenase H SECIS element immediately
Distribution of Thioredoxin Reductasas/e computation- downstream of the stop signal in the TGR ge#g, (46)
ally analyzed three mammalian thioredoxin reductase se-(Figure 1). This method allows preparation of substantial
quences (TR1, TGR, and TR3) for occurrence in animal quantities of TR1 47) but has not been tested with other
genomes (Table 1). We detected human, chimpanzee, mousehioredoxin reductases.

Transgenic Mice, Rescue Mice, Dietary Supplementation,
Tissue Sample Preparation, aritgSe Labeling of Animals.
Transgenic mice overexpressirféA\i Sec tRNASe1Secysed
in this study were previously describez?j. Selenium diets
were purchased from Harlan Teklad (Madison, WI). Prepara-
tion of animal tissue samples and labeling of mice Ve
were performed as previously describ&)( Briefly, fol-
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E.coli selenoproteins: T uAﬂ
Mouse TGR: TGA ﬁ
Recombinant TGR: TGA ﬂ
—5-UTR— ATG ORF Stop 3>-UTR

Ficure 1: Schematic illustration of the construct for expression of selenoprotein form of EGEbli selenoproteins contain dh coli

SECIS element, which is located within open reading frames (ORFs) immediately downstream of UGA (upper construct). Mouse TGR
contains a different SECIS element, which is located in then®ranslated region {3JTR) (middle construct). We took advantage of the
C-terminal penultimate location of Sec in TGR and clofeccoli formate dehydrogenase H SECIS element immediately downstream of
the mouse TGR ORF (lower construct). The latter construct was used for expression of the Sec-containingeT Géti oells.

We found that the recombinant TGR was mostly insoluble
when expressed iB. coli, and neither cloning of the enzyme
that contained various tags nor coexpression of TGR with
chaperones increased its solubility (Supporting Information,
Figure S1). However, we were able to obtain small amounts
of the soluble enzyme by purifying it from a large quantity
of cel!s, in which protein synthesis was induced sIo_WIy for Coomassie blue
a period of 24 h at a low temperature (see Materials and
Methods for details). We obtained pure TGR using a two-
step affinity chromatography procedure that included protein
isolation on a His-tag resin and ADP-Sepharose (Supporting a-TGR - s — 65 kDa
Information, Figure S1). Besides the wild-type TGR, we
produced three mutants: Sec614Cys, Sec614Ser, and
truncated form with the C-terminal SeGly dipeptide 5ge
deleted. All these mutant proteins were expressed and o ol 2 el TG 1
purified similarly to the wild-type recombinant protein. These FiGurRe 2: Characterization of recombinant TGR forms. Recom-
recombinant TGR forms and the native TGR that was directly Pinant wild-type (designated as WT), Sec614Cys (U614C), Sec614Ser

e L L . . (U614S), and truncated forms of TGRs (U614Stop) were overex-
purified from mouse testes exhibited similar physicochemical pressed irE. coli and purified. To label TGR withSe, protein

characteristics (Figure 2), except that the purified testis TGR synthesis was induced in the presence B8¢]selenite. These
lacked seven N-terminal residues MSSPPGR (compared torecombinant proteins and TGR isolated from mouse testes were
the recombinant proteins) as determined by protein sequencsubjected to SDSPAGE and Coomassie blue staining (upper
ing by Edman degradation (data not shown). We also Panel), immunoblot 5analysls with antibodies specific for TGR
generated nontagged recombinant TGR proteins, and thes middle panel), and®Se detection by Phosphorimager analysis

. . L - lower panel). Approximate mass weight of one subunit of TGR is
proteins displayed similar characteristics as the taggedshown on the right.

U614Stop
uU614s
ue14C
l WT
mouse testes

{
l
|

ww — 65 kDa

"iﬂ» N \ ‘\&. .-." - X

proteins.
The recombinant wild-type TGR wdSSe-labeled when  proteins showed similar activities (Tables 2 and 3 show the
the bacterial growth medium was supplemented Wie-  activities of the tagged proteins). There was only some

[selenite] (Figure 2), indicating that thE. coli SECIS  gecrease in TR activity in mutant TGRs compared to the
element was functional and allowed insertion of Sec in jid-type recombinant form when DTNB and NADPH were
response to the UGA codon. Analysis of the selenium contentysed as substrates (Table 2, Figure 3). However, in the Trx/
of the recombinant wild-type TGR revealed that the enzyme insylin assay, Sec614Ser and truncated forms were inactive,
had 0.1 equiv of selenium. Thus, this protein was likely a and the Sec614Cys preparation had 21% activity compared
~1:9 mixture of the full-size selenoprotein and the protein tg that of recombinant wild-type TGR. This was equivalent
truncated at Cys613. Sec insertion into recombinant proteinsyg ~294 activity of the Cys mutant taking into account that
is known to be inefficientirE. coli (48). The relatively high  only ~10% of the wild-type enzyme contained Sec and was
proportion of Sec in our protein preparations compared 10 active. Thus, the C-terminal penultimate Sec was required

thatin other TRs prepared under similar conditions was likely for the TR activity of TGR and the Cys residue could only
due to slow protein synthesis conditions employed in our partially compensate for the lack of Sec.

