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ABSTRACT. Peroxiredoxins (Prx’s) are a superfamily of thiol-specific antioxidant proteins present in all
organisms and involved in the hydroperoxide detoxification of the cell. The catalytic cysteine of Prx’s
reduces hydroperoxides and is transformed into a transient sulfenic acid (Cys-SOH). At high hydroperoxide
concentration, the sulfenic acid can be overoxidized into a sulfinate, or even a sulfonate. We present here
the first peroxiredoxin characterization by solution NMR of S&ccharomyces cersiae alkylhydrop-
eroxide reductase (Ahpl) in its reduced and in vitro overoxidized forms. NMRelaxation data and
ultracentrifugation experiments indicate that the protein behaves principally as a homodiwet9q?2

kDa) in solution, regardless of the redox state. In vitro treatment of Ahpl by a large exd@sgOddH

leads to an inactive form, with the catalytic cysteine overoxidized into sulfonate, as demonstrai€d by
NMR. Depending on the amino acid sequence of their active site, Prx’s are classified into five different
families. In this classification, Ahpl is a member of the scarcely studied D-type Prx’s. Ahpl is unique
among the D-type Prx’s in its ability to form an intermolecular disulfide. The peptidic sequence of Ahpl
was analyzed and compared to other D-type Prx sequences.

In 1998-1999 three research groups independently identi-  Peroxiredoxins (Prx'$)are a superfamily of thiol-specific
fied a new antioxidant protein in the yeg&saccharomyces antioxidant proteins, also known as thioredoxin peroxidase
cerevisiae The first group noticed a new protein with a or alkyl hydroperoxidase reductase with essential protective
glutamine synthase protection activity different from that of properties against hydrogen peroxide, organic hydroperoxide,
the first yeast peroxiredoxin characterized, and named it type-and peroxynitrite ). Some eukaryotic Prx’s are also found
I thiol peroxidase (TPx)X). The second group found that to be regulators of kD.-mediated signal transductio6, (7).
the alkyl hydroperoxide reductase gene (Ahpl) increasesPrx’s are abundant in yeast, plant, and animal cells and in
tolerance taBuOOH of transcriptional regulatakn7null most eubacteria and archaea, and exist in several isoforms
mutant @). The third group isolated the theoretical product in all these organisms. Prx’s contain a completely conserved
of the genomic ORF YLR109W as a novel thioredoxin target N-terminal catalytic cysteine called tiperoxidaticcysteine
(3). This new antioxidant protein, also referred to as thiol- (Cys62-$H in Ahpl). According to the occurrence of a
specific antioxidant Il (TSA II) or third cytosolic TPx (cTPx  second conserved cysteine or not, the Prx’s are divided into
1) (4), will be named Ahp1l in this text. Ahplis a cytosolic two groups, the 1-Cys and 2-Cys Prx’s. The peroxidatic
protein of 176 residues whose production can be induced incysteine attacks the hydroperoxide ROOH and is oxidized
yeast by oxygen and hydroperoxides.(Its catalytic effi- into a sulfenic acid, Cys#®H, while alcohol ROH is
ciency Vma/Kmay) With H,O;, as a substrate is approximately released. Three mechanistic classes (the 1-Cys, 2-Cys, and
1/14 compared to the efficiency with cumene hydroperoxide atypical 2-Cys Prx’s) are distinguished according to the next
as a substratel]. Ahpl has been also shown to act as an enzymatic step as illustrated in Figure 1. The 1-Cys Prx
important cytoplasmic thioredoxin-linked alkyl hydroperox- peroxidatic cysteine is oxidized into a stable sulfenic acid,
ide peroxidase in the stationary phase of the yedst ( Cys-SOH, and regenerated by an unknown reducing agent
(8) (Figure 1, I). The 2-Cys Prx’s have a second conserved
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H,0, HO H0, H0 identified (Figure 2). A-type Prx’s (A-labeled proteins in
sH_ \UJ S,0H SH SrOH Figure 2) contain a second conserved cysteine localized in
SpH SgH the last 30 C-terminal residues within a VCP pattern. All
XS, X6, A-type Prx’s are 2-Cys Prx’s. The second subfamily com-
: I Trx(S), Sp‘/( - prises most of the 1-Cys Prx’s (B in Figure 2). The third
TxSH, | | Ho subfamily (C-type Prx’s, C in Figure 2) includes the
2,0, 2H,0 S bacterioferritin comigratory proteins and the PrxQI)(
SpHHSg SpOH HSg C-type Prx’s form an intramolecular disulfide bridge between
S HHS; S H HOS: the unusual motif CxxxxC. The fourth subfamily (D-type
Prx’s, D in Figure 2) contains about 60 Prx’s homologous
%\ S5 /(4 to Ahpl (Figure 3). The last subfamily (E-type Prx’s, E in
28 1 Figure 2) contains a conserved resolving cysteine located

