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ABSTRACT. Selenium is an essential trace element in many life forms due to its occurrence as a
selenocysteine (Sec) residue in selenoproteins. The majority of mammalian selenoproteins, however, have
no known function. Herein, we performed extensive sequence similarity searches to define and characterize
a new protein family, designated Rdx, that includes mammalian selenoproteins Selw, SelV, SelT and
SelH, bacterial SelW-like proteins and cysteine-containing proteins of unknown function in all three domains
of life. An additional member of this family is a mammalian cysteine-containing protein, designated Rdx12,
and its fish selenoprotein orthologue. Rdx proteins are proposed to possess a thioredoxin-like fold and a
conserved CxxC or CxxU (U is Sec) motif, suggesting a redox function. We cloned and characterized
three mammalian members of this family, which showed distinct expression patterns in mouse tissues
and different localization patterns in cells transfected with the corresponding GFP fusion proteins. By
analogy to thioredoxin, Rdx proteins can use catalytic cysteine (or Sec) to form transient mixed disulfides
with substrate proteins. We employed this property to identify cellular targets of Rdx proteins using affinity
columns containing mutant versions of these proteins. Rdx12 was found to interact with glutathione
peroxidase 1, whereas 14-3-3 protein was identified as one of the targets of mammalian SelW, suggesting
a mechanism for redox regulation of the 14-3-3 family of proteins.

Selenium is a trace element with significant biomedical domains of life, and the differences may even be seen
potential (). It has an essential role in mammals due to its between related specied) (Several animal selenoproteomes
occurrence in selenium-containing proteins, selenoproteinshave previously been characterized. The human selenopro-
(2—5). Selenium is present in these proteins in the form of teome consists of 25 known selenoproteins, and mice and
selenocysteine (S&¢ which is the 21st amino acid in the rats have 24 selenoproteing).( About a third of these
genetic code. The overall composition of selenoproteomesproteins participate in various redox reactions, whereas the
(full set of selenoproteins in an organism) differs in major functions of most other selenoproteins are not known. In
order to explain the biomedical properties of dietary sele-
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SelV is a larger protein than SelW having a short sertion atEcoRl andBanH]I sites). To prepare a construct
C-terminal Selw homology domain and a longer N-terminal coding for a full-size SelT fused to GFP, the primers were
sequence with no close homologues in sequence databaseECTGAAGGCGAATTCAGCGGCTGTCTCAATT-
(7). SelH (a homologue obDrosophila BthD (13)) was ACGATGAGGCTC and TGATAGGTAGGATCCATGATC-
recently found to reside in nucleoli and predicted to possessGATGATGTGGGATTGAATCC Ecarl andBanHl sites).

a thioredoxin-like fold {4). No functional information is  The SelT truncated at the N-terminus lacked the following
available for SelT 15), whereas SelM was found to be N-terminal sequence: MRLLLLLLVAASAVVRSEASAN-
distantly related to another mammalian selenoprotein, the LGGVPSKRLK. To prepare such truncated protein fused
15 kDa selenoprotein (Sep13)q). The structures of Sepl5 to GFP, we used primers GCGTGCCCAGAATTCGAT-
and SelM have recently been solved establishing theseTAAAGATGCAGTACGCCACCGGGC and TGATAGG-
proteins as endoplasmic reticulum-resident redox proteins TAGGATCCATGATCGATGATGTGGGATTGAATCCECHRI
(17). and BanH1 sites). Finally, to fuse the N-terminal SelT

In this work, we used sensitive sequence searches to definesequence to GFP, the primers were TCTGAAGGCGAAT-
a new selenoprotein family, which includes four mammalian TCAGCGGCTGTCTCAATTACGATGAGGCTC and CG-
selenoproteins: SelT, Selw, SelV, and SelH. Additional GTGGCGTAGGATCCACTTTAATCTCTTGCTGGG-
members of this family are eukaryotic, bacterial, and archaeal CACGC (EcadRI and BanHlI sites). Constructs encoding
proteins, as well as a protein, designated Rdx12, with SecCxxS and SxxC forms (i.e., Ser replaced Cys or Sec) of the
in fish and Cys residue in mammalian orthologues. We proteins were prepared by site-directed mutagenesis using
cloned and characterized three mammalian members of thisQuick Change Kit (Stratagene). DNA samples were purified
family. using QIAGEN plasmid purification kits. Nucleotide se-

guences of all constructs were verified by DNA sequencing

MATERIALS AND METHODS

Materials.Restriction enzymes were from Fermentas. PCR
kits were from Stratagene and Invitrogen. Bacterial cells
(NovaBlue, BL21(DE3), Rosetta(DE3), and Rosetta-gami
2(DE3)) were from Novagen. Lipofectamine Plus was from
Invitrogen. Other reagents were from Sigma.

Sequence Searches and Multiple Sequence Alignment
Exhaustive, transitive sequence searches were performed wit

PSI-BLAST (18) run against the NCBI non-redundant protein
sequence database wHhvalue threshold of 0.01. Multiple
sequence alignment for collected Rdx family proteins was
prepared using PCMA programi9) followed by manual

adjustments according to the structure of one of the family

members (pdi2fa8).

Cloning and Site-Directed Mutagenesislouse SelW,
SelT, and Rdx12 cDNAs were amplified from EST clones

h

at the University of Nebraska genomics core facility.

Protein Expression and PurificatiofRdx family proteins
were initially expressed ilEscherichia coliand Saccharo-
myces cergsiae Transformed cells, containing correspond-
ing expression constructs, were grown at eithet@GQyeast)
or 37°C (bacteria). For bacterial expression, protein synthesis
was induced by addition of 1 mM IPTG. Cells were grown
until the optical density reached Q.1 at 600 nm,
harvested by centrifugation at 6,000 rpm for 10 min and
stored at-20°C. The protein purification procedure followed
a protocol provided by BD Biosciences for metal affinity
resins. Briefly, cells were thawed in 50 mL of 50 mM sodium
phosphate, pH 7.5, containing 300 mM sodium chloride.
Protease inhibitor cocktail was added to the solution, and
the cells were sonicated using a Misonix XL sonicator. The
cell extract was centrifuged at 15,000 rpnt foh at 4°C,

d th tant loaded a 3 mL Talon S Fl
(accession numbers gi 22341839, gi 20353091, and gian © Supernaiant 'oacen & S m- 1aon Supse Fow

column (Clontech). The column was washed with 100 mL

18204560, respectively) and cloned into the following ¢ 56 mm sodium phosphate, pH 7.5, 300 mM sodium

vectors: pET21b and pET28a (Novagen) for expression in
bacterial cells, and pEGFP-N2, pEGFP-C3 (Clontech), and

pCMV-Tag2B (Stratagene) for expression in mammalian
cells. The following primers were used for bacterial expres-
sion: GGAGCGGGCACATATGAGTGGGGAGC-
CAGCGCCGGTGTC and ATCATTTCTCTCGAGCAG-
GATGACACAGGGAGGCCGGCTG for Rdx12 (insertion
at Ndd and Xhd sites); TGCGACGTGCACATATG-
GCGCTCGCCGTTCGAGT and CCTGCCTCTAGCTC-
GAGCTGGCACTGAGCCAAGGCAGC for Selw (inser-
tion at Ndd and Xhd sites); and CAGCAAGAGAGC-
TAGCATGCAGTACGCCACCGG and GCTGATAGG-

chloride, and the protein was eluted by a solution of 50 mM
sodium phosphate, pH 7.5, 300 mM sodium chloride, and
150 mM imidazole. The purity of recombinant protein was
analyzed by SDS PAGE.

