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ABSTRACT. Two cysteines separated by two other residues (the CxxC motif) are employed by many redox
proteins for formation, isomerization, and reduction of disulfide bonds and for other redox functions. The
place of the C-terminal cysteine in this motif may be occupied by serine (the CxxS motif), modifying the
functional repertoire of redox proteins. Here we found that the CxxC motif may also give rise to a motif,

in which the C-terminal cysteine is replaced with threonine (the CxxT motif). Moreover, in contrast to a
view that the N-terminal cysteine in the CxxC motif always serves as a nucleophilic attacking group, this
residue could also be replaced with threonine (the TxxC motif), serine (the SxxC motif), or other residues.
In each of these CxxC-derived motifs, the presence of a downsteehelix was strongly favored. A

search for conserved CxxC-derived motif/helix patterns in four complete genomes representing bacteria,
archaea, and eukaryotes identified known redox proteins and suggested possible redox functions for several
additional proteins. Catalytic sites in peroxiredoxins were major representatives of the TxxC motif, whereas
those in glutathione peroxidases represented the CxxT motif. Structural assessments indicated that threonines
in these enzymes could stabilize catalytic thiolates, suggesting revisions to previously proposed catalytic
triads. Each of the CxxC-derived motifs was also observed in natural selenium-containing proteins, in
which selenocysteine was present in place of a catalytic cysteine.

Cysteine (Cys) is one of the least abundant amino acid This well-studied mechanism was employed to trap redox
residues in proteins, but it is frequently found in catalytic intermediates and identify targets of CxxC-containing pro-
sites of enzymes. In particular, this residue is employed for teins. Indeed, mutation of the C-terminal Cys in the CxxC
redox function through reversible oxidation to disulfide or motif allows generation of an intermolecular disulfide but
sulfenic acid. One of the best studied redox motifs involving prevents completion of the redox reaction, thus trapping the
cysteines is the CxxC motif, in which two cysteines are intermolecular intermediate8(9). Subsequent isolation of
separated by two other residuésZ). This motif is employed the disulfide-bonded complex may be used to identify redox
by thioredoxins and glutaredoxins for reduction of intermo- targets for thioredoxins and other redox proteins.
lecular and intramolecular disulfide bonds and other forms  Recent studies revealed the presence of many natural
of oxidized cysteines, by protein disulfide isomerases and homologues of CxxC-containing proteins, in which the
DsbA for disulfide bond formation, and by DsbC and other C-terminal Cys in the CxxC motif is replaced with serine
redox proteins for disulfide bond isomerizatio8).( The (the CxxS moatif) (0). Some of these enzymes were
CxxC motif has been called a “rheostat at the active center”, biochemically characterized revealing an expanded repertoire
because changes in residues that separate the two cysteinasf redox functions, such as the roles of CxxS-containing
dramatically influence redox potentials ant pvalues of proteins in methionine sulfoxide reductioblf and protein
cysteines, configuring proteins for a particular redox function retention through transient formation of intermolecular
(4, 5). disulfide bonds12). Genomic analyses determined that CxxS

Characterization of CxxC motifs in thioredoxins, glutare- Motifs are highly conserved and present in structurally
doxins, DsbA, and other enzymes revealed that the N- distinct proteins, suggesting that CxxS is a new fold-
terminal cysteine has a decreasel.mnd serves as a ndependent redox motiflQ).
nucleophilic attacking group in redox reactions catalyzed by  Interestingly, further homology and threading analyses of
CxxC-containing redox enzymes$)( The attack by this ~ CxxC-containing proteins revealed proteins, in which the
cysteine on an oxidized cysteine in a substrate (e.g., sulfenicN-terminal Cys in the CxxC motif was replaced with other
acid, disulfide, etc.) results in the formation of an intermo- residues13). However, possible functions of these proteins
lecular disulfide bondZ, 7). The subsequent attack by the Were not clear as the lack of the attacking cysteine was
C-terminal cysteine in the CxxC motif on the intermolecular thought to disrupt redox functions in these proteih8)(
disulfide releases the reduced product and forms a disulfide In this work, we identified new CxxC-derived redox
in the redox enzyme. motifs, in which N-terminal or C-terminal CxxC cysteines

were replaced with serine and threonine. Further genomic
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Table 1: Identification of Proteins Containing CxxS and SxxC MotifCampylobacter jejuniMethanococcus jannaschiEscherichia coli
and Saccharomyces cerisiae Genomes

proteins with CxxS

proteins proteins with  and SxxC, for which proteins with conserved redox proteins
with CxxS  conserved CxxS conservation profile CxxS and SxxC (true positives/
and SxxC and SxxC is not available flanked by am-helix candidates)
organism total proteins CxxS SxxC CxxS  SxxC CxxS SxxC CxxS SxxC CxxS  SxxC
Escherichia coli 4289 707 694 62 68 71 67 33 37 10 (6/4) 7(2/5)
Campylobacter jejuni 1634 307 295 17 19 32 28 13 13 2 (0/2) 0(0/0)
Methanococcus jannaschii 1770 264 209 29 20 41 42 23 10 1(1/0) 0(0/0)
Saccharomyces cersiae 6334 1946 2050 96 100 498 532 54 58 18 (9/9) 4(3/1)

to catalytic triads in glutathione peroxidases and peroxire- were chosen:-strand, 3 or more amino acid residues

doxins. between—1 and—10 residues; and-helix, 7 or more amino
acid residues betweefil and+20 residues (with respect
MATERIALS AND METHODS to an N-terminal amino acid in CxxS, SxxC, CxxT or TxxC
Collections of protein sequences derived from completely mOt'fS)-_ ) o
Sequenced genomes%ccharomyces Cey'siae(February Proteins that Conta|ned a Conserved redOX mOtIf N the
2002 release)Campylobacter jejun{June 2001 release), context of af-C/S/TxxC/S/Te. secondary structure or
Methanococcus jannasch{iApril 2001 release), andEs- contained aro-helix downstream of the redox motif were

cherichia coli(April 2001 release) were obtained from NCBI. manually analyzed for sequence homology to proteins with
Bovine glutathione peroxidase 1 (GPx1) (gi 229946, PDB known funct|or_1 W|th PSI—BI__AST, for s_olvent. accessibility
1GP1) and human peroxiredoxin 5 (gi 15826629, PDB ©f a redox motif by inspecting three-dimensional structures,
1HD2) structures were obtained from PDB. fOI’ |dent|ty Of protein domainS W|th CDD, Pfam, and C|USteI’S
Perl scripts were developed for identification of candidate ©Of orthologous groups (COG), and for gene context by COG.
redox proteins containing CxxS, SxxC, CxxT, and TxxC  An example of the search is illustrated below using the
motifs. The search algorithm utilized the following strategy, analysis of theS. cereisiae genome for proteins containing
applied separately to each of the analyzed genomes: (i) thecandidate CxxS redox motifs (Table 1). Among 6334 proteins
identification of all proteins containing CxxS, SxxC, CxxT, predicted in the yeast genome, 1946 proteins contained one
or TxxC; (ii) filtering out proteins that employ cysteines in 0or more CxxS sequences, and only 96 proteins contained
these motifs for metal binding; (iii) analysis of conservation ©ne or more conserved CxxS sequences (that is, N-terminal
profiles for cysteines, serines, and threonines in CxxS, SxxC,and C-terminal amino acids (Cys, Thr, and Ser) were
CxxT, and TxxC motifs; and (iv) secondary structure conserved among close homologues). To determine conser-
prediction for the remaining proteins containing conserved vation of these residues, we analyzed the-FBIAST output
CxxS, SxxC, CxxT, and TxxC sequences. Perl scripts were file. Analysis of secondary structure revealed that 54 of the
used in steps 1 and 2 for identification of CxxS-, SxxC-, 96 proteins had a CxxS motif that was flanked byoahelix.
CxxT-, or TxxC-containing and metal-binding proteins, in The final step in our search strategy included a manual
steps 3 and 4 for interaction between external programs byanalysis of our automatic output containing the 54 sequences.
input/output formatting, and for final output visualization. The main contamination appeared to be metal-binding
Metal-binding proteins were filtered out by identifying proteins that were not filtered out using Prosite patterns in
available Prosite patterns for metal binding sites)( the previous steps. For manual filtration, we used homology
Conservation of CxxS, SxxC, CxxT, or TxxC sequences was analyses against known metal-binding proteins using-PSI
assessed using a position-specific iterated (PSI) BLAST BLAST, solvent accessibility of redox motifs by inspecting
output (L5). Parameters of the conservation analysis were three-dimensional structures (only for proteins with known
optimized using a set of 947 thioredoxins and glutaredoxins, Structures and their homologues), identity of protein domains
500 peroxiredoxins, and 250 glutathione peroxidases thatwith CDD, Pfam, and COG, and gene context by COG. This
were automatically extracted from a nonredundant (NR) last step filtered out 36 out of the 54 proteins since they
database at NCBI with the BLAST and confirmed by manual employed cysteines for metal coordination or had known
inspection. The final set of parameters was as follows: structural disulfide bonds. The final set had 18 CxxS-
expectation value, 0.0001; optimal number of iterations, 3; containing proteins, including 9 that were “true positives”
and conservation cutoff limit, 65% identity in cysteines, (known thiol/disulfide oxidoreductases).
serines, and threonines in CxxS, SxxC, CxxT, or TxxC motifs  Alignments for thioredoxins, glutaredoxins, peroxiredox-
among homologues found in the NR database. In addition, ins, and glutathione peroxidases were performed using-PSI
the following replacements among homologues were al- BLAST with an expectation value of 10 using representatives
lowed: Serto Cys, Serto Thr, Thrto Cys, Thrto Ser. Only from a database of thioredoxins, glutaredoxins, peroxire-
proteins satisfying these criteria were considered further. doxins, and glutathione peroxidases. Separately, ClustalW
For the secondary structure prediction, PSIPRED was usedalignments were generated.
(16). Accuracy of the PSIPRED prediction was estimated  To model glutathione peroxidase and peroxiredoxin struc-
to be ~78-82% in PSI BLAST outputs. The database tures, SYBIL 6.6 was used. The PDB glutathione peroxidase
composed of thioredoxins, glutaredoxins, peroxiredoxins, and structure contained the selenocysteine residue in the proto-
glutathione peroxidases was used for optimization of second-nated selenenic form, which appeared to preclude formation
ary structure analysis and the following sets of parametersof a hydrogen bond between the hydroxyl group of threonine
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1388078 Arabidopsis thaliana (47-124}) RMIEPAIHAMADKFND---V-DFVELDVDELPD--VAKEFNVT, TEVLV----KREKE-EIERI IG----AKK-DE