(s, [ 5w 20 about 40 residues after the peroxidatic one, conferring E-type

FIGURE 1: Schematic representation of the catalytic mechanism of Prx’s atypical 2-Cys propertied). The D-type differs from

(1) 1-Cys, (1) 2-Cys and (1lI) atypical 2-Cys Prx’ssH corresponds  the other types in its strong functional heterogeneity. From
to the peroxidatic cysteine of the active site and X(Std) the a mechanistic point of view, D-type Prx’s behave like
unknown reducer of 1-Cys Prx. Trx is the thioredoxin system that atypical 2-Cys Prx’s (mammalian Prx\)), 1-Cys Prx’s
reduces the 2-Cys and some atypical 2-Cys Prxs. (bacterial or plant Prxi(4)), or 2-Cys Prx’s (yeast Ahp11(

acid Cys-$OH of another monomer to form an intermo- 3)).
lecular disulfide bridge. In the case of the atypical 2-Cys  All Prx’s characterized so far have been found to be
Prx’s (Figure 1, lll), the resolving cysteine Cystbattacks homodimers or larger specieS)( The oligomerization of
the sulfenic acid Cys+®H of the same monomer and an A-type Prx’s has been shown to be redox-linked, which could
intramolecular disulfide bridge is forme#)( The 2-Cysand  regulate the Prx enzymatic and signaling activiti&s The
atypical 2-Cys Prx’s are known to be regenerated by thiol oligomerization state of other Prx’s and its functional
reducers such as thioredoxins. meaning are poorly understood. Recently, the E-type thiol
Prx’s can also be classified according to their sequence peroxidase fronEscherichia coliwas found to be dimeric,
homology @, 10, 11). More precisely, on the basis of the independent of its redox state. However, this dimerization
conserved residues around the active site, five subfamiliesmight be peculiar, since it is not apparently required for the
that we will name A-, B-, C-, D-, and E-type Prx’s can be catalytic reaction 15).

I
50 60 70 80 90 100 110 120 130 140
A.hPrxII ..KYVVLFH FSNRAEDFR - - KLGCEVLGVSVDSQFTHLAWINTPRK- - -EGGLGPLNIPLLADVTRR - LSEDYGVLKTDEGIA---~----- YRGLF..197
rPrxI KYVVFFH FSDRAEEFK- -KLNCQVIGASVDSHFSHLAWINTPKK- - -QGGLGPMNIPLVSDPKRT - IAQDYGVLKADEGIS-------- FRGLF..199
TryP KYVVLFH FSDDAKRFA--EINTEVISCSCDSEYSHLQWTSVDRK- - - KGGLGPMAI PMLADKTKA - IARAYGVLDEDSGVA------ -~ YRGVF..188
AhpC .RWSVFFF VADHYEELQ- -KLGVDVYSVSTDTHFTHKAWHSSSE-- - - - - TIAKIKYAMIGDPTGA-LTRNFDNMREDEGLA----~---- DRATF..186

w

.hPrxvI ..SWGILFY
ymTpx ..SWGVLFSHPADFTP
.s1lPrxQ ..KPVVVYKYPADETP
yPrxQ  .RVVVFFYYPRASTP