Protein Expression and Localization in Mammalian Cells.
Mammalian cells (NIH 3T3 or CV-1) were transfected with
the constructs coding for Rdx family proteins using Lipo-
fectamine Plus following the protocol described by Invitro-
gen. Transfected cells were incubated overnight &tGih
a CQ incubator prior to localization experiments. The
markers for protein localization were ER Tracker from

Molecular Probes and anti-p230 Golgi mouse monoclonal
antibody from BD Transduction Labs and donkey anti-mouse
Cy5 conjugated antibodies from Chemicon. A BioRad

confocal fluorescent microscope was used to determine
cellular location of proteins at the University of Nebraska

microscopy core facility.

Identification of Target ProteinsTargets for SelwW and
Rdx12 were identified by trapping mixed disulfides formed
between SelW or Rdx12 and protein targets on affinity resins.
SelW and Rdx12 affinity resins were prepared by cross-

TACTCGAGTGATCGATGATGTGGGATTG for SelT (in-
sertion atNhd and Xhd sites). To prepare SelW fused to a
FLAG tag, TAAGAAGGAGATGAATTCATGGCGCT-
CGCCGTTCGAGT and TGGTGGTGCTCGAGTAACTG-
GCACTGAGCCAAGGCAGC primers were used for inser-
tion of the resulting PCR product infecdRl andXhd sites.

To prepare constructs for Rdx12 localization (a GFP fusion
construct), the primers were TGGTGGTGCTCGAGTAAC-
TGGCACTGAGCCAAGGCAGC and ATCATTTCTG-
GATCCGCAGGATGACACAGGGAGGCCGGCTG (for in-
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linking recombinant Rdx proteins (i.e., CxxS and SxxC forms ~ Northern Blot AnalysesMlouse Adult Tissue Blots were
of these proteins) to activated BrCN-Sepharose (Amersham)purchased from Seegene. Probes were prepared using Re-
according to recommendations of the manufacturer. Cytosolic diprime 1l Random Prime Labeling System (Amersham)
fractions were prepared by differential centrifugation of according to the manufacturer’s protocol. Membranes were
homogenates in 50 mM Tris-HCI, pH 8.0, and incubated with hybridized with 32P-labeled (Redivue [32P]dCTP, Amer-
SelW- or Rdx12-immobilized BrCN-Sepharose resins for 1 sham) fragments of mouse SelT, Rdx12, and SelW cDNAs
h at 25°C. The resins were extensively washed with 50 MM corresponding to their coding regions, and autoradiograms
Tris-HCI, pH 8.0, 200 mM NacCl, to remove non-specifically generated.
bound proteins until absorbance of the eluted fraction at 280
nm reached zero. The resins were then resuspended in 5%
mM Tris-HCI, pH 8.0, 200 mM NacCl, 10 mM dithiothreitol
(DTT), and incubated for 30 min at 2%C. The eluted
samples were concentrated to a final volume of 80 uL,
fractionated by SDS PAGE, and proteins stained with
Coomassie Blue.

The stained bands were excised and subjected to LC/MS.
Briefly, gel pieces were digested by trypsin (Promega,
Madison, WI) and the digested peptides were extracted

Quantitatve PCR.The relative expression of genes was
uantified by real-time PCR. The DNA Engine Opticon 2
Real-Time PCR Detection System (MJ-Research/Bio Rad
laboratories, Hercules, CA) was used in combination with
SelT specific primer sequences (forward T&GTCTAAG-
CTGGAATCTGG-3; reverse, 5TTTCGGTGCTGATAG-
GTAGG-3). Two micrograms of total RNA from each tissue
was used to synthesize the first strand cDNA in a/20
reaction mixture by using SuperScript Il reverse transcriptase
in 5% formic acid/50% acetonitrile and separated using a €NZYMe (Invitrogen) and random primers. Twenty nanograms
C18 reversed phase LC column (@B x 15 cm, Pepmap of cDNA was ut|I|zegI for_ the PCR react!on, using IQTM
300, 5um particle size) (Dionex, Sunnyvale, CA). A Q-TOF SYBR green supermlx_(B|o Rad Iaboratorles,_ Hercule_s_, CA)
Ultima tandem mass spectrometer (Waters) with electro- @1d 500 nM of each primer, under the following conditions:
spray ionization was used to analyze the eluting |n|t|alld(_anaturat|on for 5 min at 9%C, followed by 40 cycles
peptides. The system was user controlled employing Mass-Consisting of 20 s at 92C, 20 s at 55C, and 30 s at 72C.
Lynx software (v 4.0, Waters) in data-dependent acquisition AMPlifying known amounts of a PCR-product generated a
mode with the following parameters: 1 s survey scan (380 Standard curve at the same time as the samples. The
1900 Da) followed by up to three 2.4 s MS/MS acquisitions €xpression of mRNA in each sample was normalized to the
(60—1900 Da). The instrument was operated at a massexpression of 18S rRNA.
resolution of 8000. The instrument was calibrated using Immunoprecipitation Experiment®lIH 3T3 cells were
the fragment ion masses of doubly protonated Glu-fibrin- washed twice with PBS, 7Q@L of a lysis buffer containing
opeptide. protease inhibitors added, and the sample kept°& with

The peak lists of MS/MS data were generated with Distiller continuous shaking for 3045 min. The soluble fraction was
(Matrix Science, London, U.K.) using charge state recogni- collected by centrifugation at 12,000 rpm for 15 min at
tion and deisotoping with the other default parameters for 4 °C, and the supernatant stored-a80 °C. Immunopre-
Q-TOF data. Data base searches with the acquired MS/MSgipjtation experiments were performed using a Protein G
spectra were performed using Mascot (Matrix Science, inmunoprecipitation kit (Sigma) following the protocol
v1.9.0, London, U.K.). When using the MSDB database (2 provided by the manufacturer. The presence of 14-3-3 protein

comprehensive, nonidentical protein sequence databasgmong Selw protein targets was verified by Western blot
maintained by the Proteomics Department at the Hammer-551ysis using antibodies specific for 14-3-3.