15219271 Arabidopsis thaliana (612-6893) STASBHORKQ I SPFVDSLCTRYFS--~-I-HFLEVDIDKCP S~-- IGNAENVRVVRTVEL Y ----KNBS -RVKEIVC----PSK-EV
4928460 Hevea brasiliensis (31-108) TASWE I PEVAMNPFFEELASAYPD---V-LELAVDVDEVEE--VASKLEV TFVLM-——--KDEA-QIDRLVE-—-—--ANP-EE
13624684 Pisum sativum (29-1086) ASWEGPRRF IAPFLGELAKKFTN---V-IFLEVDVRELES--VAQDWAVE, ITFVFV----KE@T - I LGKEVVG----AKK-EE
16128476 Escherichia celi K12 (34-112) SE LOLTP ILESLAAQYNGO--F-ILAKLDCDAEQM--TARQFGLRAIRTVYLF —— - Q) -PVDGFQG----PQP-EE

5006623 Arabidopsis thaliana (23-100)
6321022 Saccharomyces cerevisiae (21-100})

MNSFFEELAFNYKD---A-LFLIVDVDEVEE--VASQLEV] TFLFL----KGEN-AMDKLVE----ANP-DE
KTMSQVLEAVSERKVRQED-V-RF LS IDADEHPE--ISDLFEIAAVEYFVFI----QNBT - IVEEISA----ADF-KE

14195695 Streptomyces coelicoleor (20-37) AAAWEGPFRRQIAPSLEATAAEYGDE--I-EIVELNIDENPG--TAAKYGVMS IBTLNVY - - - -QGRE - VARTIVG- - --AKP-K-
15608464 Mycobacterium tuberculesis (62-141) DEVPVVVLLWSFREE DLLDTLSGLARRAKG---KWSLASVNVDVAPR--VAQIFGVQAVETVVAL--~--ARAB0-F I 55FQG~-~-~~-LOPADQ
10580292 Halobacterium sp (40-83) CHHEP YAKARVDTLNAIAADYDRV-AVVGINPNDADEYP -——— ———= - e
5730104 Homeo sapiens (30-107) KRPWAP CMNEVMAELAKELPQ---V-SFVELEAEGVPE--VSEKYEISSVRTFLFF----ENSQ-KIDRLDG----AHA-PE
13559516 Homo sapiens (47-121) APWEPABONLOPEWESFAEWGEDLE-V-NIAKVDVTEQPG--L3GRFIITALBTIYHC - - - -KDE - ~-FRRYQG- -~ -PRT-EK
15827974 Mycobacterium leprae (28-109) WASWRCPBRLFVE TFHASSHKHSD———V-VHLNVDTKAERQ——- LALARQTRS IBTLVAF —— —— KKK -P LLSQAGDLTPAVE -GY
18699009 Podospora anserina (19-92) REWESGPEKALAP LFAKLSKSHSVPGOL-AFAKIDVDASAD——TAKEYGIT. SFVEV--——VDBO-VGEGI————————————
5921513 Mortierella alpina (23-100) AAWAP PEVOMNEVFEELAAKNAN---V-NFLEIEAEKFPD--ISEDYEIRAVEBSFVIV----KEST -VVDRVEG----ANA-PE
1203965 Homo sapiens (59-147) SRSAWAVERFASWEGHEIAFAP TWKALARDVKRWRPALY LAALDCARETNSAVCRDFNIPGFRTVRFFKAF TKNESGAVEFPVAG--—-ADV-QT
13236192 Photorhabdus luminescens (23-101) MTVPVLFYEWSEHP HEOELGVI LDKLAARYADQ--F- I LAKVDCDKEQM--VASQFGLRAIRTVYML-———QUER-PVDGFQG----PQP-EN

Ficure 1: Alignment of thioredoxin homologues. Randomly chosen proteins with significant similarity to thioredoxin and that either
conserve CxxC or replace one of the Cys with other residues are shown. CxxC-derived cysteines are shown in blue, serines in green,
alanines in yellow, and aspartates in purple. Residues conserved in more than 90% sequences are highlighted with dark gray and residues
conserved in more than 60% sequences are highlighted with light gray. Gl numbers for each sequence used in the alignment are indicated
on the left.

and selenocysteine (Sec) (selenolate in the native protein).ally, serine and threonine are highly similar to Cys: cysteine
Replacement of the selenenic group with selenolate allowedand serine differ by a single atom (sulfur versus oxygen),
formation of the hydrogen bond between Sec and Thr of the whereas a side chain of threonine has an additional methyl
CxxT motif without disrupting other structural interactions group. Since the thiol of the C-terminal CxxC cysteine in
in the active site. The PDB human peroxiredoxin 5 structure thioredoxins is known to share the proton with the N-terminal
contained a catalytic cysteine in the reduced state and wasCxxC thiolate (7), and since serine and threonine at this
used directly to access hydrogen bond formation with position could also form a hydrogen bond with the N-
threonine and previously proposed catalytic residues. terminal CxxC thiolate, natural substitutions of Cys with Ser
Yeast microarray gene expression analyses were performedr Thr might be consistent with the initial step (attack of
on gene clusters obtained by the fuzzy k-means clusteringthe N-terminal CxxC thiolate on an oxidized form of sulfur
method as described by Gasch and Eisg). (This method to form intermolecular disulfide) in the catalytic mechanism
allowed simultaneous participation of each gene in several of thioredoxin and its homologues.
clusters. NifU-like Isu2 gene was a member of cluster #4,  Occurrence of Thioredoxin Homologues that Lack the
which primarily included targets of the Yapl transcription N-terminal Cysteine in the CxxC Mot?SHBLAST homol-
factor. For visualization of the data, FuzzyExplorer program ogy analyses also identified additional thioredoxin-fold

was used via http://rana.lbl.gov/FuzzyK. proteins in which the N-terminal Cys in the CxxC motif was
replaced with serine (e.g., gi 15604262, 15892467, and
RESULTS 6320303) (Figures 1 and 3). While substitution of the

Presence of Serine and Threonine in the C-terminal C-terminal CxxC cysteine with Ser is employed in various
Position of the CxxC Motif in Thioredoxin-Fold Proteins. redox proteins, the lack of the N-terminal Cys is thought to
Thioredoxin-fold proteins (thioredoxins, glutaredoxins, pro- contradict the redox function of thioredoxin-fold proteins
tein disulfide isomerases, and nucleoredoxins) are major (13). Interestingly, those proteins that lacked the N-terminal
representatives of the CxxC redox motif. In some of these Cys still conserved the C-terminal Cys, consistent with a
proteins, the C-terminal CxxC cysteine is replaced with serine Possible redox function for the remaining Cys. Moreover,
(10). Through homology searches of the NR database, wethe presence of Ser in place of the N-terminal Cys suggested
identified over 900 proteins exhibiting sequence homology that these residues could potentially form a hydrogen bond
to thioredoxin and containing CxxC and CxxC-derived with the thiolate, if the latter is formed on the C-terminal
motifs. Although the majority of these proteins possessed a CxxC Cys.