KLAPEFA--KRNVKLIALSIDSVEDHLAWSKDINAYNSEEPTEKLPFPIIDDRNRE - LAILLGMLDPAEKD - - EKGMPVTARVVF...224
FAKLKPEFD--KRNVKLIGLSVEDVESHEKWIQDIK- - -EIAKVKNVGFPIIGDTFRN-VAFLYDMVDAEGFKNINDGSLKTVRSVF..215
FRDSYEKFK--KAGAEVVGISGDSSESHKAFAKKYK---------- LPFTLLSDEGNK-VRKEWGVPSDLFGTL------- PGRETY..186
FRDNYQELK- -K-YAAVFGLSADSVTSQKKFQSKQN---------- LPYHLLSDPKRE-FIGLLGAKKTPLSGS-------- IRSHF..215

a

D.hPrxV  .KKGVLFGVPGAFTP GFVEQAEALK-AKGVQVVACLSVNDAFVTGEWGRATKAEG-------- KVRLLADPTGA-FGKETDLLLDDSLVSIF-GNRRLKRFSM..161
pPrx ..KKVILFGVPGAFTPT®SLKHVPGF IEKAGELK-SKGVTEILCISVNDPFVMKAWAKSYPENK------ -~ HVKFLAD- -GS -ATYTHALGLELDLQGKG-LGTRSRRFAL..162
HybrP  .KTVIVFSLPGAFTPT®SSSHLPRYNELAPVFK-KYGVDDILVVSVNDTFVMNAWKEDEKSE--------- NISFIPDGNGE-FTEGMGMLVGKEDLG- - -FGKRSWRYSM..241
Ahpl .KKVIITGAPAAFSPT®TVSHIPGYINYLDELVKEKEVDQVIVVTVDNPFANQAWAKSLGVKD- - - - -~ TTHIKFASDP@A— FTKSIGFELAVGD-G- ---VYWSGRWAM..176

E.EcTPx ..KRKVLNIFPSIDTG -ASVRKFNQLATEI - - - -DNTVVLCISADLPFAQSR. AEGLN--------- NVITLSTFRNAEFLQAYGVAIA-DGPL- - - -KGLAARAVV..167
BsTPx .KVTIISVIPSIDTGVED-AQTRRFNEEAAKL----GDVNVYTISADLPFAQAR! ANGID--------- KVETLSDHRDMSFGEAFGVYIK-EL------- RLLARSVF..166

IT

a YPxXDF [T/S]FVEP [T/SIE[I/L/V]

B HPXDFTPVEMTTE [L/F]

c ¥Px [A/D]xTP [G/ V] SBTx [Q/E] xCx [F/L]

D xP[G/A]A[F/Y] [T/S] [P/G] [S/T] xxHxP
E xP[D/S]DTxVExx [Q/S1x [K/R]

Ficure 2: (l) Partial sequence alignment of peroxiredoxins. A-, B-, C-, D-, and E-labeled proteins are A-, B-, C-, D-, and E-type Prx’s,
respectively (see the text). The alignment shows the region where the maximum of homology is found. The numbering corresponds to the
sequence of Ahpl. Bold characters indicate conserved amino acids discussed in the text, and the boxed area highlights the residues of the
active site. Peroxidatic and resolving cysteines are shown in black boxes. hPrx Il is the human Prx I, rPrxl is the rat Prxl, TryP is the
Crithidia fasciculatatryparedoxin peroxidase, AhpC is tBalmonella typhimuriuralkyl hydroperoxide reductase peroxidase component,

hPrxVl is the human PrxVI, ymTPx is th®. cereisiae mitochondrial Prx, sIPrxQ is th8edum lineardrxQ, yPrxQ is theS. cereisiae

nuclear Prx, hPrxV is the human PrxV, pPrx is the phloem poplar Prx, and HybrPHs#raophilus influenzaybrid Prx5. Crystallographic

structures (PDB code) have been resolved for hPrxIl (LQMY)( rPrxl (1QQ2 é3)), TryP (1E2Y @5)), AhpC (1KYG, 1N8J 6, 40)),

hPrxVI (1PRX @), hPrxV (1HD2, 1H40 42)), and HybrP (1NM334)). (Il) Consensus sequences of the active site of A-, B-, C-, D-, and