smith Campus of Imperial College London which combines . oL

entries from TREMPL, SWISSPOT, and GENBANK) (Re- _Mouse ModelsThe mouse lines used in this study have

lease 02272005, 1,942,918 sequence entries), no taxonom een described elsewhere and are transgenic mice carrying
0 copies of the wild type Sec tRN&Sectransgenet(sp)

was specified. Search parameters used were as follows: n ; ) sersec
restrictions on protein molecular weight of, enzymatic ~ ©OF €ight copies of the mutant, A37G37 Sec tRN
specificity was set to trypsin, and methionine oxidation was transgene (G3rsp) (20), or are a conditional knockout of

allowed as a variable peptide modification. Mass accuracy the Sec tRNA&=ISecgene {rsp')/transgenic mice carrying the -
settings were 0.15 Da for peptide mass and 0.12 Da for Crérecombinase transgene under the control of the albumin

fragment ion masses. promoter AlbCre) (21). The latter mouse is designated

Labeling of Mouse Tissues witfSe. Experiments involy-  Atrsp-AlbCreas it lackstrsp (the Sec tRNA=IScewild type
ing metabolic labeling of selenoproteins were carried out by 9eéne) in liver 22) and retains thélbCretransgene. Matings
adding”Se ([5Se]selenous acid; specific activity, 1,000 Ci/ betweenAtrsp-AlbCreand eithettrsp' or G37rspf to obtain
mmol) to the culture media. The isotope was obtained from @ mouse line in which selenoproteins have been rescued in
the Research Reactor Facility, University of Missouri, liver are similar to those employed previously in generating
Columbia, MO, and the experiments were performed as @ mouse line wherein a standard knockouttsp was
described elsewher@(). complemented by eithérsp or G37rspt (22, 23). The only

Immunoblot (Western Blot) Analysésimunoblot detec-  difference in obtaining the mouse line used in the present
tion of SelT was performed using previously described anti- study in which selenoproteins were rescued in liver is that
SelT antibodies¥5). In other assays, primary anti-His-tag another transgenébCre) must be included in the genotype
(Novagen), anti-14-3-3 (Santa Cruz), and anti-FLAG (Sigma) along with Atrsp and eithertrspt or G3#rsp. Genotyping
antibodies, as well as anti-mouse and anti-rabbit secondaryof mouse lines to identify each genesp (21, 22), trsp' (20,
antibodies conjugated to horseradish peroxidase (Amershamp?2), G37rspt (20, 22), Atrsp (21), and AlbCre (21), have
were used. been detailed in the references as indicated.
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A