CxxC motif, a number of proteins were identified that Identification of CxxC-Detied Motifs on a Genomic Scale.
replaced the C-terminal CxxC Cys (as well as N-terminal Initial analysis of proteins, which exhibited a significant
Cys, see below) with serine, and additional proteins were sequence similarity to thioredoxin and lacked the N-terminal
also identified that had valine, alanine, and several other CxxC Cys, revealed no examples of functionally character-
residues in these positions (Figure 1). Thus, the C-terminalized proteins. To identify proteins in which either first or
position in the CxxC motif in thioredoxin homologues second Cys was replaced with Ser or Thr, we searched
tolerates several residues. several completely sequenced genomes for such CxxC-

We further used PSIBLAST-based screens to analyze derived redox motifs. Specifically, complete sets of predicted
sequences of thioredoxin-fold proteins that exhibit distant proteins in representatives of the three domains of e,
sequence similarity to thioredoxins, including glutathione- cerevisiae (eukaryotes)M. jannaschii(archaea)C. jejuni,
Stransferases (GSTs), glutathione peroxidases (GPxs) (Fig-and E. coli (bacteria), were analyzed to identify proteins
ure 2A), and peroxiredoxins (Figure 2B). Interestingly, these containing conserved CxxS, SxxC, CxxT, and TxxC motifs.
analyses revealed that GPxs possessed a conserved threonig@condary structures flanking the motifs were also analyzed.
residue that aligned with the C-terminal CxxC cysteine in All searches were performed using Perl scripts developed
thioredoxins (Figures 2A and 3). Identification of natural as described in Materials and Methods.
serine-for-cysteine replacements in glutaredoxin homologues Statistics of the searches are shown in Tables 1 and 2.
(10) and threonine-for-cysteine replacements in glutathione The number of identified proteins was relatively low for any
peroxidases (Figure 3) were of particular interest. Structur- of the four motifs. Most true positives (defined as homo-
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A
__EEEEEEE =~ HHHH EEEEEEe  hhHHHHEHHHHHHH = EEEEEE______ hHHHHHHHHH
10834976 Homo sapiens GPxl ({38-123) SGTIYEYGALTIDGEEYIPFKOY¥ARK ‘ LIG QY TEBNALOEELAF
4504103 Homo sapiens GPxZ (38-123) TGTIYEYGALTLNGEEYIQFKQFA ¥ EE LAA-OYGEENALOEELKN
2160390 Homo sapiens GFx3 (11-97) AQSVYAFSARFLA ¥ h RDYTOMNELQRRLGF
6225489 Homo sapiens GPxd (38-123) CARSMHEFSAKDID) * i DLHARYAE
14532478 Arabidopsis thaliana (72-154) SLYDFTVED. O
21356883 Drosophila melanogaster (11-%6) ASIYEFTVEDT! a E
17506887 Caenorhabditis elegans {2-88) SEVYDFNVENAN, ¥ G
6319721 Saccharomyces cerevisiae(l-85) MITSFYDLECKDK v i
5804778 Chlamydomonas sp ({1-85) MASPFYALAATDI E
15598022 FPseudomonas aeruginesa (1-85) MSDELLSIPCTTI - E
16125974 Caulobacter crescentus (1-835) MAMSIYDYSAKTLD) E 1 E H
21399990 Bacillus anthracis (4-83) E L) H
18309893 Clostridium periringens (4-83) YDISVEKDI E H E
17547393 Ralstonia seclanacearum (2-84) E H G
15894848 Clostr. acetobutylicum (2-83) SVYDFKAKDIS i H i
21242209 Xanthomeonas axconopodis (6-84) TFAFTDLE--—-- J H H i
16079249 Bacillus subtilis (2-83) SIYHMKVRTIT| Rl H i
20138384 Mesembr. crystallinum {1-93) SIHDF IVKDA H h E
15924296 Staphylococcus aureus (3-84) TIYDEVVETN a * H h
6179600 Hordeum vulgare {7-160) SEVHDFTVEDAS] H 1 * Ol
15838488 Xylella fastidiesa (45-1086) - H E
15902329 Streptococcus pneumcniae (2-84) TSLYDFSVLNQNNQATPLDSYR E H i
16330936 Synechocystis sp. (8-89) TIYGESANALD K] H ﬁ
21360380 Oryza sativa (8-91} TSVHBETVKDAS e :
15673346 Lactococcus lactis (3-73) u i = ﬂ
2982362 Zantedeschia aethiopica (86-168) SIHDFTVKD ID@KDVSLEKFH s LT ¥ i
544437 Citrus sinensis {7-920) TEVHDETVED DVDLSIYE] E H I ¥ ﬁ
22268405 Zea mays {8-91) TSVHDE TVKDAS] K s H I v E
17646156 Momordica charantia (8-90) SIYDFTVKDI K I I ‘ i
20138151 Spinacia oleracea (11-93) SVHEFVVRDAI E ﬂ I ¥ = NSNYTEMTELYEKYRE
18026892 Hevea brasiliensis (9-91) SVYDF TVKDA! H LiI ¥ i SNYTERT OLYOKYKD
20138152 Lycopersicon esculentum (10-92) SVYDETVED. E H 1| * i MSNY TDMTELYKKYKD
3913793 Helianthus annuus (28-103) KD DVELSKYKIBE] H I O TLYQKYED
16803023 Listeria monocytogenes {4-83) HDF SEKAMNEKETIALSDYKEE] H T d
B
6319407 Saccharomyces cerevisiae (65-152)
7493810 Candida albicans (43-122) AAR TKRGVKLLAT

EKRGVKIIGI
KRGVEIIGT]
QRGVEVLA

15888804 Agrobacterium tumefaciens (19-105)
16264837 Sinorhizobium meliloti (19-105)
15598646 Pseudomonas aeruginosa (19-105)

6671549 Mus musculus (21-111) A RNVELIA

5202790 Bos taurus (21-111) E KRNVEMIA

4758638 Homo sapiens (21-111) 'A KRNVKLIA

7295884 Drosophila melanogaster (22-109) E OKRGVEKFPIA

12247762 Triticum turgidum (20-107) i EKRGVELLGI

15221082 Arabidepsis thaliana (20-107) G

15011539 Toxoplasma gondii (21-109) H

7381260 Brassica napus (20-107) €

4296210 FPlasmodium falciparum (21-108) FYK E MWIEDIKFY-——-GHLDEWDT
20808562 Therm. tengcongensis (31-116) LSDY. G ENIYKT---TGVE-IP
22406561 Ferroplasma acidarmanus (19-104) LEDY H KNIKEK-—-FGIE-IF
3411094 Leishmania major ({31-114) LSSY E LODRKK——-GGLGTMAT]
21357347 Droscophila melancgaster (28-112) LTDL A NTPREN-—--GGLGELDI]
21307665 Lelshmania infantum (24-107) LAAY. = LODREE-—-GGLGAMAT
12751382 Brugia malayi (32-115) h F

3851500 Crithidia fasciculata (31-114) I IIQFSDDAK EINTEVIS

15054517 Leishmania donovani (31-114) H EE IIQFSENVS ELNCEVLA

21674312 Chlorcbium tepidum (29-112) H H LHAFQEKLDERKKRNVEVLG!

11465738 Perphyra purpurea (32-115) H I SELNTEIL

15982705 Bactercides fragilis (29-113) i I EKRDVAVVE

7242491 Arabidepsis thaliana {(97-180) LSDYN I EKLNTEVLG'

20892627 Mus musculus {21-114) LSEY i

741601€¢ Entamoeba dispar (76-152) INEY = i

15596045 Pseudomonas aeruginosa {29-112) LSSL H H

13357166 Plasmodium falciparum (45-129) LSSFI m

15835506 Chlamydia muridarum {27-110) LSDF

Ficure 2: Alignment of glutathione peroxidases and peroxiredoxins. (A) Glutathione peroxidases. (B) Peroxiredoxins. CxxC-derived cysteines
(or selenocysteines, U) and threonines are shown in blue. Secondary structure consensus is indicated above theoseiglieasgsedicted

in more than 90% sequences are shown as ‘Hhelices predicted in more than 60% sequences are shown a8 &tfyctures predicted

in more than 90% sequences are shown as “E”, @asttuctures predicted in more than 60% are shown sequences as “e”. Predicted coll
structures are shown as-". Residues conserved in more than 90% sequences are highlighted with dark gray and residues conserved in
more than 70% sequences are highlighted with light gray. Gl numbers for each sequence used in the alignment are indicated on the left.

logues of functionally characterized redox proteins contain- proteins may also be involved in redox processes through
ing CxxC motifs) had am-helix immediately following the  their CxxC-derived motifs or be homologues of redox
redox motifs, consistent with the previous observation for proteins. However, further experimental analyses are neces-
the CxxS motif (0). Tables 3-6 list proteins in the four  sary to determine their participation in redox processes and
analyzed genomes that contained conserved CxxS, SxxCgxamine relevant redox functions.