E-type Prx’s. The consensus sequences have been defined from 189, 72, 50, 60, and 50 peptidic sequences from the Swiss-Prot database
respectively.
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Ahpl residue numbering 10 20 [\30 40 50 60 70 80 90 100
| | | | |
Ahpl MS-DLVNKKFPAGDYKFQYTATQSDAL QTVEWSKLISENKKVIITGAPAAFSPTCTVSHIPGY INYLDELVKEKEVDQVIVVTVDNPFANQAW
PM20_LIPKO —-e-o VTDKFP-EDVKFLYIAYTPAKADITARG PIPLDFDKEFR - DKTVVIVAIPGAFTPTCTANHI PPFVEKFTALKSAG- VDAVIVLSANDPFVQSAF
PM20_ASPFU MSGLKAGDSFP-SDVVFSYIPWYEDKGEI TASGI PINYNASKEWA - DKKVILFALPGAFTPVCSARHVPEY IEKLPEIRAKG - VDVVAVLAYNDAYVMSAW
MLF3_MALFU ———EI—GSTIP——NATFAYVPY:pELEDHKvEZprsFQSHERWK—GKva1VAVPGAFTpTCTANvapYVEKIQELKsKG—VDEVVVISANDPFVLSAW
PMP20_CANBO MAPIKRGDRFP- - TTDDVYYIP{PEG------ GEPGAFELSKFVK- TKKFVVVSVPGAFTPPCTEQHLPGY IKNLPRILSKG - VDFVLVITONDPFVLKGW
Prx_DROME ..AMVKVGDSLPSVDLFEDSP- - [ ANKINTGDLVN-GKKVIIFGVPGAFTPGCSKTHLPGYVSSADELKSKQGVDEIVCVSVNDPEVMSAW
Prx_PYRRU .MPIKEGESLPNIDLFEETP--{-- |- ANKVNLNELSA - GKKI IVFAVPGAFTPGCSKTHLPGYVKKAEELKLQG- ISEIACVAVNDPEVMSAW
hPRXV ..P- IKVGDAIPAVEVFEGEP- - |- GNKVNLAELFK - GKKGVLFGVPGAFTPGCSKTHLPGFVEQAEALKAKG - VQVVACLSVNDAFVTGEW
rPrxV ..P- IKVGDTIPSVEVFEGEP- - GKKVNLAELFK - DKKGVLFGVPGAFTPGCSKTHLPGFVEQAGALKAKG - AQVVACLSVNDAFVTAEW
bPrxV ..P- IKVGDAIPSVEVFEKGP- - GNKVNLAELFK - GKKGVLFGLPGAFTPGCSKTHLPGFVEQADALKAKG - IQVVACLTVNDVEVTEEW
Prx_BRABE .MPTKVGDKLPGIDLYENTP- - GNKVNVSELFA - GKKGVLFAVPGAFTPGCSKTHLPGYVGKAGDLKAKG - VQVIACVSVNDPEVMEAW
ALTPX1 MAPIAVGDVVPDGTISFFDEND DLOTASVHSLAA - GKKVILFGVPGAFTPTCSMKHVPGF IEKAEELKSKG- VDEI ICFSVNDPEVMKAW
Prx_BRARA MAPIAVGDVVPDGSISFFDENDA- - PLOTVSVHSLAA - GKKVILFGVPGAFTPTCSMKHVPGF IEKAEELKSKG - VDEI ICFSVNDPEVMKAW