Selenoprotein W

HHHHHHHHHHHHHH HHHHHHHHHHHH
2FA8 AGROBACTERIUM TUMEFACIENS FRE AQEMTO
SelW PSEUDOMONAS FLUORESCENS AOEMLS
SelW VIBRIO CHOLERAE q SQEMLH
SelW OVIS ARIES KEEMEL!
SelW BOS TAURUS KEKEMED!
SelW 3SUS SCROFA KEEMED!
SelW HOMC SAPIENS KEEMED!
SelW MUS MUSCULUS KEFMEH]
SelW XENOPUS TROPICALIS KEEMEQ)
SelW SEAR URCHIN KQEMED
SelW DANIO RERIO 1 KTLMED!
Selenoprotein V
SelV MUS MUSCULUS I GLNS LAY I INKRTHEH: NL— EFEEERAT( D———-——GK. KKGD-———— —~ESGLEK GRAMDEEMK
SelV RATTUS NORVEGICUS I GLS LRSI LMK THEH: MNL-EFEEERM [D===—— GE. ~ETSLE GRMDEEME
SelV HOMO SAPIENS v Cled Ui LEg T LMKEK SHE NH-LFEED! —————GR ~ESRLQI SVUDEEME
Selenoprotein H
SelH MUS MUSCULUS B El{sT 5L S LESDHNSRV] KEYIRS
SelH RATTUS NORVEGICUS EHsTSER RH. S TLRPDNSR KEYIRS
SelH HOMC SAPIENS A EHeT SR RH S LRPDGSS, I KEYlS
SelH BOS TAURUS P EHsTSILR' B 5 LRADGSSA] KEYRS
SelH GALLUS GALLUS E EHeR SR RBH S 1G] RS
SelH DANIO RERIO L EH=HSER BHA KQAEE
SelH TETRAODON NIGROVIRIDIS L EHSE SR RHAEEQK LDA-GKET S8 [ E,
Rdx12
Rdx12 SUS SCROFA Vi L | EASIRRASN
Rdx12 CANIS FAMILIARIS L 7 | ERAMIRRASN
Rdx12 HOMO SAPIENS VI LEMRAS, o) EAMBRASH
Rdx12 BOS TAURUS L B ERMIRRASH
Rdx12 MUS MUSCULUS Vi Ll B ERSIRRASN
Rdx12 GALLUS GALLUS Vi B EAMBRARN
Rdx12 DANIO RERIO 2A (CEMER! IF 4] RAYD
Rdx12 DANIO RERIO 2 [CER KR o) E. AED
Selenoprotein T
EEEEEEEEE HHHHHHHHH
S5elT RATTUS NORVEGICUS P EEYMRV]
S5elT BOS TAURUS B [REVEAEEYMRV]
SelT 5US SCROFR P [REVIEEYMRV]
S5elT MUS MUSCULUS P HEEYMRV]
SelT HOMO SAPIENS P AEEYMRV]
5elT GALLUS GALLUS B [REVEEE YMRV]
SelT XENCPUS TROPICALIS P [EDYMRV]
SelT PARALICHTHEYS OLIVACEUS P [ERVIEAEEY TQAS
S5elT CORYZIAS LATIPES B [KRVEREEY TQA
SelT CHCORHYNCHUS MYKISS F BEEYMOV]
S5elT ICTALURUS PUNCTATUS P WEY SR
S5elT CIONA INTESTINALIS PV EEYAQI]
S5elT ANOPHELES GAMBIAR AT DDYHN
S5elT DROSOPHILA MELANOGASTER BT EDYVG:
SelT BOMBYX MORT HT]| BEDYAGT]
SalT CAENORHABDITIS ELEGANS PH] BNOFYEFAKE
S5elT REGILOPS SPELTOIDES TT] [FGHAMT]
5elT ZER MAYS T [RGTAMT]
SelT ALLIUM CEPA TI| THeS-BWEGHATT]
S5elT BRASSICR NAPUS ) KGTAVT]
SelT SOLANUM TUBEROSUM N [RGTAVT]
SelT MEDICAGO TRUNCATULA N T e S —JEGHAVSEKN
5elT CHLAMYDOMOMNAS REINHARDTII Gl
HHHHHHHHHHHHAHHHHHHHHAH HHHH HHHHH HHHHHHHHHHHHHHHHHHHHHHH
SelT RATTUS NORVEGICUS POPIYRHIASFLSVFEKLVLIGLI IVGKDFFAFFGMO-APSIWGWG-QENKVYACMMVEFLSNMIENQCMS
SelT BOS TAURUS PQPIYRHIASFLEVFELVLIGLI IVGEDPFAFFGMO-AP S IRQHG-QENEVYACMMUFFLENMIENQCMS
SelT 3US SCROFAR PQPIYRHIASFLEVFELVLIGLI IVGKDPFAFFGMQ-APSIRQWG-QENEVYACMMVEFF LSNMIENQCMS
S5elT MUS MUSCULUS POPIYRHIASFLSVFELVLIGLI IVGRDPFAFFGMO-APSIWOWG-QENKVYACMMVFF LSNMIENQCMS
S5elT HOMO SAPIENS POPIYRHIASFLSVFELVLIGLI IVGEDEFAFFGMO-APSIWGWG-QENKVYACMMVEFLSNMIENQCMS
5elT GALLUS GALLUS POPIYRHIASFLSVFELVLIGLIIVGEDPFAFFGMO-APSIWQWG-QENKVYACMMVEF LSNMIENQCMS
S5elT XENCPUS TROPICALIS PHPIYRNIASFLSVFKLVLIGLI IAGKDFFAFFGMQ-AP SVROWG-QENKVYACMMVEFVSNMIENQCMS
SelT PARALICHTHYS OLIVACEUS PIPVYRHISSFLEVFELLVIGLIIIGRDPFALFGMQ-APGVNEWG-QGNEIYACMMVEFFF SNMIENQLMS
SelT ORYZIAS LATIPES PIPMYRHVASFLSMFELLVIGVIIIGEDPFALFGMO-PPGFWEWG-CGNEIYACMMVFFF SNMIENQLLS
S5elT ONCORHYNCHUS MYKISS PLPLYRHVASFLSMFELALIGLII IGKDPFRALCGMQ-APGIWVWG-QENKIYACMMVFFF SNMIENQCMS
SelT ICTALURUS PUNCTATUS PELLNKYIANFISYFELLAIALIVIGONPFQMLGTD-TPRVWSWG-QENKIF SCLMVFFLSNMLETQF LS
S5elT CIONA INTESTINALIS PPEFRNOMAMAMYLEVIKFMLIGCILTGVNPFEKVGHME-TPQI YHWA-RENMIYACIMLFFLENAIKTQLTS
S5elT ANOPHELES GAMBIAE PSGVHMLLSKVLLVTELLLIAALMSNYDIGRYIGNP -FAGRWOWC -FNNELYASMMIFFLGNTLEAQLIS
S5elT DROSOPHILA MELANOGRASTER PPGLNYYLSEMIFALEIIIIVSVVSAVSPFTF LGLN-TPSWWSHM-CANKIYACMMIFFLGNMLEAQLIS
SelT BOMBYX MORI PPGFNMYLSRIIGFGEMLVIMCILSGVNIFRAWLNEP -QP AWWSWC - LENKLYACMMMFF LANMIEGQLIS
SelT CRENORHABDITIS ELEGANS PDFWKGCLAQIVGVAKIGLIAIVITGSNPFEY IGFG-YPQILQTA-HYNRFSYSLLVFMIGNLFESTLSS
5elT AEGILOPS SPELTCIDES PPFPKRALGEKMVEFVOVGAIATLMAGDOIFPRFGMV-PPPWY Y SL-RANRF GTMASVWAME GNFAQSLLOQS
SelT ZEA MAYS PPFPRKRALSKAVPLLOFGAMAT LMAGDQIFPRFGMV-PPPRYYSL-RANRFGTMASIWLEF GNFAHSFLQS
SelT ALLIUM CEPA PALPEQILSKAIPVVQFGVIGIVMAGEQIFPRLGMT-PPOWFHT L-RANRFGTMASTWLIGNFAQSSLOS
S5elT BRASSICA NAPUS PEPAPKRLLAKVVEVAQMGVIGMIVAGDRIFPMIGIAHPPARFNSL-RANRFGSMASTWLIGNFLOSYLQS
SelT SOLANUM TUBEROSUM PELPEKRLLGKVVEVFQFGVIGLVMAGEQIFPRLGIAVEPERFYOL-RANRFGTMATTWLLGNFFOSMLOS
SelT MEDICAGO TRUNCATULA PPLPERALSKVVPVLOTGAIIAITAGDQIFFRLGVT-PPQLYYSL-RANKFGSIASIWLLSNFVQSFLOS
SelT CHLAMYDOMONAS REINHARDTII LEARKVPVVEALQVVQFGLLEGMCLAGDEVFARLGVPE -VPARY TQNVASNRF GARMGVWE VGNMVVTRMON
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EEEEEEEEE HHHHHHHHHHHHH EEE EEEEEE EEEEEE HHHHHHHHHHHHHH
6677917 Mmu 1 MALAVE YKPKYLOLKEKLEHEFP- - -GCLDICGEG- - -TPQVT - - -GFFEVTVAGELVHSKK (5) VDTESKFRELVTAIK 81 [ 88]
2384721 Hs 1 MALAVRVV YKSKYLOLKKKLEDEFPE- - -GRLDICGEG- - -TPQAT - - -GFFEVMVAGKLIHSKK (5) VDTESKFLELVAAIK 81 [ 87]
29648542 Dr 1 MTVEVHVV YRPKFIKLKTLLEDEFP- - -NELEITGEG- - -TPSTT - - -GWLEVEVNGEKLVHSKK (5) VDSDSKMOKIVTAIE 81 [ 86]
32492911 Hs 261 ERVLIRVT SYSLRYILLKKSLEQQFP- - -NHLLFEEDR- - -ARQAT - - - GEFEVFVNGRLVHSKK (5) VN-ESRLQKIVSVID 340 [346]
34873611 En 21 SGVHIVVE FEATYLELASSLEEEYP- - --GIEIESR----LG-GT-- -GAFEIEINGQLVFSKL (5) PYEKDLMEAIRRASN 98 [115]
EEEE HHHHHHHHHH EEEE HHHHH EEEE EEEE HHHHHHHHHH
lnho A Mt 1 MVVNIEVFTSPT&PY[&PMAIEVVDEAKKEFG- - -DKIDVEKIDIMVDREKA (6) AVPAIAINGVVRFVGA- - -PSREELFEAINDEME 85 [ 85]
11493728 Af 1 MVMMKLFTSPTi&PY[&PKAEKVVSEVAKEEG- - -VLAINLPVNTDEGLEEA (6 ) GVPALVINDEYLILGV---PDEGELRQLIRKLKG 84 [ 91]
453551598 Mma 1 MVKIEVFTSPMsrHePARKRIVDEVAKEIE- ---GIEVVHINVMEHPEKA (6) AVPTVAINGEVKFVGA- - - PTKDALIAELKK g0 [ 8o]
15897143 Ss 143 GEVKIETVVTPSPYePYAALMAHMVAFEAC (4) CNVISEVIEAYENQDIA (6) SVPAIAINESIEFIGV---PYEENFINAILEKQK 231 [233]
14600959 Ap 138 GRVHIETIITPSEPY|sPYAVLLAHMFAYEAW (4) PVILSEAVEAYENPDIA (6) SVPSIAINGYLVFVGV---PYEEDFLDYVESARE 226 [243])

Ficure 1: Rdx proteins are a family of thioredoxin fold-like proteins. (A) Alignment of SelW, SelV, Rdx12, SelH, and SelT proteins.
Representative sequences were aligned with a T-coffee program, following removal of the SelT sequences containing helical insertion (this
region is shown in the inset in the figure). Protein designation and sources of sequences are shown on the left side of the figure. Sec (U)
is shown in red and Cys in blue in the predicted active site. Conserved residues are highlighted using BoxShade program v3.21. Locations
of the predicted secondary structure elementg(girand; H,a-helix) are shown above the sequences. (B) Alignment of Rdx proteins and
other thioredoxin fold-like proteins. Sequences are labeled according to the NCBI gene identification (gi) number or PDB code and an
abbreviation of the species name: Afrchaeoglobus fulgidysA, Aeropyrum pernix Dr, Danio rerio, Hs, Homo sapiensMma,
Methanococcus maripaludidmu, Mus musculusMt, Methanobacterium thermoautotrophicuRn, Rattus noregicus and SsSulfolobus
solfataricus The first and last residue numbers are indicated before and after each sequence with the lengths of insertions specified in
parentheses. The total length of each sequence is shown in square brackets at the end of the alignment. Residue conservation is denotec
with the following scheme: uncharged residues in mostly hydrophobic positions are highlighted in yellow; charged and polar residues in
mostly hydrophilic positions are highlighted in gray; small residues at positions occupied mostly by small residues are shown in red.
Invariant Cys (C)/Sec (U) residues are highlighted in black. Locations of the predicted (gi 6677917) and observed)kaicondary

structure elements (EB-strand; H,a-helix) are marked above the sequences.