study, which allowed more efficient utilization of the cellular ~ gjmijlar to the TR activity, GR and Grx activities of wild-
Sec insertion machinery. type and mutant TGRs required Sec: Sec614Cys TGR had
Role of Sec in TGR Acfities. Recombinant TGR forms  18% of the GR activity and 14% of the Grx activity
were further characterized with respect to TR, GR, and Grx compared to wild-type recombinant TGR (equivalent to 1.8%
activities (Table 2 and Figure 3). Both tagged and nontaggedand 1.4% of wild-type activity taking into account the 10%



14532 Biochemistry, Vol. 44, No. 44, 2005 Sun et al.

Table 2: Specific Activities of Recombinant TGR Forfms

DTNB Trx Grx (without Grx (with
protein form reduction reduction GR GSH) GSH)
native protein 310@: 350 4200+ 600 2000+ 340 N/A 1900+ 200

wild-type 174+ 26 40.0+ 4.1 23.0+1.5 61.2+ 8.5 413+ 42
Sec614Cys 123 22 8.4+ 1.4 42+ 1.0 8.5+ 3.3 348+ 38.6
Sec614Ser 159 26 0 0 0 388+ 43.6
Sec614Stop 148 24 0 0 0 4294+ 46.6
protein amountg) 15 150 150 100 15

a Activities are expressed in mU (nmol/(ming) of protein).? Data from ref34.

7 of 10) than those of the native TGR purified from mouse
testes. It is possible that (i) there were unknown post-
translational modifications in the native protein, which

§ resulted in optimal catalytic activities, whereas the recom-

5 —vid type binant proteins expressed i coli lacked these modifica-

|- = Sec614Cys tions and/or that (ii) the recombinant proteins were not fully
. Sec614Ser i

g - el folded and therefore not fully active. Nevertheless, the

recombinant proteins had sufficiently high catalytic activities
and showed substantial differences between wild-type and
mutant forms to investigate the role of Sec as described
above. In addition, consistent effects of the Sec mutation
TRactvties TR aciviles. GR activiles Grx acihiles. Grx activiies were observed for all activities, and the data were in good
T o GR) - e &) agreement with the known role of Sec in Trx reduction. We

FiGure 3: Catalytic activities of recombinant wild-type and mutant ; ;
TGRs. Purified recombinant wild-type, Sec614Cys, Sec614Ser, andaISO prepared recombinant selenoprotein forms of two other

Sec6l4stop TGRs were tested for TR activities using DTNB and Mammalian thioredoxin reductases, TR1 and TR3 gef
Trx assays, glutathione reductase (GR) activity, and Grx activities and unpublished data), and found that these enzymes were
with/without addition of yeast GR as indicated in the figure. fully active when their activities were recalculated to their
Activities of mutant TGR forms were calculated as the percentage selenjum content. Thus, the lower activity of the recombinant
of wild-type recombinant TGR activities. TGR was the property of this isozyme

Kinetic Properties of the Grx Domain of TGRIthough
kinetic characterization of TGR forms suggested that the Grx

Table 3: Kinetic Parameters of the Grx Domain of TGR

Grx domain human Grx2 domain was catalytically competent, this domain had a CxxS
specific activity (U/mg) 29.7 46.7 sequence instead of the CxxC motif present in most glu-
Lim ;g; :::EB E‘&'\i"rz,l) ggg }138@ taredoxins. To further examine its function, we characterized

at . .
K for GSH (M) 317 NDP the recombinant Grx domain of the enzyme. Human Grx2
Kearfor GSH (mirr?) 231 ND’ (34, 49), the closest known homologue of the Ger domain,
2 Data from ref34. ® ND, not detected. was used as a control. Grx2 had a fully functional CxxC

motif (34). When HED was used as substrate, the specific
Sec insertion rate), while the Sec614Ser mutant and theactivity of the Grx domain was 29.7 U/mg, which was similar
truncated form had no detectable NADPH-dependent GR andto that of human Grx2, 46.7 U/mg (Table & (399 and
Grx activities (Table 2, Figure 3). However, in the presence 317 uM) and ket (272 and 231 min') values of the Grx
of yeast GR and glutathione, the Grx activities of both mutant domain for HED and glutathione, respectively, were also
TGRs (Sec614Ser and truncated form) were restored to thecomparable to those of human Grx2 (Table 3))( In
level of the wild-type enzyme (Table 2 and Figure 3). These addition, we mixed the Grx domain or Grx2 with purified
findings suggested that (i) the Grx activity of TGR could be rat TR1 or TGR at different ratios and tested their GR
supported by either reduced glutathione or intramolecular activities. Figure 4 shows that Grx2 and the Grx domain
electron transport, and (i) the GR activity of TGR was increased GR activities of the mixtures and that the Grx
dependent on the Sec residue. Like TRs, the proteins of thedomain was a better substrate than human Grx2 for both
GR family are pyridine nucleotide disulfide oxidoreductases, €NZymes.
but they lack the C-terminal extension containing the Sec- These data suggested that (i) the Grx domain in TGR was
containing active center. These enzymes reduce glutathionea functional glutaredoxin, although it lacked a canonical Grx
by its thiol/disulfide active site, whereas our data suggest active site, and (ii) the Grx domain had affinity for both
that it is the Grx domain of TGR that is responsible for the thioredoxin reductases. Thus, this domain could catalytically
GR activity of this enzyme and that its regeneration is fully interact with both major cellular redox systems (i.e., Trx and
dependent on the reducing equivalents provided by Sec.GSH systems), and together with the ability of Sec to transfer
Thus, Sec is a crucial player in all physiologically relevant reducing equivalents to Grx and Trx, the Grx domain was
activities of TGR. These data validate our previous structural responsible for the broad substrate specificity of TGR
model and the proposed reaction mechanism of TGR. observed in in vitro assays.