CxxT, and TxxC motifs immediately upstream of ahelix. Analyses of true positives also revealed major representa-
The overall protein set consists of an approximately equal tives of the four CxxC-derived motifs. Consistent with the
number of true positives and other proteins. The large numberprevious data, many glutaredoxin homologues employed the
of homologues of redox proteins among the hits produced CxxS motif, including five present in th&. cereisiae

by our algorithm suggests that at least some of the candidategenome 10). Only three of these were previously experi-
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A EEHHHH _ EEEEEEE hHHHHHHHHHHHHHHHE  EEEEEe  -HHHHHHHHHHHH
14041706 Suberites domuncula (1-84)  MPN-LGQIFBNFEA----DTTEGPIKFHDWLEDGWGILFSHPADFTEVT TELGTVAKLVP EFQKRNVKVIAISCDP -VDSHKTWIK-DIE
16758348 Rattus norvegicus (6-87)  --L-LGDEABNFEA----NTTIGHIRFHDFLEDSWGILFSHPROFTEVETTELGRAAKLAPEFAKRNVKLIALSIDS -VEDHFAWSK-DIN
15888804 Agrobacterium tumefaciens (1-85)  MSLRINDIABDFTAETTQ----GEVRPHDWIBDGWAVLFSHPKNFTEVETTELGAMGGLOPEFEKRGVKIIGISVDE -VESHEKWKA-DIR
15598646 Pseudomonas aeruginosa (1-85)  MSLRLGDIAPDFE----QDSSEGRIRLHEWLEDSWGVLFSHPADFTRVRTTELGF TAKLEDQFAQRGVEVLALSVDP-VESHLEWID-DIN
6671549 Mus musculus (6-87)  —-L-LGDEABNFEA--—-NTTIGRIRFHDFLEDSWGILFSHPROFTEVETTELGRARKLAPEFAKRNVKLIALSIDS-VEDHLAWSK-DIN
1710078 Oryza sativa (6-86)  —-—-IGDTVBNLEL----DSTHGKIRIHDFV@DTYVILFSHPGDFTEVETTELAAMARYAKEFDKRGVKLLGISCDD-VQSHKDWFK-DIE
1768825 Escherichia coli (7-86) ———— GDIAPKFSL-PDQDGEQVNLT —-DFQE-QRVLVYFYPKAMTE GETVOACGLRONMDELKKAGVDVLG ISTDK-FPEKLSRFAE-KEL
6322180 Saccharomyces cerevisiae (65-145) ----IGDPIPDLSLLN-EDNDSISLKKITENN-RVVVFFVYPRASTPGRTROACGFRDNYQELKKYAR-VFGLSADS-VTSQKKFQS-KQ-
16330420 Synechocystis sp. (42-165) RLLRIGDFAP-DFTLKNTKGETIILSEQLKTE--PILLKFFRGYWRP YBGLELRAYQKVVNKIRALGGTILAISPQTLVASQKT IDRHDLT
23106172 Azotobacter vinelandii (45-168) RFV‘KAGE'.RVE.PFELLRVE.GGR—LTLDELVANI——PAVL\IFFRFHP IAIPYYQRNLQP I LHAWGVP LVAVSPQIPERLGEIKSRHGL
B EE_HHHH - EEEEEEE- hHHHHHHHHAHHARAE @EEEE_ —————m HHHHH
15604262 Rickettsia prowazekii ({53-118) ===mm——mm——————— FFDEEKNQYSLDQFEE-KTILLVFW-AT IKEMP DFDMLQKDFRKLPFSVIP ISEDY-QD= ===~ IK-IVK

15614140 Bacillus haledurans (39-115) ———-- GEQAVNF - - -VLEDLEGESIELRELES-KGVFLNFW-GT Y@ P@EREMP HMEKL Y GEYKEQGVEL I A~ ~VNA-NEPELTVQR-FVD
15692467 Rickettsia conorii (42-118) --L-RESSVED--NIIFFDEEKNQYSLDQFEE-KTILLVFW-ATWEAPBVKEMP DLOMLOKDFRKLEFSVIP ISEDY -QD————— IK-VVK
16078864 Bacillus subtilis (35-113) --—-EGQOAPDFSLKTLSGEKS---SLODAKE-KKVLLNFW-ATWEKPBROEMP AMEKLOKEYADK - LAVVAVNF TS -AEKSEKQVR-AFA
©320303 Saccharomyces cerevisiae {102-187)--NSEISELFEISAVPYFIIIHKGTILKELSE-ADPKEYVSLLE /NEGEEQTHTMENANVNEGSHNDEDDDDEEEEEETEEQINAR
15605725 Aquifex aeclicus (37-112) ---—- GORIBNVTLTTPDGK---KVSIEEFKE-KVLLINFW-ATWEP P@KEE T PMFKE 1 YEKYRDRGFET LA TNMDP - - ENLTGF LK-1——
15805374 Deinococcus radiedurans  (52-129) --L-LGKPAPAFALEDLGGRTH---ALTAROE-KPVVINFW-ASHEVP@ROEAP LFSKLSQETAGK-AEFFEVIYND-QPADAR--R-FMD
17547006 Ralstonia solanacearum (12-81) ---—-VGRSAPPLVLHTLDGH---SIATDDLEE-QVVVLTFW-AT KELPLLSAYARRHADRGLRVLGFCLDE-PD-—-———=————
20137779 Allochromatium vinosum {35-107) -PL-VDKPAPEFSLPDLEDFNQ-TLTRDILIB-QVSLVNVW-ASWEP QEHAELMRIA---REHGVRVIGFN========== WEDTRFE
C EEEEEEe HHHH__ - EEEEEEE- hHHHHHHHHHHHH ___ EEEEEEE HHHHHh
62254867 Lactococcus lactis {4-78) ———————- YDFSAVEMNGET-—--VSM3DY —EVVIVVNT-ASE FTP-QFEGLEKLYETYKDQGLEI LGFPCHNQ-FANQDAGENTEIN
15894827 Clostr. acetobutylicum (3-78)  -——---—- VYDFKAKTIEGKE---VSLDTYKE-KVLI IANT-ASKGF TP -QYEGLEKLYKE YKDKGLEI LGFP SNOFAEQEP GDNN-EVE
15673346 Lactococcus lactis (6-68)  ————mmmmm e VSMSDFK@-KVVIVVNT-ASKEGFTP -QF EGLEKLYENYKDOGLEI LGFP CNOFVNQDAGENS-EIN
21356883 Drosophila melanogaster  (2-96)  SANGDYKNAASIYEFTVKDTHGNDVSLEKYKE-KVVLVVNI-ASKEGLIKNNYEKLTDLKEKYGERGLVILNFPCNQFGSQMP EADGEAMV
17506887 Caenorhabditis elegans {2-86) ————————— SEVYDFNVENANGDDVSLEDY -EVLIIVNV-AS LTHNENY TQLEELLDVYKKDGLEVLAFPCNQFAGQEPSCEIDIQA
14532478 Arabidepsis thaliana (62-154) HSMAASSEPKSLYDFTVKDAKGNDVDLSIYKE-KVLLIVNV-ASONGLINSNYTELAQLYEKYKGHGFETLAFP CHOFGNQEF GTHEEIVQ
6225489 Homo sapiens GPxd (29-121) ASRDDWRCARSMHEFSAKDIDGHMVNLDKYRE-FVCIVTNV-ASQGKTEVNY TOLVDLHARYAECGLRILAFP CNOFGKQEP GSNEETKE

Ficure 3: Alignment of peroxiredoxins, thioredoxins, and glutaredoxins and glutathione peroxidases. A single alignment was generated
with PSEBLAST and divided into three groups to show sequences that flank CxxC and CxxC-derived motifs in peroxiredoxins (A),
thioredoxins and glutaredoxins (B), and glutathione peroxidases (C). CxxC-derived cysteines are shown in green, serines are in blue, and
threonines are in yellow. Secondary structure consensus is shown above the sequences separately for each group ofisdglieeses.
predicted in more than 90% sequences are shown asdHiglices predicted in more than 60% sequences are shown g8 8triictures

predicted in more than 90% sequences are shown as “E” fastiuctures predicted in more than 60% sequences are shown as “e”.
Predicted coil structures are shown as'*Residues conserved in more than 90% sequences are highlighted with dark gray and residues
conserved in more then 50% sequences with light gray. GI numbers for each sequence used in the alignment are indicated on the left.