Prx_POPTR MAPIAVGDVLPDGKLAYFDEQD- - PLOEVSVHSLVA - GKKVILFGVPGAFTPTCSLKHVPGF I EKAGELKSKG- VTEILCISVNDPEVMKAW
Prx_ORYSA MAPVAVGDTLPDGQLGWFDGED - - KLOQVSVHGLAA - GKKVVLFGVPGAFTPTCSNQHVPGF INQAEQLKAKG - VDDILLVSVNDPEVMKAW
AtPrxc ..ASISVGDKLPDSTLSYLDPSTG- PVKTVTVSSLTA - GKKTILFAVPGAFTPTCSQKHVPGFVSKVGELRSKG - IDVIACISVNDAFVMEAW
OsPrxc .ATIAVGDKLPDATLSYFDPAD -ELKTVTVAELTA-GRKAVLFAVPGAFTPTCSQKHLPGF IEKAGELHAKG - VDATACVSVNDAFVMRAW
AtPrxm ..GTDITSAAPGVSLQKARSWDEG FSTTPLSDIFK-GKKVVIFGLPGAYTGVCSQQHVPSYKSHIDKFKAKG- IDSVICVSVNDPFAINGW
OsPrxm ..GSDIVSAAPGVSLOKARSWDEGVAT! FSTTPLKDIFH-GKKVVIFGLPGAYTGVCSQAHVPSYKNNIDKLKAKG-VDSVICVSVNDPYALNGW
Prx_AGRTU -MTIKIGEKLPSATFKEKTADG- PVETTTDALFG-GKKVVLFAVPGAFTPTCSLNHLPGYLENRDATILAKG - VDDIAVVSVNDWHVMGAW
Prx_BRUSU -MTIKVGDRLPAATFKVKTADGH- VTEMTTDDVFK - GRKVVLFAVPGAFTPTCSLNHLPGYLENRDAILAKG- VDQIAVVAVNDPEVMGAW
Prx_RHILO -MTISVGDKLPEATFKTMTADG- AKAITSAEIFP-GKKVVLFGVPGAFTPTCSNNHLPGYLENHDAILARG- VDTIAVVSVNDVHVMGAW
Prx_XANAX -MTIHVGDRIPEVVLKRLRD--+------ GIEAVDTHSLFA-GRKVLLFAVPGAFTPTCSAKHLPGYVEHFEQFRKRG- - IEVLCTAVNDPEVMQAW
Prx_PSEPU - -MIKTGDQLPDVTLYQYNNDA [GPKAFSIRERCK-HKKVLIFALPGAFTPTCSERHVPGYVAAAPALFAAG- IDEILCVSVNDAFVMNAW
Prx_VIBPA - -MIQQGQALPSATVSELTADG- - MVNHDVTELFA - NKKVVLFAVPGAFTPTCSEAHLPGYVVLADQLKAKG - VDLIACVAVNDAFVMNAW
Prx VIBCH - -MIQIGQTLPDVOLSQRTSEG TLTHSVTTLFA-NKKVVLFAVPGAFTPTCSEAHLPGYVVLADKFKEKG - VDMIACVSVNDAFVMKAW
HybrP_VIBPA ..VSKEGON-VPQVTFPTRQGDT WVNVTSDDLFK - GKTVIVFSLPGAFTPTCSSSHLPRYNELFPVFKEHG- VDEILCISVNDAFVMNAW
HybrP_VIBCH ..TSKEGQT - IPQVTFPTRQGDA WVNVTSDELFK-GKTVIVFSLPGAFTPTCSSTHLPRYNELFPVFKEHG- VDSILCVSVNDTEVMNAW
HybrP_YERPE ..TSQEGKK- VPQVTFHTRQGDQ - WIDVTTDDLFS-NKTVIVFSLPGAFTPTCSSSHLPRYNELAGVFKQHG- VDSILCVSVNDTEVMNAW