It is noteworthy that the activities of the recombinant wild- ~ TGR Expression in Mice Subjected to Selenium Deficiency
type TGR, when recalculated by taking into account the low and Perturbations in Sec tRNA Functiowe previously
content of selenium in this protein, were lower (by a factor developed a transgenic mice model to achieve selenoprotein-
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20 - —&—— TR1+Grx domain 1 2 3
] @ TR+human G2 _ i
T3 ToRumman a2 o -TGR peptide — 65 kDa

2 15: .
7 a-TGR protein g .~ — 85kDa
T 10 .
['
Q — —
s
= —
<

1510 20 50 o 100 times Coomassie blue

Ficure 4: Dependence of glutathione reductase (GR) activity of
TGR and TR1 on glutaredoxin 2 (Grx2) and glutaredoxin domain
of TGR. Purified recombinant Grx domain of mouse TGR or human
Grx2 was added to solutions of rat liver TR1 or testes TGR at
different molar ratios (1:1 to 100:1, shown as ratio of glutaredoxin
to thioredoxin reductase), followed by determination of GR activity
of the mixtures.

e —

. 5 —TGR

}

-
specific deficiency by overexpressing a mutant Sec tRNA

molecule (PA~Sec tRNASe1Sey (22). Here, we used this ) .
del to assess expression of TGR under conditions of FIGURES: TGR expression analyses. Inmunoblot analyses of TGR
mo P (top and middle panels showing assays with antibodies developed

normal and compromised selenium homeostasis. As TGRagainst the C-terminal peptide and the whole protein, respectively)
levels are low in most tissue8(), we enriched the protein  in ADP-Sepharose-enriched fractions of mouse liver. Coomassie

on affinity columns in parallel for all samples to monitor blue staining of the SDSPAGE gel (bottom panel) is shown as

TGR levels and then analyzed TGR by immunoblot assays protein loading control. The samples are as follows: lane 1, wild-
"type mouse maintained on a Se-sufficient diet; lane 2, wild-type

Using this procedure, we found that TGR levels were o se maintained on a Se-deficient diet; and lan&8; mutant
decreased in the livers of eithefAir transgenic mice  Sec tRNAS*ISemouse maintained on a Se-sufficient diet. Migration
maintained on a diet containing normal levels of selenium of TGR is indicated on the right of the gels.

(Figure 5, compare lanes 1 and 3) or wild-type mice
maintained on a Se-deficient diet (Figure 5, compare lanes

1 and 2). Dietary selenium regulated TGR levels to a greater
degree than the presence of tha'i transgene in the liver
samples.

We also analyzed selenoprotein expression by metaboli-
cally labeling these proteins witiSe in mice. Comparison  pa
of the labeled selenoproteins from several tissues of wild- az_'.u. ; — —TGR
type and $AtRNAISelSecmice maintained on the Se-deficient a9 — wo. Sy
diet for 1 month showed a decrease in glutathione peroxidase

13 &3
. s . . = " B
1 (GPx1) expression, which is a major mammalian seleno 13—&5" ". - r - = . —gkxt
14— o - .

trsp
trsp-t-trspi®A +5e
trsp-t-trspi®A°-Se
trsp

trsp-t-trspi®A- +Se
trsp-t-trspiA--Se
trsp

trsp-t-trspi®A- +Se
trsp-t-trspi®A -Se
trsp

trsp-t-trspi®A - +Se
trsp-t-trspi®A -Se
trsp

trsp-t-trspi®A-+Se
trsp-t-trspiA--Se

:]
L)
“

protein, whereas a strorf§Se signal of TGR was retained
in the testes (Figure 6).

Finally, we analyzed TGR expression in testes and liver - -
of iBA"tRNA[SelSecrescued mice, which lack the tRNpaISec
gene and the lethality is rescued by expression of the mutant ) . _ -
tRNAISerISee transgene 23). In these mice, expression of FIGURE 6: Selenoprotein expression in mice maintained on

stress-related selenonroteins (e.a.. GPx1) is severel inhibitedzelenium'deﬁdem and selenium-sufficient diets. Selenoprotein
p (eg. ) y xpression in indicated tissues was assessed by labeling mice with

(Figure 7, Atrsp-t-trsp!A~ lanes), whereas housekeeping 7sSe, followed by SDSPAGE analysis of protein extracts from

selenoproteins that maintain the cellular redox status, sucheach tissue and Phosphorimager detection of selenoproteins. This

as TR1, are little affected. We found that the expression of figure shows metabolic labeling of selenoproteins in liver, kidney,

TGR was only slightly decreased in testes of these mice lUng epididymis, and testes samples Pg.w"d-t[gggec(trsp) and
d to heterozvaous mice and to mice rescued withtransgenic mice encoding 10 copies of th& itRNASerSectrans-

compare Y9 : gene (designated as trsp-t-tfpi) that were maintained on Se-

the wild-type tRNAS®ISectransgene (Figure 7A, left panel).  sufficient -Se) or Se-deficient{Se) diets.