mentally characterized. GPxs were major representatives ofCxxC motif suggested that the threonine may form a
the CxxT motif, whereas the TxxC motif was primarily hydrogen bond with the catalytic thiolate, or alternatively
represented by peroxiredoxins. both threonine and arginine could be involved. To test if
Functional TxxC Motif in Peroxiredoxin®eroxiredoxins  the threonine could indeed interact with the thiolate, we
(Figure 2B) are thiol-dependent peroxidases containing theanalyzed a previously solved structure of human peroxire-
thioredoxin fold (8—20). Our finding of the TxxC motif in doxin 5 (PDB number 1HD2, gi 158266291). The Cys47
these proteins (Figure 2B) was unexpected because previou$S)—Thr44 (O) distance was 3.0 A, whereas the distance
sequence and structure comparisons between peroxiredoxinbetween Cys47 (S) and Arg127 (N) was 3.76 A. No other
and other thioredoxin-fold proteins suggested that the groups were identified in the vicinity of Cys47 that could
catalytic Cys in peroxiredoxins corresponds to the N-terminal form a hydrogen bond with the thiolate. Thus, the threonine
CxxC Cys in thioredoxins and glutaredoxins, as well as to in the TxxC motif appears to be a group that could form a
the catalytic Cys in GPxs1@). To clarify this issue, we  hydrogen bond with the thiolate and its function might be
reanalyzed multiple sequence alignments of thioredoxin-fold assisted by arginine.
proteins and peroxiredoxins using PELAST and found Functional CxxT Moatif in Glutathione PeroxidaséxsSH
that, consistent with our initial observations, the Cys in the BLAST was also sufficient to align the CxxT motif in
TxxC motif in peroxiredoxins aligned with the C-terminal glutathione peroxidases with the CxxC motif in thioredoxins
cysteine, and that the threonine corresponded to the N-(Figure 3). Thus, the conserved threonine corresponded to
terminal CxxC Cys (Figure 3). Moreover, we identified a the C-terminal Cys in the CxxC motif. The role of this
new protein group in bacteria (last two sequences in Figure conserved Thr has not been previously addressed. The
3A) that were most homologous to peroxiredoxins yet had catalytic triad of GPxs is thought to consist of cysteine (or
the CxxC motif that aligned with the TxxC motif in  selenocysteine in some eukaryotic GPxs), glutamine, and
peroxiredoxins. This family has not been previously de- arginine (e.g., Sec45, Trp158 and GIn80 in bovine GPx1,
scribed nor functionally characterized. Thus, peroxiredoxins PDB number 1GP1), with the latter two residues directly
emerged as functionally characterized redox proteins (thiol- involved in stabilization of the catalytic selenolate. Instead,
dependent peroxidases) containing a CxxC-derived redoxour data suggested that the threonine might form a hydrogen
motif, which lacked the N-terminal Cys, but employed the bond with thiolate or selenolate. Although structures of two
C-terminal CxxC Cys for redox function. mammalian glutathione peroxidases are known (cytosolic
This catalytic cysteine in peroxiredoxins is known to be GPx1 and plasma GPx3)2% 23), both proteins were
highly reactive and has a lowkg (19). The thiolate is thought  crystallized in nonfunctional states that had the catalytic Sec
to be stabilized by a positively charged environment of the in the form of selenenic acid. When we replaced selenenic
catalytic site. In particular, arginine (e.g., Arg127 in human acid in the GPx1 structure with selenolate, the latter could
peroxiredoxin 5) and histidine residues were proposed to form a 3.19 A hydrogen bond with Thr48 (O) without
stabilize the thiolate1). However, our finding that the TxxC  disrupting other interactions at the active site. In contrast,
motif in peroxiredoxins is derived from the thioredoxin-fold the distance between Sec45 (Se) and Trp158 (N) was
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proteins, only peroxiredoxins (gi 6323138 and 6320661) were
functionally characterized (in these proteins, SxxC motif
replaced the TxxC motif that was found in most peroxire-
doxins), but structural and functional interrelationship4, (

25) suggest that the SxxC-containing thioredoxins and
glutathioneStransferases might also have a redox function.
Possible electron donors and acceptors for these thioredoxin
and GST homologues are not known. SxxC-containing GSTs
form a separate cluster (e.g., cluster #0435 in COG), in which
all family members conserve the SxxC motif except two
yeast proteins that replace the serine with alanine. These
proteins have a second conserved Cys in the C-terminal
sequences, which might be involved in a disulfide bond with
the SxxC cysteine. The genes fiar coli SxxC-containing
GSTs are flanked by genes encoding membrane-bound
proteins, which show a pattern of occurrence similar to that
of SxxC-containing GSTs. A SxxC-containing thioredoxin
is also a member of a separate cluster (COG #3118), which
includes several additional SxxC- and CxxC-containing
thioredoxin homologues.

NifU-like proteins, also called Isulp (gi 6325122) and
Isu2p (gi 6324800), contain the TxxC motif and are probably
involved in the formation or repair of irensulfur clusters
(26, 27). Another NifU-like homologue, Nfulp (gi 6322811),
was identified by searching the yeast genome for the CxxS
motif (Table 3). Specific functions of TxxC and CxxS motifs
in NifU proteins are not known, but their location within
the context of the secondary structure that corresponds to
that found around CxxC-derived motifs suggests a possible
redox function. The involvement of redox chemistry in iron
sulfur cluster assembly28, 29) is also consistent with this
conclusion.

\ To gain further insight into possible redox functions of
| NifU-like proteins, we analyzed changes in their gene
' expression in response to environmental changes.in
i| cerevisiae Exploration of 95 previously published yeast
microarray data sets through fuzzy k-means clusterd@y (
FiGURe 4: Molecular models of perOXil’edOXinS and glutathlone revealed that ISUZ was a top member Of the Odea'nve stress

peroxidases. (A) Human peroxiredoxin 5. The model illustrates : . : :
stabilization of the reactive thiolate by formation of hydrogen bond response cluster. Expression of genes in this cluster is

between threonine-44 and ionized cysteine-47. The arginine previ-"égulated by transcription factor Yapl, and the Isu2 gene
ously proposed to stabilize the thiolate is also shown. (B) Bovine has a perfect Yapl binding site. Other members of the cluster

GPx1. The model illustrates stabilization of.th(? reactive seleno!ate are primarily redox proteins, such as thioredoxin reductase
by formation of a hydrogen bond between ionized selenocysteine- Trrl, peroxiredoxin Ahpl, and glutathione peroxidase Gpx2.

45 and threonine-48. The tryptophan and glutamine previously PR .
proposed to stabilize the thiolate are also showatelices are Two other NifU-like yeast proteins also appeared to have a

shown in red,s structures are in blue, and coil structures are in €dox component in their gene expression profiles as these
gray. were assigned to oxidative stress or general stress clusters

(30). Although when considered alone, gene expression

6.23 A, and between Sec45 (Se) and GIn80 (N) was 3.92 A. analyses are generally insufficient in predicting redox func-
Thus, the CxxC-derived threonine, rather than (or in addition tion, the combination of the redox motif and the strong
to) residues previously proposed to constitute a catalytic triad, response to redox stress favor a redox function.
appeared to be the group that could interact with the Candidate Redox ProteinSeveral proteins were identified
selenolate in glutathione peroxidases. that contained a conserved SxxC motif flanked by a

Other True Posities Identified by Genomic Searches. downstream helix. Yeast aminopeptidase (gi 6324090) was
Proteins containing the CxxS motif were previously described first identified as a eukaryotic DNA-binding cysteine protease
(10) and will not be further discussed in this article. Five involved in inactivation of bleomycin. The enzyme is a
true positives (homologues of known redox proteins) con- tetramer of 48-kDa polypeptide81). The SxxC motif is
taining the SxxC motif were sequence homologues of strictly conserved in this protein, and available structural
thioredoxin, peroxiredoxin, and glutathio®gransferase  information indicates that this motif is located on the protein
(GST) (Tables 36). In addition, all of these proteins surface. Putative amidase (gi 1787155) and its two homo-
exhibited a thioredoxin fold and the SxxC motif in these logues (hypothetical proteins, gi 1787968 and 1788299) are
proteins occupied a position equivalent to the standard CxxCinvolved in peptidoglycan binding and cell wall degradation,
redox motif in thioredoxin-fold proteins. Of these five whereas an uncharacterized protein (gi 1787437) has homol-