HybrP MSSMEGKK-VPQVTFRTRQGDK ]~ ===~ -~ - -| |- WVDVTTSELFD-NKTVIVESLPGAFTPTCSSSHLPRYNELAPVFKKYG - VDDILVVSVNDTEVMNAW
Ahpl Secondary Structure p1 B2 hl B3 h2 pa h3
- ce-smmmmas co-oo > [SESSEINT SRS RN S
Conserved hydrophobic residues hh hh hhhh hh h h hhh hh h h h hhhh h hhhh h
110 120 130 B o 150 160 170
| | | — | | | |
Ahpl AKSLGVKDTTHIKFASDPG@AFTKSIGFELA- - - - -| GDGVYWSGRWAMVVENGIVTYAAKETNPG- - T~ - - -DVTVSSVESVLAHL
PM20_LIPKO GKALGVTDEAFI - FASDPGAEFSKSAGLSLDLPP- -- AFG-[TRTARYAI IVSNGVVKYVEKDSEG- - - -VAGSGVDAVLAAL
PM20_ASPFU GKANQVTGDDIL-FLSDPDARFSKSIGWADEE- - - -- - -G-[-RTKRYALVIDHGKITYAALEPAKN - -HLEFSSAETVLKHL
MLF3_MALFU GITEHAKD- -NLTFAQDVNEEFSKHFNATLDLSSK-|-GMG - [LRTARYALIANDLKVEYFGIDE- - - - - G- - - -EPKQSSAATVLSKL
PMP20_CANBO KKELGAADARKLIFVSDPNLKLTKKLGSTIDLSSI -|-GLG-[TRSGRLALIVNRSGIVEYAAIE-NG- -G- - - - EVDVSTAQKI IAKL
Prx_DROME GKEHGAAG- - KVRLLADPAGGFTKALDVTIDLPP- - LGG-[VRSKRYSLVVENGKVTELNVEPDG- - TGLSCSLANNIGKK
Prx_PYRRU GKEHNVNG- - KIRMLADTQATFTKS IDLGQDLAP - -- LGG-[YRSKRYSMVVENGKVQSLQVDPMVE - IMLVVELSV
hPRXV GRAHKAEG- - KVRLLADPTGAFGKETDLLLDDSLVS- IFGNRRLKRFSMVVQDGIVKALNVEPDG TGLTCSLAPNIISQL
rPrxv GRAHQAEG- - KVQLLADPTGAFGKETDLLLDDSLVS- LEGNRRLKRFSMVIDKGVVKALNVEPDG- - TGLTCSLAPNILSQL
bPrxV ARTHKAEG- - KVRLLADPSGTFGKETDLLLDDSLL-|FLEGNHRLKRFSMVIEDGIVKSLNVEPDG- - TGLTCSLAPNILSQL
Prx BRABE GKDOKAEG- - KVRMLADTGAEFTKAIGLDLDATG - -|- LLGNRSKRYSMLVEDGEVKQLNVEPDG- - TGLTCSLAEGLKL
ALTPX1 GKTYPENK- - HVKFVADGSGEYTHLLGLELDLKDK-|- GLG-VRSRRFALLLDDLKVTVANVESGGE- - -FTVSSADDILKAL
Prx_BRARA GKTYPENK- - HVKFVADGSGEYTKLLGLELDLKDK |- GLG - VRSRRFALLIDNLKVTVANVESGGE - FTVSSADDILKAL
Prx_POPTR AKSYPENK- - HVKFLADGSATYTHALGLELDLQGK-- GLG-[TRSRRFALLVDDLKVKAANIEGGGE - FTVSSAEDILKDL