To exclude the possibility that the truncated protein lacking

the C-terminal SeeGly dipeptide was synthesized, we 7A, right panel). Thus, Sec could be efficiently inserted into

labeled these mice witf’'Se and found that the levels of TGR by the mutant Sec tRNA in testes.

®Se-labeled TGR (Figure 7A, left and middle panels) To analyze TGR expression in the livers of rescued and

corresponded to those detected by western blot assays (Figureontrol mice, we again enriched the protein on ADP-

- B
Liver Kidney Lung Epididymis Testes



14534 Biochemistry, Vol. 44, No. 44, 2005
A

Atrsp-t-trsp
Atrsp-t-trspi®A-
Atrsp-t-trsp
Atrsp-t-trspiA-
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Atrsp-t-trspi®A-

trsp

g

3

kDa

62—
49—

28—

17-
14—
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trsp  Atrsp-t-trsp Atrsp-t-trspiA-
123 123 123

FIGURE 7: TGR expression in th6A-tRNAlSe1Secrescued mouse.
Expression of TGR in testes and livers of rescued and control
mice was assessed Bge-labeling of mice and western blot assays.

(A) "Se-labeling and western blot analysis of testes samples. Left

panel, Phosphorimager analysis 6Be-labeled testis extracts
fractionated on an SDSPAGE gel. Migration of TGR, GPx1,

Sun et al.

Ficure 8: Structural model of TGR active sites that illustrates flow
of reducing equivalents in the enzyme. Active site cysteines and
selenocysteine in TGR are highlighted in this model of TGR
structure that was developed as described in Materials and Methods.
Cysteines are shown in yellow and selenocysteine in red. From
left to right (corresponding to the flow of reducing equivalents in
the enzyme): a pair of cysteines in the N-terminal thiol/disulfide
site, C-terminal selenenylsulfide site, and the active site cysteine
of the Grx domain. This model is not sufficient to predict identity
of the residue in the selenenylsulfide motif that interacts with other
redox groups in the enzyme.

selenoprotein expression. However, we found that the TGR
synthesis was affected to a greater degree in liver than in
testis samples (Figure 7).

Overall, these data revealed that TGR is regulated by both
selenium availability and Sec tRNA status. However, this
regulation was more pronounced in liver, whereas in testes,
the expression level was only slightly affected. Moreover,
regulation of TGR was similar to that of selenoproteins
considered to have high priority for selenium supply, such
as TR1 and GPx4, and was in contrast to the expression of
several stress-related selenoproteins, such as GPx1, which
are highly regulated by selenium and Sec tRNA status.

DISCUSSION

Thioredoxin reductases are key enzymes that control the
redox state of thioredoxin). Mammalian TRs are sele-
noproteins, and therefore, the thioredoxin system in mammals

and GPx4 is indicated. Middle panel, each testis sample wasis dependent on the availability of the trace element,
enriched, in parallel, for TGR on ADP-Sepharose, and the enriched selenium. The catalytic mechanism of mammalian TR1 has

fractions were analyzed by SB®AGE and a Phosphorimager.
Right panel, western blot of the enriched testis fractions with
antibodies specific for TGR. (B}J°Se-labeling and western blot

been well-characterized. Sec has been shown to be essential
for the reduction of thioredoxinsQ, 51) and is thought to

analysis of liver samples. Top panel, Phosphorimager analysis of transfer reducing equivalents from the thiol/disulfide active
75Se-labeled liver extracts fractionated on ADP-Sepharose andsite of the enzyme to the active site of thioredoxin. TGR

resolved on an SDSPAGE gel; middle panel, western blot of the

same membrane using anti-TGR antibodies; lower panel, Coomassied
blue staining of the samples shown in the two upper panels. Lane

designation is as follows: 1, cell lysates; 2, ADP-Sepharose flow-
through fractions; 3, samples eluted from ADP-Sepharose. Animal
designation in panels A and B is as follows: trsp, wild-type mouse;
Atrsp-t-trsp, tRNASerISec knockout/transgenic mouse lacking the
endogenous tRNIAe1Secgene and encoding 10 copies of the wild-
type tRNASerISectransgeneAtrsp-t-trspfA -, tRNAISerSecknockout/
transgenic mouse lacking the endogenous tRRIAsc gene and
encoding 20 copies of thEA-tRNAISeISectransgene.