Trpl58

i
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gi 6680075, Glutathione peroxidase 1
H EEEEEEEE HHHH EEEEEE HHHHHHHHHHHHHH EEEEEE HHHH
SAAAOSTVYAFSARPLTGGEPVSLGSLRGEVLLIENVASLUGTTIRDY TEMNDLOKRLGPRGLVVLGFPCNQFGHQENGENEE T

gi 17432429, Glutathione peroxidase 2
EEEEEEEE EE_HHHH EEEEEE HHHHHHHAHHAAHAR EEEEEE HHHHH
MAY TAKSFYDLEATIGLDGEKIDFNTFRGRAVLIENVASLUGTTTRDYNQLNELQCRFPRRLVVLGFPCNQF GHQENCONEETL

gi 1170039, Glutathione peroxidase 3
_HHH EEEEEEE HHHH EEEEEE HHHHHHHHHHHHH EEEEEE HHHHH
HGGMSGTIYEYGALTIDGEEY IPFEQYAGKY ILFVNVASYUGLTDG Y LELNALGEELGPFGLVILGFPSNQFGKQEPGENSEIL

gi 14971095, Glutathione peroxidase 4
HHHHA EEEEE EE_HHHH EEEEEEE, HHHHHHHAAHARAA EEEEEE HHHH
DDWRCARSMHEF SAKDIDGHMVCLDEYRGEVC IVINVASQUGKTDVNY TQLVDLHARYAECGLRILAFPCNOQFGROEPGSNQET

gi 17223711, Selenoprotein M
HHHHHHHHHHHHHHHHEH HHHHH EEEEE HHHHHHHHHHHHHHHHHH_EEEEE EEEEE
LSPPSLLLLLAATLVAPATSTTNYRFDWNRLRGLARGRVE TCGGUQLNRLEEVEAFVTEDIQLYHANLVMKHLPGADPELVLLSREN

gi 7595881, Selenoprotein W
EEEEEEEE HHHHHHHHEHHARA EEEEE EEEEEE_
MALAVREVVYCGAUGYKPEY LOLKEKLEHEFPGCLDICGEGTEQVTGFFEVTVA

gi 14613497, Selenoprotein T
EEEEEEEEE HHHHHHHHHHHHHH EEE HHHHHHHHHH
MOYATGPLLKFQICVSUGYRRVFEEYMRVISQRYPDIRIEGENYLPQP IYRHIASEFL

gi 2498902, Selenoprotein P
HHHHA EEEEEEHHHHHHAHHAHHAAHAAHAAHAEREA EEEEE HHHHHHHA
ABSQGOSSACYRAPEWY IGDONPMLNSEGEVTVVALLOASUYLCLLOASRLEDLRIKLESQGYFNISY IVVNHQGSPSQLEHSH

gi 27689133, Methionine-R-sulfoxide reductase
EEEEEEE FEEEEEEEEEEE__ HHHHHH

KNRPEALKVSCGKCGNGLGHEFLNDGPERGQSRFUIFSSSLEKFVPEGKEAAASQGH

gi 3024047, Deiodinase 1
EEE EEEE EEEHHH EEEE HHHHHHHHBEHAHBEHAR EEEEEEE
EDRAEFGGLAPNCTVVCLEGOKCNIWDEF IQGSRPLVILNFGSCTUPSFLLEKFDOFKRLVDDFASTADFLITIY TEEAHATDGWARF K

gi 6753638, Delodinase 2
EEE EEEEEE EEEE HHHHHHHHHHHHHHHHH EEEEEEE
VHVSNPESGNNYASEKTADGAECHLLDFASAERPLVVNEFGSATUPPF TROLPAFRQLVEEF SSVADFLLVY IDEAHF SDGWAVE

gi 26006467, Deiodinase 3
EEEE EEE EEHHHHHA EEEE HHHHHHHHHEHHHHEAABH EEEEEEE
KQAHEGGPAPNSEVVRPDGEFQOSORILDYAQGTRPLVILNFGSCTUPPFMARMSAFQRIVTKYQRDVDFLITIY IEEAHPSDGWVTT

Ficure 5: Predicted redox motifs in mammalian selenoproteins. Sequences flanking selenocysteine are shown for mouse proteins. The
predicted redox motifs are shown in red. U is selenocysteine. Predicted secondary structaréel{i,E, 5-strand) are shown above the
sequences.

Table 2: Identification of Proteins Containing CxxT and TxxC MotifsGampylobacter jejuniMethanococcus jannaschiEscherichia coli
and Saccharomyces cerisiae Genomes

proteins with CxxT proteins with
proteins with and TxxC, for which  conserved CxxT redox proteins
proteins with  conserved CxxT conservation profile is and TxxC flanked (true positives/

CxxT and TxxC and TxxC not available by ana-helix candidates)
organism total proteins CxxT  TxxC CxxT  TxxC CxxT TxxC CxxT TxxC  CxxT  TxxC
Escherichia coli 4289 661 678 41 53 52 59 26 35 5(1/4) 11(4/7)
Campylobacter jejuni 1634 181 196 6 16 16 14 4 9 1(0/1) 5(2/3)
Methanococcus jannaschii 1770 212 191 20 19 32 29 12 4 1(0/1) 3(1/2)
Saccharomyces cersiae 6334 1619 1494 60 53 342 310 36 19 5(3/2) 7 (5/2)

ogy to sporulation proteins. SxxC motifs are strictly con- plex is involved in fusion of endosome-derived vesicles. A
served among bacterial homologues of these proteins, butsecond identified yeast protein is glycogen debranching
functional information is largely lacking. enzyme (gi 6325442). This is a well-characterized protein
Among CxxT-containing proteins, yeast protein Vps53p involved in glycogen degradation and possessing two
(gi 6322431) is thought to be required for retrieval of late independent catalytic activities: glucosyltransferase and
Golgi proteins and to form a stable complex with Vps52p amylo-1,6-glucosidase3s, 34).
and Vps54p. The Vps52p/Vps53p/Vps54p complex binds  E. coli (gi 1786212) andC. jejuni (gi 6968332) proteins
GTPase Ypt6p and Tlglp proteiBZ). Though molecular  containing the TxxC motif belong to a LytB family and are
function of Vps53p is not known, Vsp53p-containing com- thought to be involved in the mevalonate-independent 2-C-
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Table 3: CxxS-, SxxC-, CxxT-, and TxxC-Containing Proteins Identified inShecharomyces cersiae Genome

gi protein  C/S/TxxC/SIT  C/S/TxxC/SIT and flanking
number  lengtht positior? secondary structufe descriptiod
CxxS
6319488 203 108 P-CPYS-a glutaredoxin homologue
6320193 231 136 p-CSYSa glutaredoxin homologue
6320303 285 211 p-CGFS-a glutaredoxin homologue
6321022 244 171 p-CGFS-a glutaredoxin homologue
6325198 150 60 p-CGFS-a glutaredoxin homologue
6320726 517 62 P-CLHS-a protein thiol-disulfide isomerase homologue, ER-resident protein
405 B-CIHS-a
6321642 148 90 P-CMLS-a required for arsenate resistance
6325458 130 76 P-CTGS-a required for arsenate resistance
6322811 256 199 P-CSSSe NifU-like protein
6320882 449 198 CREE&- S-adenosyk--homocysteine hydrolase
6324041 373 181 a-CVAS-a hypothetical ORF; Caf40p
6324588 757 583 o-CISSa B-type regulatory subunit of protein phosphatase 2A
6321792 472 3 CTVS: component of pheromone response pathway
6319497 1165 448 CIAS- required for chitin synthesis
6321005 801 565 a-CIVS-a secretion (Golgi retention) deficient
6322745 717 405 B-CGTSa required for biosynthesis of cell wall
6324247 904 848 a-CRSSe required for mismatch repair in mitosis and meiosis
6325025 1887 1305 CATS- trifunctional enzyme
SxxC
6323138 176 58 p-SPTCa peroxiredoxin
6320661 196 44 P-SFVC-a peroxiredoxin
6322929 370 42 P-SLAC-a glutathione S-transferase
6324090 483 93 SGR@G- aminopeptidase of cysteine protease family
CxxT
6319721 162 36 p-CGFT-a glutathione peroxidase Gpx2p
79 o-TEFC
6322228 163 35 p-CGFT-a glutathione peroxidase
6322826 167 35 P-CAFT-a glutathione peroxidase Gpx1p
6322431 822 458 B-CATT-a required for vacuolar protein sorting
6325442 1536 536 CHSa- glycogen debranching enzyme
TxxC
6319407 261 87 p-TPVC-a peroxiredoxin
6322180 215 103 p-TPGC-a peroxiredoxin
6323613 196 44 P-TEVC-a peroxiredoxin
6324800 156 84 P-TFGC-a nifU-like protein
6325122 165 92 P-TEGC-a nifU-like protein
6323067 83 23 TKHGx essential during assembly for full cytochrome C oxidase activity
6320240 370 340 B-TDAC-a 3-deoxyp-arabino-heptulosonate-7-phosphate synthase

aNumber of amino acids in an ORFAmino acid position corresponding to the first amino acid in the C/S/TxxC/S/T sequeGt8/TxxC/S/T
primary sequences and flanking secondary structurexfhelix; 3, S-strand).? Predicted function or information obtained by database searches.
Bold shows true positives.