Prx_ORYSA AKSYPENK- - HVKFLADGLGTYTKALGLELDLSEK |- GLG-[[RSRRFALLADNLKVTVANIEEGGQ- FTISGAEEILKAL
AtPrxc RKDLGIND- - EVMLLSDGNGEFTGKLGVELDLRDKHVGLG - VRSRRYATLADDGVVKVLNLEEGGA - FTNSSAEDMLKAL
OsPrxc KESLGLGDA-DVLLLSDGNLELTRALGVEMDLSDKEMGLG-[VRSRRYALLADDGVVKVLNLEEGGA - - - FTTSSAEEMLKAL
AtPrxm AEKLGAKD- - ATEFYGDFDGKFHKSLGLDKDLSAA |- LLG - PRSERWSAYVEDGKVKAVNVEEAPS - -DFKVTGAEVILGQI
OsPrxm AEKLQAKD- - ATEFYGDFDGSFHKSLDLEVDLSAA |- LLG-RRSHRWSAFVDDGKIKAFNVEVAPS - -DFKVSGAEVILDQI
Prx_AGRTU AQSSGGQG- - KIHFLADWDASFTKALGLDADLSGG |- GLG -[VRSKRYSMLVEDGVVKSLNVEENPG- -QATVSAARAAMIEQL
Prx_BRUSU AQSTGGEG- - KILFLADGSATFTKAAGLDIDLSGG |- GLG-VRSKRYSATVEDGVVKSLNIEEQPG- -QAVTSAASALLAQL
Prx_RHILO ARFTGGED- - KILFLADGSADFAKAVGLDNDLSAG-|- GMG - LRSKRFSMIVDDGKVTALNIETKPG- VDESGAAHILGQL
Prx_XANAX GRSQLIPD--GLHLLPDGNAELARALGLEID! MG-L.RSRRYALYADDAVVKALFVEEPGE- FKVSAADYVLQHLPD
Prx_PSEPU GN-SLQVGD-AVKMIGDGNGEFSEALGLTQDLSAR - GLG-RRSQRYAMLVDDQVVQY IAVESPGK - FEVSDAASLLAVLR
Prx_VIBPA G- -EAQNAS - EILMLGDGDASFTKALGLEMDTG- - RSQRYAMIIENGVVTTLNVEKPSE- --FEVSNAETILAAL
Prx VIBCH G- -EAQNAS - EIAMLADGDASFTKALGLEMDTG- - -|- NFGGVRSQRYAMVI ENNVVTLLNVEPPKT - - - - - - - FELSKAETVLASL
HybrP_VIBPA KHDQEAEH- - - ITF I PDGNGEFTDGMGMLVDKND - {IGFG-[KRSWRYSMLVKDGVIEKMFIEP- - - -NEP- GDPFKVSDADTMLNY IAPEYRTQ...
HybrP_VIBCH KDDQNADN- - - ITF I PDGNGEFTDGMGMLYVDKND - -LGFG-KRSWRY SMLVKDGVVEKMF IEP- - - - NEP - GDPFKVSDADTMLKY IAPQYKVOQ...
HybrP_YERPE KSDQHAEN- - - ITF TKGMNMLVEKAD- -[LGF Y SMLVRNGVVEKMEVEP - - - -NKP-GDPFEVSDADTMLKYLAPDFKVQ...
HybrP KEDEKSEN- - - ISFIPDGNGEFTEGMGMLVGKED - -[LGFG-KRSWRY SMLVKNGVVEKMF IEP- - - - NEP - GDPFKVSDADTMLKYLAPQHQVOQ...