Sepharose (Figure 7B). After the enrichment, TGR was

detected in wild -type, heterozygous rescued, and homozy-

represents a new type of TR as it contains an additional Grx
omain at the N-terminus. This fusion was proposed to be
responsible for the multiple functions of TGR, including TR,
GR, and Grx activitiesZ4). In the TGR structural model,
the C-terminal Sec-containing active center is located
between the N-terminal active site and the active cysteine
of Grx domain, suggesting the following direction of electron
flow: N-terminal thiol/disulfide active site~ C-terminal
selenenylsulfide active site- active site cysteine of the Grx
domain (Figure 8). However, neither specific functions/
contributions of individual domains of TGR nor experimental
details of the proposed mechanisms have previously been

gous rescued mice, suggesting that the mutant Sec tRNAdetermined.

could insert Sec into liver TGR. These data placed TGR in
line with TR1, TR3, and GPx4 in regard to regulation of

TGR has a close evolutionary relationship to TR1,
indicating it recently branched from this enzyme. Phylo-
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genetic analyses revealed that TGR and TR1 generally co-
occur in mammals (although TGR could not be identified

in some mammalian genomes, it is possible that this was FAD NADPH =~ NADP+ FAD
due to incomplete genome sequences and lack of ESTs).180 T s . 180 -8° o
However, TGR did not occur in fruit fly and nematode 47505 gl :3 %: o Wy, Y@l
genomes. Interestingly, TGR genes were detected in various SR H* R
fishes, in which TR1 was absent. Thus, it is highly likely - .

that the fish TGR functionally replaces TR1, and in addition, H

it has broad substrate specificity due to presence of the Grx Tl

domain. However, TR1 reemerged in frogs, and from this

point in evolution, it appears that TR1 took over functions
associated with thioredoxin reduction, whereas TGR has
AD
(Se

developed into a tissue-specific specialized protein. . NADP+  NADPH 5
e -<&,—Ll I
HS— 613 H 613’
SHS. 614’ 175 ‘Se—614
R
48

functions of TGR, we prepared recombinant TGR forms,
including the wild-type Sec-containing form and various
mutant forms. These recombinant TGR forms migrated at
the same position (65 kDa) as wild-type TGR on SDBS 48
PAGE gels. In addition, a minor 130 kDa band was observed

& HSR

17

w

To further characterize the catalytic mechanism and g9
S-SR

in purified protein preparations, as well as in western blots,
suggesting an incomplete disruption of the TGR homodimer
in these conditions. Enzymatic characterization of the purified
native TGR protein, various recombinant TGR forms, and
individual domains directly supported the proposal that Sec AD NADPH + H* NADP+

was not only required for the TR activity of TGR but also  180-s° , é g 180
crucial for the GR and Grx activities Qf the enzyme in t.he 175 b-sH 52 g:i. 175 |-SH -Se— 614
presence of NADPH. Our current view on the reaction o
mechanism of TGR is shown in Figure 9. In this model, the

electron transfer from the TR portion of TGR to Trx is e i
consistent with the well-studied reaction catalyzed by TR1 lr zﬂg

R'SH

R'SSR

(52, 53). A separate path illustrates how the TR portion of

the enzyme transfers electrons to the Grx domain. Thus, we

established that the TR module of TGR is a universal electron 3/I \

transport system for all activities of TGR, suggesting the i ;

essential role of Sec in this protein. FAD
In addition to the studies on the reaction mechanism of 180 [-SH !

TGR, we assessed regulation of its expression by dietary U I S_[;:’: 44

selenium and a key regulatory mutation in the Sec tRNA

gene. The data suggested that TGR has high priority for

selenium supply and that its expression is dependent on ) ) )
Ficure 9: Proposed reaction mechanism of TGR. During the

selenium availability and perturbations in Sec tRNA statgs. reaction, reducing equivalents are transferred from NADPH through
Importantly, we found that the mutant form of Sec tRNA IS EAD to the N-terminal active center {CxxxxC9), further to the

capable of inserting Sec into TGR in both liver and testes. C-terminal selenenylsulfide active site 88614 of the other

TGR was highly expressed in testes, whereas affinity subunitin the homodimer, and finally to*@f the Grx domain of

chromatography had to be used in order to detect the proteing:(? difz':;} tf]lii)t:ggg;(ig??r)guﬂginre?#g%dteimxg%C(iiz\a/re] srffg:lécﬁl 4)e|ther

N liver samples. Selenlum has been ;hown to be involved or other disulfide-containing s%bstrates (RS3Rrough C8of the

in male reproductiong4, 55), and the high levels of TGR  Grx domain. R and Rmay be glutathione or other cysteine-

in testes may be an indication that TGR, as previously shown containing substrates.

for another selenoprotein, GPx84j, plays an important role

in male reproduction. N-terminal disulfide active site to the Grx domain. As such,
Our study has addressed important questions related tothe function of TGR is expected to be dependent on the

the reaction mechanism and regulation of TGR in mammals. selenium status and on regulatory mechanisms associated

These findings have shown how various redox centers in with selenoprotein synthesis.

TGR interact with each other and established a key role of

Sec in TGR function. Furthermore, they are consistent with ACKNOWLEDGMENT

our recent study that suggested a role of this protein in  We thank Dr. Hideaki Moriyama for the help with

formation and isomerization of disulfide bonds in spermatids molecular modeling.