methylp-erythritol 4-phosphate pathway for isoprenoid in aromatic amino acid biosynthesis from chorismate by
biosynthesis occurring in bacteria, plants, and paras®s (  stereospecific condensation of phosphoenolpyruvate and
36). A thiamin biosynthesis protein ThiC (gi 1790427) is p-erythrose-4-phosphate to form 3-demaarabino-heptu-
involved in the formation of 4-amino-5-hydroxymethyl-2- losonate-7-phosphate. The protein is a tetramer consisting
methylpyrimidine, an intermediate in pyrimidine biosynthesis of two tight dimers 43). The TxxC motif in this protein is
(37, 38). In addition to the conserved CxxT motif, this protein conserved and located on the protein surface. Three homo-
contains a CxxC motif 90 amino acids downstream of CxxT. logues of 3-deoxy-arabino-heptulosonate-7-phosphate syn-
Additional E. coli proteins identified in our searches include thase were also identified by our algorithm in tRe coli
a protein component (gi 1786601) of LMl membrane genome (gi 1787996, 1786969, and 1788953).
fraction that is associated with the branched chain amino Among bacterial TxxC-containing proteins, three were
acid transport system and belongs to a transportase familycarbon starvation proteins (CstA homologues, gi 1786814,
(39 and a protein (gi 1790450) homologous to homocysteine 1786814, and 6968354) that are regulated by levels of carbon
Smethyltransferase (vitamin B12-dependent) enzymes thatsubstrates. CstAs are hydrophobic (probably membrane
may be involved in methionine biosynthes#). Finally, a associated) proteins that may be involved in peptide utiliza-
single identified CxxT-containing archaeal protein (gi 1591525) tion (44). Glyceraldehyde 3-phosphate dehydrogenase (gi
has not been functionally characterized. 1787686) is a glycolysis/gluconeogenesis enzyme that cata-
Among two identified yeast TxxC-containing proteins, lyzes reversible oxidation and phosphorylatioroeglycer-
cytochrome oxidase C subunit Vib (gi 6323067) is one of aldehyde-3-phosphate to 1,3-diphospho-glycerate. The en-
the 13 subunits in the cytochrome C oxidase complex, a zyme also plays a role in cytoskeleton formatidi®,(46).
terminal oxidase in bacterial and mitochondrial electron The glyceraldehyde-3-phosphate dehydrogenase TxxC motif
transport pathways. This protein may bind a hedtk 42). is conserved and located on the protein surface, and the
A second yeast protein, 3-deogyarabino-heptulosonate- enzyme is known to be redox regulated7{49). No
7-phosphate synthase (gi 6320240), catalyzes the first stedunctional information is available for the two remaining
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Table 4: CxxS-, SxxC-, CxxT-, and TxxC-Containing Proteins Identified inEkeherichia coli K12Genome

gi protein

C/SITxxC/SIT  CISITxxC/SIT and flanking

number length? positior? secondary structute descriptiod
SxxC
1786700 296 46 p-SQHC-a thioredoxin homologue
1789489 328 59 P-SLAC-a putative glutathione S-transferase
1787155 615 524 o-SSGCe putative amidase
1787356 320 213 o-SSGCe hypothetical protein
1787437 510 99 /-SNPCe putative sporulation protein
1787968 334 205 SSsGea- hypothetical protein
1788299 310 203 SQGGE- hypothetical protein
CxxS
1787943 115 30 p-CGFSa glutaredoxin homologue
1787757 143 125 CPV&- osmotically inducible protein
1788841 119 13 P-CSKS-a arsenate reductase
1788991 104 14 p-CGTS-a arsenate reductase
1789918 141 15 p-CGTS-a arsenate reductase
1789804 294 232 p-CTCS-a disulfide bond chaperones of the HSP33 family
1789475 495 264 p-CGGSea altronate hydrolase
1789516 523 288 p-CGGSea putative altronate hydrolase
1787577 322 41 p-CGKS-a putative ATP-binding component of a transport system
1788683 436 99 p-CATS-a putative acyltransferase
CxxT
1788003 183 36 p-CGLT-a glutathione peroxidase
1786212 316 196 CYAT involved in penicillin tolerance
1786601 439 290 o-CLVT-a branched chain amino acid transport system |l carrier protein
1790450 1227 309 [-CCGTa B12-dependent homocysteine-N5-methyltetrahydrofolate transmethylase,
repressor of metE and metF
310 B-CGTT-a
1790427 631 493 o-CYVT-a thiamin biosynthesis
580 CSMCe
TxxC
1786822 187 43 P-TFVC-a peroxiredoxin
1787584 168 57 P-TGVC-a peroxiredoxin
1788825 156 42 P-TPGC-a peroxiredoxin
1788878 128 59 P-TYGC-a NifU-like protein
1786814 701 331 o-TIAC-o carbon starvation protein
1786969 350 324 p-TDAC-a 3-deoxyp-arabinoheptulosonate-7-phosphate synthase
1787686 134 34 TTNG@: glyceraldehyde 3-phosphate dehydrogenase C
1787996 348 323 [-TDPC-a 3-deoxyp-arabinoheptulosonate-7-phosphate synthase
1788953 356 326 S-TDAC-a 3-deoxyp-arabinoheptulosonate-7-phosphate synthase
1790242 275 214 B-TQAC-a diaminopimelate epimerase
1790814 721 338 o-TIAC-o carbon starvation protein

2 Number of amino acids in an ORFAmIno acid position corresponding to the first amino acid in the C/S/TxxC/SIT sequeGte/TxxC/S/T

primary sequences and flanking secondary structurexthelix; 3, f-strand).? Predicted function or information obtained by database searches.

Bold shows true positives.

Table 5: CxxS-, CxxT-, SxxC-, and TxxC-Containing Proteins Identified inGhenpylobacter jejunGenome

gi protein C/SITxxC/SIT C/SITxxC/SIT and flanking
number lengtht positior? secondary structufe descriptiod
CxxS
6967954 390 155 B-CGGSea altronate hydrolase
6968729 435 194 p-CHPSe hypothetical protein
CxxT
6968332 277 185 CDATx lytB homologue
TxxC
6967808 198 45 P-TFVC-a peroxiredoxin
6968225 175 55 p-TPVC-a peroxiredoxin
6968354 703 332 a-TIAC-a carbon starvation protein A homologue
6968950 249 188 B-TLAC-a putative diaminopimelate epimerase
6968344 325 170 TRGG- putative periplasmic protein

2 Number of amino acids in an ORFAmino acid position corresponding to first amino acid in the C/TxxC/S/T sequé@a@xxC/S/T primary

sequences and flanking secondary structorex¢helix; 3, 8-strand). Predicted function or information obtained by database searches. Bold shows
true positives.

prokaryaotic proteins (gi 6968344 and 1500567) containing reactions using selenolate as the attacking gréQp [n these
the TxxC motif.
CxxC-Derved Motifs Are Represented in Selenocysteine- center. In addition, most selenoproteins have homologues
Containing ProteinsPreviously characterized selenocysteine- in other organisms, which contain cysteine in place of
containing proteins (mammalian GPxs, thioredoxin reduc- selenocysteine (and which are less efficient catalytically than
tases, methionine-R-sulfoxide reductases, etc.) catalyze redoxhe corresponding selenoproteins). In these proteins, the

enzymes, location of selenocysteine is indicative of a redox
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Table 6: CxxS-, CxxT-, SxxT-, and TxxC-Containing Proteins Identified inNtethanococcus jannaschBenome

gi protein C/SITxxC/ISIT C/SITxxC/SIT and flanking

number lengtht positior? secondary structufe descriptiod
CxxS

1499579 275 235 P-CELS-a conserved hypothetical protein DsrE-like protein
CxxT

1591525 223 159 p-CGSTa conserved hypothetical protein
TxxC

1591451 222 47 p-TPVC-a peroxiredoxin

1591758 295 233 B-TTAC-a diaminopimelate epimerase (dapF)