RESULTS AND DISCUSSION non-redundant protein sequence database revealed more than
200 homologous sequences, including Rdx12, Selw, SelV,
SelH, and SelT, from various organisms, many hypothetical
proteins and a number of prokaryotic proteins belonging to
an uncharacterized cluster of orthologues, COG3526 (Figure
1B). We further designate the protein family containing all
detected homologues as the Rdx (for redox) family of

Mammalian SelT, SelW, SelH, and SelV Selenoproteins
Are Distant HomologuesSeveral mammalian selenoprotein
families have Sec separated by-D residues from a
conserved Cys. Among these, SelT, SelW, SelH, and SelV
contain a CxxU motif. The presence and location of the
CxxU motif between a predictefl-strand and amx-helix

; . . X proteins.
suggested analogies to redox proteins of the thioredoxin fold. . . .
Many thioredoxin fold proteins, such as thioredoxins, glu- Several fold recognition methods availabla the protein

taredoxins, and protein disulfide isomerases, use CxxC motifsSructure prediction Meta Server consistently assigned thiore-
for various redox functions2d). doxin fold .for both H. sapiens(gi .2384721) .andMus
Pairwise sequence alignments involving mammalian SelWw, musculus(gl 6677917) SelW. The hlghest scoring 3D-Jury
SelT, SelH, and SelV selenoproteins revealed no signiﬁcanthItS encompassed match_es o a thloredoxm'-llke proteln
similarity among these proteins, except for SelV and Selw MF0807 (2.5) (PDB accession number INHO), including a
proteins which have a common SelW homology domain. fair mapping of predicted and observed secondary_strgcture

However, PSI-BLAST search using SelT sequence as a quer))e . . : ;
identified an additional 12 kDa mammalian protein of (by three residues) two invariant Cys/Sec residues of the

unknown function, which has a CxxC motif present in place Proteins of the SelW family with active site cysteines of
of the CxxU motif in SelT. Here, we designate this protein Mi0307 protein, these residues prok_)ably occupy similar
as Rdx12. Using Rdx12 sequence as a query in further pg|-Positions in protein structure and play similar functional roles.
BLAST searches, several SelW, SelH, and SelV sequences Furthermore, while our work was in progress, coordinates
were then detected with @value below 0.1. Importantly,  of a distant SelW homologue frovgrobacterium tumefa-
multiple sequence alignments involving SelT, Rdx12, SelvV, ciens(PDB accession number 2FA8) appeared in the PDB.
SelH, and SelW (Figure 1A) placed CxxU (or CxxC) in the This structure has a thioredoxin-like fold with an invariant
same position in the alignment. Thus, the four selenoprotein CxxC motif located between firsg-strand anda-helix.
families and Rdx12 proteins are members of one larger Transitive PSI-BLAST searches initiated with this sequence
family. All the proteins have similar patterns of predicted against the NCBI non-redundant protein sequence database
secondary structure with an additional alpha helical insertion further confirmed the finding that this protein, four mam-
unique to SelT (Figure 1A). malian selenoproteins (Selw, SelT, SelV, and SelH), and
Further sequence searches inv0|ving Rdx12 proteins Rdx12 were eVOlUtionarily related, although their sequences
identified Sec-containing homologues in fish, including display limited sequence similarity.
Tetraodon fugu, and zebrafish, as well as predicted sele- The thioredoxin fold has amw/p structure with the
noprotein homologues represented by ESTs in several otheffollowing order of secondary structure elemenfd-o1-32-
species of fish. Zebrafish Rdx12 sequences were previouslya2-33-84-a.3 (26). The fold allows insertions of additional
designated as SelW2a and SelW2b, but sequence alignmentsegments upstream and downstream of the minimal thiore-
cluster them with mammalian Rdx12 rather than Selw. doxin fold, as well as before and after helix 2. An important
The Rdx Family Is a Family of Thioredoxin-like Proteins. difference between the classical thioredoxin fold and the fold
Subsequent in-depth, transitive PSI-BLAST searches initiated predicted for Rdx proteins is the absence of helix 2 in at
with Homo sapiensSelW (gi 2384721) against the NCBI least some of the latter proteins. This helix is also missing
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in several other unrelated thioredoxin fold-like proteins, as we carried out Northern blot assays. Signals were detected
well as in selenoproteins Sepl15 and Sel\V)( Thea-helical in all tissues examined (Figure 2). SelT mRNA was
insertion in SelT (according to secondary structure predic- expressed at the highest level in kidney, followed by brain,
tions) corresponds to the location of the disposable thiore- heart, and thymus, whereas Rdx12 mRNA was most
doxin fold helix (Figure 1). abundant in kidney, followed by brain and testis tissues.
Based on the sequence and structure data, Rdx is a familySelW mRNA was predominantly expressed in brain, skeletal
of thioredoxin-like proteins that contain CxxU or CxxC muscle, and testis (Figure 2A). The latter data are in
motifs. An additional feature of these proteins is a conserved agreement with previous analyses of SelW mRNA expression
stretch of amino acids in the middle or C-terminal regions (5, 9—11). In addition to Northern blot assays, we examined
(depending on protein) with the following consensus se- SelT expression by quantitative PCR (Figure 2B). The
quence: tGxFEI(V), where capital letters correspond to highest expression level was observed in kidney, followed
highly conserved residues, small letters to the residues mostby brain, heart, and testes. Finally, we analyzed the same
often observed in the indicated position, and x to any residue.organs with regard to SelT expression by Western blot
Thioredoxins, glutaredoxins, GSTs, GPxs, and many other analyses. Again, SelT was detected at the highest levels in
thioredoxin fold proteins, while with all likelihood being testes and kidney (Figure 2C).
homologous to Rdx proteins, are excluded from this family  Intracellular Localization of Rdx Proteindt was previ-
due to much lower sequence similarity and the lack of the ously established that SelW is a cytosolic prote® 4,
tGXFEI(V) motif. All members of the Rdx family, including  9—11). Therefore, in the present study we focused on the
a more distantly related SelH, show sequence similarity andintracellular location of SelT and Rdx12. Rdx12 sequences
have the same conserved region in the C-terminal portiondid not have predicted N-terminal signal sequences. The
of the protein. Rdx12-GFP fusion protein showed the same distribution in
Preparation of Recombinant Proteins of the Rdx Family. transfected NIH 3T3 cells as GFP alone (Figure 3). There-
The evidence of the thioredoxin-like fold in Rdx selenopro- fore, similar to SelW, Rdx12 appears to localize to the
teins and their Cys orthologues and homologues suggestedtytosol and possibly in the nucleus.
a redox function for this protein family. The majority of Multiple sequence alignments of Rdx proteins suggested
thioredoxin fold proteins are thiol-based oxidoreductases, that SelT may have an N-terminal extension, which had
such as thioredoxins, glutaredoxins, peroxiredoxins, glu- characteristics of a signal peptide. To test if the N-terminal
tathione peroxidases, and various Dsb prote7s 28). To sequences of SelT are involved in its subcellular distribution,
further characterize mammalian members of this family, we we prepared various constructs containing SelT-GFP fusion
cloned mouse SelT, Rdx12, and SelW and generated variougrotein, which either had or lacked the N-terminal residues
expression constructs for these proteins. To prepare recom-of SelT.
binant versions of these proteins, we mutated the Sec codons As shown in Figure 4, full-length SelT fused to GFP had
coding in SelW and SelT to Cys codons, whereas the naturalan unusual distribution pattern in transfected cells. This
(CxxC) form of Rdx12 was used. In addition, we prepared distribution was independent of the presence of the N-
mutant constructs coding for protein forms, which replaced terminal sequences. In contrast, a protein containing the
one of the candidate redox residues in the CxxC (or CxxU) N-terminal sequence of SelT fused to GFP was distributed
motif with Ser (e.g., CxxS and SxxC forms of each protein). throughout the cells, similar to GFP alone. These observa-
Mouse SelW with a His-tag at the C-terminus was tions argue against the role of N-terminal sequences in
abundantly expressed iB. coli BL21 cells, and a pure localization of SelT-GFP.
protein was obtained by a one-step affinity purification  To further localize SelT, double staining of SelT and
procedure. About 50 mg of protein per liter of culture lysosomes was performed using a marker specific for this
medium could be obtained for both SxxC and CxxS forms compartment, which excluded the presence of SelT in
of the protein. In contrast, both CxxS and SxxC forms of lysosomes (Figure 4). Similarly, we excluded nuclei, per-
SelT were expressed at a very low level in BL21(DE3) cells. oxisomes, and mitochondria. However, a partial overlap was
These proteins could only be detected with antibodies specificobserved with the Golgi marker. Overall, the data were
for the C-terminal peptide of SelT (data not shown). The consistent with localization of SelT in the Golgi with possible
use of other bacterial cells (i.e., Rosetta and Rosetta-gamioccurrence in the ER and cytosol.
2) did not result in any significant increase in protein yield.  Identification of Targets of Rdx12 in Mammalian Cells.
We also attempted to express SelT in yeast cells, but againThe thioredoxin fold and the presence of the CxxC and CxxU
the protein could be expressed only at a very low level (data motifs in Rdx proteins suggested further analogy to thiore-
not shown). Thus, SelT either manifested an apparent toxicity doxins in regard to their thioredoxin reaction cycle mecha-
or was highly unstable in both bacterial and yeast cells.  nisms. During the reaction, thioredoxins first form a transient
Like SelT, Rdx12 could not be overexpressed in BL21 disulfide with the target protein, followed by attack involving
cells, but Rosetta-gami 2 (DES3) cells efficiently synthesized a second Cys of the CxxC motif to form a reduced target
the recombinant protein. We prepared both CxxS and SxxCand oxidized thioredoxin 24, 27, 28). Mutation of the
forms of His-tagged Rdx12 by affinity chromatography with resolving Cys can stabilize the transient intermolecular
ayield of 1.5-2.0 mg of protein per liter of culture medium. disulfide bond and allow selective binding of targets to
All forms of recombinant Rdx12 and SelW were soluble thioredoxins 29). Similarly, to stabilize transient intermo-
proteins and had no visible absorbance corresponding tolecular disulfides and utilize this property to trap target
bound cofactors. proteins, we mutated the redox motifs in Rdx family
Tissue Distribution of SelT, Selw, and RdxT®. char- members to replace one of the Cys (or Sec) with Ser. We
acterize expression of the Rdx mRNAs in mouse tissues, also separately mutated another Cys in the motif because it
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Ficure 2: Expression of Rdx proteins in mouse tissues. (A) Northern blot analysis of premade membranes containing miaiNge(20