(30). The Grx domain of TGR can catalyze disulfide bond

isomerization reaction but requires access to reducing SUPPORTING INFORMATION AVAILABLE

equivalents if nonproductive mixed disulfides are formed.  Expression and purification of recombinant TGR and the

From the present study, it is clear that Sec mediates theGrx domain. This material is available free of charge via

delivery of reducing equivalents from NADPH via the the Internet at http://pubs.acs.org.

H

5
48



14536 Biochemistry, Vol. 44, No. 44, 2005

REFERENCES

1.

2

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Holmgren, A., and Bjornstedt, M. (1995) Thioredoxin and
thioredoxin reductaseMethods Enzymol. 25299-208.

. Arng, E. S., and Holmgren, A. (2000) Physiological functions of

thioredoxin and thioredoxin reductasEur. J. Biochem. 267
6102-6109.

. Conrad, M., Jakupoglu, C., Moreno, S. G., Lippl, S., Banjac, A,

Schneider, M., Beck, H., Hatzopoulos, A. K., Just, U., Sinowatz,
F., Schmahl, W., Chien, K. R., Wurst, W., Bornkamm, G. W.,
and Brielmeier, M. (2004) Essential role for mitochondrial
thioredoxin reductase in hematopoiesis, heart development, and
heart functionMol. Cell. Biol. 24 9414-9423.

. Jakupoglu, C., Przemeck, G. K., Schneider, M., Moreno, S. G.,

Mayr, N., Hatzopoulos, A. K., de Angelis, M. H., Wurst, W.,
Bornkamm, G. W., Brielmeier, M., and Conrad, M. (2005)
Cytoplasmic thioredoxin reductase is essential for embryogenesis
but dispensable for cardiac developmeNipl. Cell. Biol. 25
1980-1988.

. Stadtman, T. C. (1990) Selenium biochemistAnnu. Re.

Biochem. 59111-127.

. Powis, G., Gasdaska, J. R., Gasdaska, P. Y., Berggren, M.,

Kirkpatrick, D. L., Engman, L., Cotgreave, I. A., Angulo, M.,
and Baker, A. (1997) Selenium and the thioredoxin redox
system: effects on cell growth and dea®ncol. Res. 9303—
312.

. Stadtman, T. C. (2000) Selenium biochemistry. Mammalian

selenoenzymedinn. N.Y. Acad. Sci. 89399-402.

. Stadtman, T. C. (1996) SelenocysteiAanu. Re. Biochem. 65
83-100.
. Berry, M. J., Banu, L., Chen, Y. Y., Mandel, S. J., Kieffer, J. D.,

Harney, J. W., and Larsen, P. R. (1991) Recognition of UGA as

a selenocysteine codon in type | deiodinase requires sequences

in the 3 untranslated regioriature 353 273-276.

Berry, M. J., Banu, L., Harney, J. W., and Larsen, P. R. (1993)
Functional characterization of the eukaryotic SECIS elements
which direct selenocysteine insertion at UGA coddas|BO J.

12, 3315-3322.

Low, S. C., and Berry, M. J. (1996) Knowing when not to stop:
selenocysteine incorporation in eukaryofeends Biochem. Sci.
21, 203-208.

Back, A. (2000) Biosynthesis of selenoproteiran overview,
BioFactors 11 77—78.

Hatfield, D. L., and Gladyshev, V. N. (2002) How selenium has
altered our understanding of the genetic colle]. Cell. Biol.

22, 3565-3576.

Driscoll, D. M., and Copeland, P. R. (2003) Mechanism and
regulation of selenoprotein synthesfmnu. Re. Nutr. 23 17—

40.

Berry, M. J. (2005) Knowing when not to stdgat. Struct. Mol.
Biol. 12, 389-390.

Chavatte, L., Brown, B. A., and Driscoll, D. M. (2005) Ribosomal
protein L30 is a component of the UGA-selenocysteine recoding
machinery in eukaryotes\at. Struct. Mol. Biol. 12408-416.
Bosl, M. R., Takaku, K., Oshima, M., Nishimura, S., and Taketo,
M. M. (1997) Early embryonic lethality caused by targeted
disruption of the mouse selenocysteine tRNA gene (TiRBp¢.
Natl. Acad. Sci. U.S.A. 94531-5534.

Kumaraswamy, E., Carlson, B. A., Morgan, F., Miyoshi, K.,
Robinson, G. W., Su, D., Wang, S., Southon, E., Tessarollo, L.,
Lee, B. J., Gladyshev, V. N., Hennighausen, L., and Hatfield, D.
L. (2003) Selective removal of the selenocysteine tRNA [Ser]-
Sec gene (Trsp) in mouse mammary epithelitvio). Cell. Biol.

23, 1477-1488.

Tamura, T., and Stadtman, T. C. (1996) A new selenoprotein from
human lung adenocarcinoma cells: purification, properties, and
thioredoxin reductase activit@roc. Natl. Acad. Sci. U.S.A. 93
1006-1011.

Gladyshev, V. N., Jeang, K. T., and Stadtman, T. C. (1996)
Selenocysteine, identified as the penultimate C-terminal residue
in human T-cell thioredoxin reductase, corresponds to TGA in
the human placental gereroc. Natl. Acad. Sci. U.S.A. 98146-
6151.