1500567 458 364 a-TCVC-a predicted coding region MJ1665

2 Number of amino acids in an ORFAmino acid position corresponding to first amino acid in the C/TxxC/S/T sequé@a@xxC/S/T primary
sequences and flanking secondary structorexthelix; 3, S-strand).¢ Predicted function or information obtained by database searches. Bold shows
true positives.

cysteine that aligns with selenocysteine likely plays a redox as to whether this residue serves a role of a nucleophlic
function. These observations suggest that homology analysesttacking redox group.

of selenoproteins and their cysteine homologues might reveal

the location of redox groups and predict redox motifs DISCUSSION

employed by these proteins. CxxC is the major redox motif utilized for formation,
We analyzed 18 known mammalian selenoproteins for the reduction, and isomerization of disulfide bonds. In this study,
presence of CxxC-derived motifs, in which a cysteine is we found a remarkable flexibility in cysteine (and seleno-
replaced with selenocysteine (U), using multiple sequence cysteine) occurrences that this motif tolerates. In particular,
alignments of proteins present in the NCBI nonredundant one of the cysteines could be replaced with serine or
database. Interestingly, of these 18 proteins, 12 possessethreonine, the residues that may assist the remaining Cys in
the CxxC-derived motifs, including four UxxT (GPx1, GPx2, its redox function.
GPx3, and GPx4), three SxxU (thyroid hormone deiodinases Reaction mechanisms of CxxC-containing redox proteins
1, 2 and 3), one UxxS (methionine-R-sulfoxide reductase were previously thoroughly studied using thioredoxin as a
SelR), one UxxC (Selenoprotein P) and three CxxU (sele- model protein {—3). These studies revealed that the N-
noproteins M, T, and W) motifs. In addition, except for terminal Cys in the CxxC motif was the nucleophilic
methionine-R-sulfoxide reductase, these selenoproteins hadattacking group, and subsequent studies with thioredoxin-
a predictedo-helix immediately downstream of the CxxC-  like proteins, such as protein disulfide isomerase and DsbA,
derived motifs. Of the six remaining selenoproteins, four had confirmed this finding. However, curious identification of
selenocysteine that was flanked by Cys (thioredoxin reduc- thioredoxin homologues, in which the N-terminal CxxC Cys
tases 1, 2, and 3 and selenoprotein N), and two hadwas absent13), posed a dilemma. How could a redox
selenocysteine that was separated from a cysteine by a singléunction be maintained if the attacking redox group is
residue (Sep15 and selenophosphate synthetase 2). We aldgcking? Our study suggests that both cysteines in the CxxC
analyzed known selenoproteins in other organisms andmotif potentially could serve as attacking redox groups, and
identified CxxC-derived motifs in several additional proteins, the identity of the attacking nucleophilic thiolate in the CxxC
including Drosophila BthD, archaeal heterodisulfide reduc- Motif is not known a priori. In addition, the cysteine in a
tase, and bacterial selenoprotein A of glycine reductase CxxC-derived motif (SxxC, TxxC, CxxS, and CxxT),
complex (CxxU motifs), bacterial proline reductase, and Whether it aligns with the N-terminal or C-terminal CxxC
selenoproteins B of glycine, betaine, and sarcosine reductas€ysteine, might be a redox residue.

complexes (UxxC motifs) anBubacterium acidaminophilum Analyses of mammalian selenoproteins support these
peroxiredoxin PrxU (TxxU motif). conclusions. Selenocysteine serves as a redox group in

selenoproteins with known reaction mechanis®g).(We
found that in the majority of selenoproteins, selenocysteine
occurs in the context of CxxC-derived motifs. In fact, all of
the CxxC-derived motifs discussed in this paper were

All mammalian selenoproteins containing the UxxT, SxxU,
and UxxS motifs required thioredoxin or glutathione for their
redox activity. However, while the redox reactions catalyzed
by GPxs and methionine-R-sulfoxide reductases are knownrepresented in selenoproteins.

n d det‘?"‘ the Qelfdmase rgacho? wa;s only paf“a”y charlactelr- We also observed rare cases in which CxxC-derived motifs
ized. In particular, mutation of selenocysteine completely \ oo reversed within a protein family. For example, in

inactivated the enzyme, whereas mutation of a residue within addition to the majority of thioredoxins that had the CxxC

the SxxU motif had little effect on catalytic activith). motif, several thioredoxin homologues possessed a SxxC
Our analysis suggests that the serine in the SxxU motif might motif (gi 16123259, 13236192, 22965617, and 2145977),
form a hydrogen bond with selenocysteine and that its \ynereas several other homologues had a CxxS motif (gi
mutation might decrease or abolish deiodinase catalytic 10120659, 24644807, and 31220174). Similarly, in addition
activity. to many of the glutaredoxins with the CxxC motif, a large
While the presence of selenocysteine in the N-terminal number of homologues were of the CxxS type, whereas one
position of the CxxC motif in some selenoproteins was not glutaredoxin homologue (gi 27716651) was detected that had
surprising, the C-terminal CxxC location of selenocysteine the SxxC motif. We also identified a number of thioredoxin-
in selenoproteins M, T, and W will require further studies fold proteins, in which both cysteines were replaced with
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serine or threonine (for example gi 19551267, 16765802, dramatic enrichment of redox proteins and generates predic-
16273645, 19552441, and 19075082). These proteins likelytions of redox groups in these proteins, providing a basis
lost their redox function. for further experimental approaches. The usefulness of this
Analyses of completely sequenced genomes identified method is illustrated by the following example. In our initial
peroxiredoxins as major representatives of the TxxC motif. paper on the CxxS motiflQ), we predicted a redox function
However, previous alignments involving these proteit® ( for E. coliandM. jannaschiiOsmC proteins and proposed
suggested that the catalytic TxxC cysteine corresponded tothat the cysteine in the CxxS maotif in these proteins is redox
the N-terminal Cys in the CxxC motif. We reevaluated active. Recently, two studies independently described this
alignments involving peroxiredoxins, thioredoxins, and other protein as thiol-dependent peroxidase and identified its CxxS

thioredoxin-fold proteins and found that, in agreement with cysteine as one of two redox-active residug3, 59.

our genomic searches, the catalytic Cys corresponded to the

C-terminal Cys in the CxxC motif. Thus, peroxiredoxins REFERENCES

provide an example of functionally characterized redox
proteins, in which the N-terminal Cys of the CxxC motif is
replaced with a nonredox residue, whereas the redox function
is maintained by the C-terminal Cys. Molecular modeling
experiments confirmed that threonine and cysteine in the
TxxC motif could form a hydrogen bond.

In view of the conservation of the TxxC motif in
peroxiredoxins and the proximity of the threonine to the
catalytic cysteine in these enzymes, it is not clear why the
role of the threonine has not been addressed in numerous
functional and structural studies reported for these proteins.
Nevertheless, some recent experimental data are consistent
with our conclusions. Flohe and co-workers reported a
mutational analysis ofeishmania dongani tryparedoxin
peroxidase, which is a thioredoxin peroxidase homologue
(52). The authors found that the replacement of the threonine
in the TxxC motif with valine disrupted catalytic activity of
the enzyme, whereas a serine-for-threonine mutation was
tolerated, suggesting the involvement of the threonine in
thiolate stabilization§2).

Major representatives of the CxxT motif were glutathione
peroxidases. We could find no reference in the literature to

the possible role of the conserved threonine in forming a 1

hydrogen bond with the catalytic thiolate (or selenolate in
selenocysteine-containing glutathione peroxidases), and this
residue has not been subjected to mutational analysis.
Tryptophan and glutamine were previously suggested to
stabilize the thiolate (or selenolate) and, together with Cys
(or selenocysteine), to serve as a catalytic triad. However,
our molecular modeling experiments revealed that the
hydrogen bond between selenocysteine and threonine in
bovine GPx1 is feasible and might be preferred over that
involving tryptophan and glutamine. The finding that the
CxxT motif in glutathione peroxidases is derived from the
CxxC motif was also consistent with the role of the threonine
in stabilization of the thiolate.

Our observations could help explain some findings of
redox proteins that lacked predicted active site redox groups,
as well as to reevaluate claims of redox-independent func-
tions of some thioredoxin-fold proteins, especially when these
studies were based on mutations of only one of the CxxC
cysteines. Thus, information on the identity of the attacking
cysteine might be needed prior to interpreting the data, or
alternatively, both cysteines have to be mutated to truly
exclude redox function.

It should be pointed out that not all proteins that contain
CxxC or CxxC-derived motifs followed bg-helices have
a redox function. Indeed, the presence of only two residues

in the motif inevitably generates false positives in genomic g

searches. However, it is clear that our search strategy allows
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