lane) from indicated adult mouse tissues for SelT (first panel), Rdx12 (second panel), and SelW (third panel). The fourth panel shows 18S
and 28S ribosomal RNA as loading controls. (B) Determination of SelT mRNA expression levels in indicated mouse tissues by quantitative
PCR. Each sample was done in triplicate, and error bars represent the standard deviation. (C) Western blot analysis of SelT expression in
indicated mouse tissues. Ten micrograms of proteins was loaded in each lane.

was not knowre priori which Cys (or Sec) is the attacking and analyzed by mass spectrometry sequencing, and the
or resolving residue. The use of the two mutant variants sequences detected were analyzed by TBLASTN against
provided important controls. NCBI mouse genome and proteome databases. The same set
The CxxS and SxxC forms of Rdx12 were purified to of target proteins was identified for each (i.e., CxxS and
homogeneity and immobilized on cyanogen bromide- SxxC) Rdx12 form.
activated Sepharose resins. Cytosolic liver tissue extracts The most abundant band in Figure 5A corresponded to
were chosen for target search experiments. A silver stainedRdx12 itself, which was eluted in small amounts from
SDS PAGE gel showing proteins eluted from CxxS-Rdx12 the affinity matrix. The band Al consisted of three
and SxxC-Rdx12 resins is presented in Figure 5A. The protein targets: glutathione peroxidase 1 (GPx1), peroxire-
stained protein bands, which were enriched with respect todoxin 1, and glutathione-S-transferase. To elucidate the
the initial crude extract sample, were excised from the gel specificity of these interactions, we directly examined the
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Ficure 3: Localization of Rdx12-GFP fusion protein in NIH 3T3 cells. Upper panels @) represent confocal images of Rdx12-GFP

fusion protein transiently expressed in NIH 3T3 cells. Bottom panels correspond to cells transfected with a GFP vector (control). A and D
show GFP fluorescence, B and E show the same cells treated with DAPI (nuclear marker), and images C and F were obtained by merging
the left and middle panels as shown in the figure.
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Ficure 4: Localization of mammalian SelT. (A) SelT localization in NIH 3T3 cells. Confocal images of NIH 3T3 cells expressing various
GFP-tagged SelT and control proteins are shown. Each left panel shows green fluorescence corresponding to transiently expressed fusion
proteins, each center panel shows fluorescence of the ER Tracker (endoplasmic reticulum marker), and each right panel is an image obtained
by merging the left and center panels. 1, N-terminal sequence of SelT fused to GFP; 2, full-length SelT fused to GFP; 3, truncated, N-terminal-
less sequence of SelT fused to GFP; and 4, GFP (control). (B) SelT localization in Golgi. Confocal images of NIH 3T3 cells expressing
various GFP-tagged SelT and control proteins are shown. Each left panel shows green fluorescence corresponding to transiently expressed
fusion proteins, each center panel shows fluorescence of Golgi marker, and each right panel shows an image obtained by merging the left
and center panels. Images are organized in the same order as in A.