Warner, G. J., Berry, M. J., Moustafa, M. E., Carlson, B. A.,
Hatfield, D. L., and Faust, J. R. (2000) Inhibition of selenoprotein
synthesis by selenocysteine tRNA[Ser]Sec lacking isopentenyl-
adenosineJ. Biol. Chem. 27528116-28119.

Moustafa, M. E., Carlson, B. A., El-Saadani, M. A., Kryukov, G.
V., Sun, Q. A, Harney, J. W., Hill, K. E.,, Combs, G. F.,

23.

26.

28.

29.

31.

34.

35.

37.

38.

Sun et al.

Feigenbaum, L., Mansur, D. B., Burk, R. F., Berry, M. J.,
Diamond, A. M., Lee, B. J., Gladyshev, V. N., and Hatfield, D.
L. (2001) Selective inhibition of selenocysteine tRNA maturation
and selenoprotein synthesis in transgenic mice expressing iso-
pentenyladenosine-deficient selenocysteine tRM#I, Cell. Biol.

21, 3840-3852.

Carlson, B. A., Xu, X. M., Gladyshev, V. N., and Hatfield, D. L.
(2005) Selective rescue of selenoprotein expression in mice lacking
a highly specialized methyl group in selenocysteine tRBIAiol.
Chem. 2805542-5548.

.Sun, Q. A, Kirnarsky, L., Sherman, S., and Gladyshev, V. N.

(2001) Selenoprotein oxidoreductase with specificity for thiore-
doxin and glutathione systemBroc. Natl. Acad. Sci. U.S.A. 98
3673-3678.

. Su, D., and Gladysheyv, V. N. (2004) Alternative splicing involving

the thioredoxin reductase module in mammals: a glutaredoxin-
containing thioredoxin reductase Bjochemistry 43 12177
12188.

Rundld, A. K., Janard, M., Miranda-Vizuete, A., and AmeE.

S. (2004) Evidence for intriguingly complex transcription of
human thioredoxin reductaseHree Radical Biol. Med. 36541—

656.

. Agorio, A., Chalar, C., Cardozo, S., and Salinas, G. (2003)

Alternative mRNAs arising from trans-splicing code for mito-
chondrial and cytosolic variants dEchinococcus granulosus
thioredoxin glutathione reductasé, Biol. Chem. 27812920~
12928.

Alger, H. M., and Williams, D. L. (2002) The disulfide redox
system ofSchistosoma mansoand the importance of a multi-
functional enzyme, thioredoxin glutathione reductdde|. Bio-
chem. Parasitol. 121129-139.

Rendon, J. L., del Arenal, I. P., Guevara-Flores, A., Uribe, A.,
Plancarte, A., and Mendoza-Hernandez, G. (2004) Purification,
characterization and kinetic properties of the multifunctional
thioredoxin-glutathione reductase frohaenia crassicepmeta-
cestode (cysticerciMol. Biochem. Parasitol133 61—69.

. Su, D., Novoselov, S. V., Sun, Q. A., Moustafa, M. E., Zhou, Y.,

Oko, R., Hatfield, D. L., and Gladyshev, V. N. (2005) Mammalian
selenoprotein thioredoxin-glutathione reductase. Roles in disulfide
bond formation and sperm maturatidnBiol. Chem. 28026491
26498.

Nishihara, K., Kanemori, M., Yanagi, H., and Yura, T. (2000)
Overexpression of trigger factor prevents aggregation of recom-
binant proteins ifEscherichia coli Appl. Erviron. Microbiol. 66,
884—889.

.Sun, Q. A., and Gladyshev, V. N. (2002) Redox regulation of

cell signaling by thioredoxin reductasédethods Enzymol. 347
451-461.

.Sun, Q. A, Wu, Y., Zappacosta, F., Jeang, K. T., Lee, B. J.,

Hatfield, D. L., and Gladyshev, V. N. (1999) Redox regulation
of cell signaling by selenocysteine in mammalian thioredoxin
reductases). Biol. Chem 274, 24522-24530.

Gladyshev, V. N., Liu, A., Novoselov, S. V., Krysan, K., Sun, Q.
A., Kryukov, V. M., Kryukov, G. V., and Lou, M. F. (2001)
Identification and characterization of a new mammalian glutare-
doxin (thioltransferase), Grx3, Biol. Chem. 27630374-30380.
Guex, N., and Peitsch, M. C. (1997) SWISS-MODEL and the
Swiss-PdbViewer: an environment for comparative protein mod-
eling, Electrophoresis 182714-2723.

. Sandalova, T., Zhong, L., Lindgvist, Y., Holmgren, A., and

Schneider, G. (2001) Three-dimensional structure of a mammalian
thioredoxin reductase: implications for mechanism and evolution
of a selenocysteine-dependent enzymegc. Natl. Acad. Sci.
U.S.A. 98 9533-9538.

Nordstrand, K., Slund, F., Holmgren, A., Otting, G., and Berndt,
K. D. (1999) NMR structure oEscherichia coliglutaredoxin
3-glutathione mixed disulfide complex: implications for the
enzymatic mechanisnd, Mol. Biol. 286 541-552.