ability of Rdx12 to bind GPx1 by taking advantage of the Comparison of the lanes corresponding to the initial liver
fact that GPx1 is a selenoprotein. We carried out the targetextract (lane 1), the flow-through fraction containing proteins
search using extracts froffSe-labeled mouse liver and the that did not bind to the Rdx12 resin (lane 2), and the Rdx12-
SxxC form of Rdx12 (Figure 5B). GPx1, the major seleno- bound proteins which were eluted from the resin with a
protein in mouse liver, migrates as a 25 kDa band. reducing agent DTT (lane 3) revealed that GPx1 was



Thioredoxin-like Selenoprotein Family Biochemistry, Vol. 46, No. 23, 2006879

/- SIHEONE ~mett= B
ol o 1l 213
kDa
188 —»
98 —p
62 —»
il «— A4
38 —» P
28 —p 5 s 1
0 e A1
17 —»
il .“—de12
6 -
3 o

Ficure 5: Identification of Rdx12 target proteins in mouse liver. (A) A silver stained SDS PAGE gel shows “pull down” experiments
involving CxxS and SxxC forms of Rdx12. Due to close similarity of targets identified for each of the variants, the targets are labeled only
for the CxxS mutant. Location of molecular weight standards (in kDa) are also shown. (B) Enrichment experiment irft®&lafpeled

mouse liver. Lane assignments are as follows: 1, initial liver extract; 2, flow-through fraction containing proteins that did not bind to the
Rdx12 resin; and 3, Rdx12-bound proteins which were eluted from the resin with DTT. Location of GPx1, which is th&3eajabeled

protein in liver, is indicated.

significantly enriched on the Rdx12 resin, indicating that be involved in important cellular processes. 14-3-3 was
GPx1 is an Rdx12 binding partner. Other identified protein previously reported to be a target of thioredoxin and
targets were carbonic anhydrase (band A2), betaine S-peroxiredoxin 81,32, which is consistent with the redox

methyltransferase (band A3), and selenium binding protein nature of SelW/14-3-3 interactions that we observed. Fur-
2 (band A4). thermore, peroxiredoxin itself was found as a SelW target.

Identification of Targets of SelW similar procedure was ~ Therefore, our study complements the list of known 14-3-3
used to identify targets of SelW. However, in this case, targets, including proteins involved in stress and checkpoint
mouse brain was used as a source of targets because SelVigsponses3(1) and metabolic proteingg). Our affinity “pull
mRNA was found to be abundant in this organ (Figure 2C). down” data were further examined by analyzing 14-3-3
A silver stained SDS PAGE gel containing target proteins structures, which revealed that 14-3-3 (e.g., PDB accession
enriched on the SelW affinity resins from the brain homo- number 1A40) has an exposed Cys residue on its surface,
genate is shown in Figure 6. The target proteins were Which could potentially be involved in redox interaction with
identified as peroxiredoxin 1 (band B1), 14-3-3 (band B2), SelW.
tubulin (band B3), dihydropyrimidinase-related protein-2  We further examined whether SelW affinity resins could
(band B4), and heat shock proteins 70 (band B5) and 90deplete 14-3-3 from protein homogenates. Brain lysate was
(band B6). incubated with the SelW resins, and the enrichment of 14-

Similar results were obtained when mouse heart was used3-3 on the SelW affinity resins was verified by Western blot
as the source of SelW targets. In this case, peroxiredoxin 1assays (Figure 7A). Comparison of lanes 2 and 3 in Figure
and 14-3-3 were identified as the major targets, and heat7A shows that 14-3-3 was enriched on the SxxC resin.
shock proteins 70 and 90 were also detected by mass Since the 14-3-3 antibodies utilized in this study recognize
spectrometry sequencing (data not shown). Almost completeall 14-3-3 isoforms, further studies will be needed to
correspondence between the targets found in mouse brairdetermine the specificity of SelW interactions with different
and heart suggests that SelwW may have the same proteirl4-3-3 proteins. Analysis of primary sequences of 14-3-3
partners in both tissues. It should be noted that many SelWisoforms and peptide sequences detected by mass spectrom-
and Rdx12 targets enriched on the affinity columns were etry suggests that the 14-3-3 proteins bound to the SelwW
different, yet both sets included proteins known to serve asresin were most likely the eta, beta, zeta, gamma, or tau
oxidoreductases and be redox regulated. forms.

As shown above, one of the SelW target proteins was 14- To further examine whether SelW and 14-3-3 proteins
3-3 protein. Although specific functions of 14-3-3 proteins interact at physiological concentrations, we carried out
are not fully understood3Q), this family of proteins that  immunoprecipitation experiments. The constructs coding for
includes a number of isoforms and isoproteins are known to CxxS and SxxC forms of SelW were prepared with a
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v 1 SxxC form of SelW, and bound and unbound fractions were probed
<+«— B1 in Western blot assays with anti-14-3-3 antibodies. Lane assign-
17 —> - ments are as follows: 1, mouse brain cytosol; 2, the sample
following the pass through the resin; and 3, proteins eluted from
14 — the resin following incubation. (B) Western blot analysis of 14-
3-3 protein. SxxC and CxxS forms of SelW-FLAG that were
immunoprecipitated with anti-FLAG antibodies from transfected
NIH 3T3 cells, and the samples were probed with anti-14-3-3
<+«—— SelW monoclonal antibodies (upper panel) and anti-actin polyclonal
antibodies (second panel). Lane assignments are as follows: 1,
6 —>
proteins immunoprecipitated from cells transfected with the CxxS

form of SelW; 2, proteins immunoprecipitated from cells transfected
with the SxxC form of SelW; 3, sample prior to immunoprecipi-
tation (an initial sample containing the cell lysate and the CxxS
form of SelW); 4, an initial sample containing the cell lysate and
the SxxC form of SelW; 5, proteins unbound to the CxxS variant;
FiIGURE 6: Identification of SelW target proteins in mouse brain. 6, proteins unbound to the SxxC variant; 7, mouse brain cytosol;
Silver stained SDS PAGE gel shows “pull down” experiments using and 8, NIH 3T3 cell lysate alone.

QxS and Sy fors of SelW: The larget protins 041 (9 € i puil down' and immunopreciitation experiments suggest
mouse brain Cytosol is shown. Migration of molecular We|ght that, beSIdeS the Interaction II"IVO|VIng Interm0|eCU|aI’ dISU|fIde
standards is indicated. Lane assignments are as follows: 1, CxxSbonds, SelW and 14-3-3 could interact in a nonredox manner.
mutant; and 2, SxxC mutant. The difference between the fraction of 14-3-3 bound to the
SelW affinity resin (almost complete depletion) and that
C-terminal FLAG-tag and transfected into NIH 3T3 cells. immunoprecipitated with SelW-FLAG (46% depletion)
The cells were lysed in the presence of protease inhibitors could be explained by an excess of the affinity resin in the
and initially examined for expression of Selw and 14-3-3 experiment shown in Figure 7A compared to the more
proteins using anti-FLAG and anti-14-3-3 antibodies, re- physiological situation shown in Figure 7B. Taken
spectively. While both SelW mutant forms could be detected, together, our data suggest that 14-3-3 is a functional partner
the endogenous 14-3-3 was not. To overcome this problem,of Selw.
the immunoprecipitation assay was performed using SelW-  The observed Selw/14-3-3 binding is likely noncanonical.
containing cell lysates and 14-3-3-containing mouse brain previous studies on interactions of 14-3-3 protein isoforms
cytosol. with their targets provided evidence that 14-3-3 target
SelW was immunoprecipitated from the samples with anti- proteins have to be in the phosphorylated fori83, 34).
FLAG antibodies, and the bound proteins were examined Moreover, the 14-3-3 target proteins must contain two
for the presence of 14-3-3 (Figure 7B). Both forms of SelwW canonical binding motifs required for such protein inter-
were found to bring down 14-3-3. Comparing the amount action. These motifs are defined as R(S/X)XpSXP and
of 14-3-3 observed on Western blots for each of the SelW RXXXpSXP, where X denotes any amino acid residue and
forms with that observed in the initial sample, we estimate pS a phosphorylated serind85j. These two features were
that ~4—6% of 14-3-3 could be immunoprecipitated by almost invariably observed for all 14-3-3 protein targets.
SelW. As control, the samples were tested for the presenceHowever, SelW does not contain candidate 14-3-3 interaction
of actin. Figure 7B (lower panel) shows that the immuno- maotifs. Instead, we hypothesize that SelW regulates 14-3-3
precipitated samples did not contain actin, while this protein in a redox manner: in the oxidized form (e.g., with a
was abundant in the initial sample. Thus, it appears that 14-disulfide or a glutathionylated cysteine), 14-3-3 may be
3-3 specifically interacts with both forms of SelW at close inactive and require the reduced form of Selw for
to physiological concentrations of both proteins. The patterns activation. Determination of the three-dimensional structure
of interaction of CxxS and SxxC forms of SelW observed of the SelW/14-3-3 complex would be a key step in
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in the G3Trsp' rescued mice (compare lanes 2 and 4). The
expression of SelW mRNA, on the other hand, was virtually
abolished iMtrsp-AlbCremice and G37 rescued mice. The
tRNA-dependent changes in selenoprotein gene expression
were likely due to inability to use mutant tRNA for
translation and consequent degradation of untranslated mes-
sages.

SelT expression was also examined by Western analysis
(Figure 8B). SelT was not expressed in the liverAdfsp-
AlbCremice (lane 2), but was fully expressed in the liver of
trsg mice (lane 3), and only partially expressed in the
G37rsp rescued mice (lane 4). Although the expression of
SelW was not examined by Western blotting, it would not
be expected to be expressed in the {B]¥ rescued mice
since the corresponding mMRNA was not synthesized in the
Atrsp-AlbCreor G37rsp rescued mice.

The pattern of expression of SelW would suggest that its
synthesis is similar to that of GPx1, GPx3, and MsrB1 which
were not rescued in a standard knockout mouse that had been
rescued with G37 transgene2(23). SelT was also poorly
expressed in the present study as well as in a previous study
(22) suggesting that its synthesis is also dependent on the

tRNAISelSecisoform that supports the synthesis of seleno-

FicuRE 8: Regulation of expression of SelT and SelW in mouse eproteins involved in stress-related phenomena.
models of disrupted hepatic selenoprotein expression. The mous

models includdrsp, wild type; Atrsp-AlbCre liver selenoprotein
knockout;trsp, Icijve% selelngpra)ro’telin k?lockoutekresclL(led with F\)/vilg typrt]a CONCLUSIONS
transgenes; and G8%p, liver selenoprotein knockout rescued wit . . . .
G37 ?nutanyttrsptrans%’enes (see t(fxt and Materials and Methods In_ this work, we .dEmed a new family Of. proteins,
for details). (A) Northern blot analyses of SelT and SelW expression designated Rdx, which has high representation of Sec-
in livers of different mouse models of disrupted hepatic seleno- containing proteins. Four (SelT, SelW, SelH, and SelV) of
protein expression. (B) Western blot analysis of SelT expression the 25 human selenoproteins are members of this family,
in livers of different mouse models of disrupted hepatic seleno- 515nq with an additional fish selenoprotein (Rdx12) and its
proteln expression. . . . .
mammalian Cys homologue. Assignment of thioredoxin fold
to the family members together with identified invariant
active site CxxU/CxxC motifs suggests a redox function of
Rdx proteins. Specific redox targets of Rdx proteins are
probably numerous, and in this work, we found that Selw
interacts with 14-3-3 and Rdx12 with GPx1. Rdx family
members are present in various organs and tissues in mice
and localize to different compartments in mammalian cells.
Selenoprotein members of this family were found to be
regulated by the status of the Sec insertion machinery.
Finally, our work provides a basis for further functional
analyses of Rdx proteins.
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Atrsp-AlbCre
G37trsp!

trsp
trsp!

Selw [M 55

Atrsp-AlbCre
G37trspt

trsp
trspt

understanding the physiological function and structural basis
of this interaction.

Regulation of SelT and SelW Expression in the Mouse
Models of Disrupted Hepatic Selenoprotein Expressian.
elucidate the regulation of expression of selenoproteins within
the Rdx12 family, we employed mouse models that targeted
the removal of selenoprotein expression in livéd)(and
carried a mutant tRNI&eSec(G37arsp) or wild type rsp)
transgenes 20) (Figure 8), where G3vsp designates a
A37—G37 mutant Sec tRNEe1Sec transgene. The initial
mouse line utilizedloxP-Cre technology wherein mice
carried a floxed conditional knockout of the tRN#&Secgene
(trsp) and theCre recombinase gene under the control of

the albumin promoter AIbCre) (21). We crossed mice e " AT Fahiead o

: : H H H H _ elenium: S molecular biology and role In human hea
lacking selenoproteln expression in th_e|r Ilyersﬁtr(sp Springer ScienceBusiness Media, LLC, New York, NY.
AlbCre) (23), with transgenic mice carrying eithérsp or 2. Stadtman, T. C. (1996) SelenocysteiAenu. Re. Biochem. 65
G37rsp and subsequently generated mouse lines dependent  83-100.
on trsp or G3%rsp' for selenoprotein expression in their 3. Co(rj)elalnd, P. Rt-,.afg! Dfristcolh Eiﬂ-l(ngl) RNA binding proteins
|iV r M ri | nd M h . XOr anda selenocysteingloractors. 14 —10.
tR’f\lZ[gﬁs‘iC. atfe astﬁ ? et O?S)thG&_ﬁ ethp e_sse? a ?ec 4. Hoffmann, P. R., and Berry, M. J. (2005) Selenoprotein synthe-

i=eisecisoform that supports the synthesis of seleno- sis: a unique translational mechanism used by a diverse family

proteins involved in housekeeping functions (e.g., cytosolic of proteins, Thyroid 15 769-775.
and mitochondrial thioredoxin reductases, and GPx4), whereas 5. Hatfield, D. L., Carlson, B. A., Xu, X. M., Mix, H., and Gladyshev,

the isoform that is involved in the synthesis of stress-related V. N. (2006) Selenocysteine incorporation machinery and the role
selenoproteins is not expresse2,(23) of selenoproteins in development and hedhigg. Nucleic Acid

S IS Res. Mol. Biol. 8197—142.
As shown in Figure 8A, SelT and SelW mRNAs were 6. Castellano, S., Lobanov, A. V., Chapple, C., Novoselov, S. V.,
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