Pettersen, E. F., Goddard, T. D., Huang, C. C., Couch, G. S,,
Greenblatt, D. M., Meng, E. C., and Ferrin, T. E. (2004) UCSF
chimera—a visualization system for exploratory research and
analysis,J. Comput. Chen5, 1605-1612.

.Arne, E. S., Zhong, L., and Holmgren, A. (1999) Preparation and

assay of mammalian thioredoxin and thioredoxin reductase,
Methods Enzymol. 30@26—239.

. Smith, I. K., Vierheller, T. L., and Thorne, C. A. (1988) Assay of

glutathione reductase in crude tissue homogenates usirtg 5,5
dithiobis(2-nitrobenzoic acidy\nal. Biochem. 175408-413.



TGR’s Mechanism and Regulation

41.
42.

43.

44.

45,

46.

47.

48.

Rudolph, F. B., and Fromm, H. J. (1979) Plotting methods for
analyzing enzyme rate datilethods Enzymob3, 138-159.

Lee, S. R, Kim, J. R., Kwon, K. S., Yoon, H. W., Levine, R. L.,
Ginsburg, A., and Rhee, S. G. (1999) Molecular cloning and
characterization of a mitochondrial selenocysteine-containing
thioredoxin reductase from rat live#, Biol. Chem. 2744722—
4734,

Miranda-Vizuete, A., Damdimopoulos, A. E., Pedrajas, J. R.,
Gustafsson, J. A., and Spyrou, G. (1999) Human mitochondrial
thioredoxin reductase cDNA cloning, expression and genomic
organization Eur. J. Biochem. 261405-412.

Sun, Q. A., Zappacosta, F., Factor, V. M., Wirth, P. J., Hatfield,
D. L., and Gladyshev, V. N. (2001) Heterogeneity within animal
thioredoxin reductases. Evidence for alternative first exon splicing,
J. Biol. Chem. 2763106-3114.

Arne, E. S., Sarioglu, H., Lottspeich, F., Holmgren, A., anttBo

A. (1999) High-level expression iEscherichia coliof seleno-
cysteine-containing rat thioredoxin reductase utilizing gene fusions
with engineered bacterial-type SECIS elements and co-expression
with the selA, selB and selC genek, Mol. Biol. 292 1003~
1016.

Arne, E. S. (2002) Recombinant expression of mammalian
selenocysteine-containing thioredoxin reductase and other sele-
noproteins irEscherichia coliMethods Enzymol. 34226-235.
Renghby, O., Johansson, L., Carlson, L. A., Serini, E., Vlamis-
Gardikas, A., Karsnas, P., and Arner, E. S. (2004) Assessment of
production conditions for efficient use &scherichia colin high-
yield heterologous recombinant selenoprotein syntheSigl.
Environ. Microbiol. 70, 5159-5167.

Suppmann, S., Persson, B. C., anttiBAA. (1999) Dynamics
and efficiency in vivo of UGA-directed selenocysteine insertion
at the ribosomeEMBO J. 18 2284-2293.

49.

50.

51.

52

54.

Biochemistry, Vol. 44, No. 44, 20094537

Lundberg, M., Johansson, C., Chandra, J., Enoksson, M., Jacob-
sson, G., Ljung, J., Johansson, M., and Holmgren, A. (2001)
Cloning and expression of a novel human glutaredoxin (Grx2)
with mitochondrial and nuclear isoformd, Biol. Chem. 276
26269-26275.

Hill, K. E., McCollum, G. W., Boeglin, M. E., and Burk, R. F.
(1997) Thioredoxin reductase activity is decreased by selenium
deficiency,Biochem. Biophys. Res. Commun. 2383-295.
Zhong, L., Arie E. S., Ljung, J., Aslund, F., and Holmgren, A.
(1998) Rat and calf thioredoxin reductase are homologous to
glutathione reductase with a carboxyl-terminal elongation contain-
ing a conserved catalytically active penultimate selenocysteine
residue,J. Biol. Chem. 2738581-8591.

. Williams, C. H., Arscott, L. D., Muller, S., Lennon, B. W., Ludwig,

M. L., Wang, P. F., Veine, D. M., Becker, K., and Schirmer, R.
H. (2000) Thioredoxin reductase two modes of catalysis have
evolved,Eur. J. Biochem. 2676110-6117.

. Arscott, L. D., Gromer, S., Schirmer, R. H., Becker, K., and

Williams, C. H., Jr. (1997) The mechanism of thioredoxin
reductase from human placenta is similar to the mechanisms of
lipoamide dehydrogenase and glutathione reductase and is distinct
from the mechanism of thioredoxin reductase frascherichia

coli, Proc. Natl. Acad. Sci. U.S.A. 98621-3626.

Ursini, F., Heim, S., Kiess, M., Maiorino, M., Roveri, A., Wissing,

J., and Flohgl. (1999) Dual function of the selenoprotein PHGPx
during sperm maturatior§cience 2851393-1396.

. Foresta, C., Flohd.., Garolla, A., Roveri, A., Ursini, F., and

Maiorino, M. (2002) Male fertility is linked to the selenoprotein
phospholipid hydroperoxide glutathione peroxiddgie). Reprod.
67, 967-971.

BI051321W