Ahpl Secondary Structure ps h4 7

ps ps po hs

Conserved hydrophobic residues
Ficure 3: Partial sequence alignment of D-type peroxiredoxins. The alignment shows the region where the maximum of homology is
found. Only 30 of the 60 D-type Prx sequences are shown. The numbering corresponds to the sequence of Ahpl. Eleven residues strictly
or nearly strictly conserved in D-type Prx’s are displayed in bold (see the text). Nonperoxidatic cysteines in fungus Prx’s are indicated in
black boxes. Boxes A and B highlight two loops in Ahpl discussed in the text, and the gray boxes show residues conserved in all D-type
Prx’s but Ahpl. Residues with conserved hydrophobic character are indicated by “h” in the bottom line. Human PrxV (hPriV) and
influenzaehybrid Prx5 (HybrP) whose structures have been solved are indicated in bold. From the top to the bottom, lines distinguish
fungus, animal, plant, and bacterium Prx’s and bacterial hybrid Prx5. In the N-terminus, putative targeting sequences are found for 16
proteins (Supporting Information Table S2). More details of the 30 peptidic sequences (number of residues, organism, short classification,
SwissProt or Tr-EMBL access code) are found in the Supporting Information (Table S2).

Recently, it was shown that Prx’s exposed to a high
concentration of hydroperoxide are inactivated in vitro and
in vivo (6, 7, 16). This inactivation is caused by the over-
oxidation of the peroxidatic cysteine into a sulfinate/sulfonate
(Cys-SQ/SO57). Prouzet and co-workers have identified a
modified form of Ahpl inS. cereisiae sodlandlys7 null
mutants without superoxide dismutase activity7)( As

occurrence of a resolving cysteine at position 120. This
cysteine is not conserved in other Prx’'s (Figure 3), except
in yeast Mallassezia furfur(18). The assignment of the
backbone nuclei enabled us to define the topology of Ahp1l.
The oligomerization state of Ahpl was determined by
analysis of'N relaxation data and analytical ultracentrifu-
gation. We have characterized and defined by NMR the
evident from two-dimensional gel electrophoresis, the modi- overoxidized inactive form of Ahpl. An analysis of the
fied form has a molecular weight similar to that of the wild- amino acid sequences of the D-type Prx’s is presented. This
type protein but presents a more acidic isoelectric point (4.44 NMR study will be the basis of further work concerning
vs 4.56). The modified protein is monomeric on nonreducing structural and dynamical properties of Prx’s in solution,
SDS-PAGE, unlike active Ahpl, and is inefficient in  which will complement the X-ray studies undertaken to date.
reducingtBuOOH. The properties of this modified Ahpl are
consistent with an overoxidized peroxidatic cysteine. EXPERIMENTAL PROCEDURES

We report here the first NMR study of a member of the  Sample PreparationThe PCR product of Ahpl was
peroxiredoxin superfamily. Ahpl is a member of the D-type cloned into the plasmid pMosBlue (Amersham Life Science),
Prx’s and is uniqgue among the D-type in its ability to form and introduced intd. coli strain DH%. Plasmid pET16b
an intermolecular disulfide 1( 3). This is due to the  (Novagen) was used to express recombinant proteiB.in
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coli BL21(DE3). Manipulations of DNA andE. coli were referenced indirectly using tHél/X frequency ratios of the
as previously describe®), BL21(DE3) bacteria containing  zero point 24). NMR data were processed and analyzed
pET16b-Ahpl were grown in 10 mL of unlabeled LB using NMRPipe (25) and PIPP (26) software packages.
medium and then transferred into 150 mL and later into 1.5 Relaxation Data All relaxation experiments were per-
L of labeled M9 medium. Labeled M9 medium contained 1 formed at 500 MHz at 38C. R; (longitudinal relaxation
g-L 1 INH,CI, 4 g-L 1 [*3Cq]-D-glucose and 75/25 v/v D/ rate),R; (transverse relaxation rate), and the steady-&thte
H,O according to the protein labeling. When greached N NOE measurements were performed using the usual
0.5, recombinant protein expression was induced by additionpulse sequence27]). The R; and R, experiments were
of 1 mM isopropyl 1-thiog-p-galactopyranoside for 2.5 h  collected with 130 complex, increments, 1024, points,
at 37°C. Cells were pelleted and stored-a80 °C for the and 48 scans for each FID. F& measurements, spectra
subsequent protein extraction and broken by a hydraulic presswere recorded with six inversiefrecovery delays of 22, 55,
(Carver, model 3968) at 3500 psi an@®0 °C. Broken cells 155, 255, 500, and 755 ms and spectra were recorded twice
were then resuspended in 10 mL of chilled tiinding buffer at 155 ms. FoR, measurements, spectra were recorded at
(His.Bind System, Novagen) containing a protease inhibitor five Carr—Purcel-Meiboom-Gill (CPMG) delays of 17,
mixture (Complete Mini, EDTA-free, Roche Molecular 33, 50, 67, and 83 ms and spectra were duplicated at 33 and
Biochemicals) and DNase A. Soluble proteins were recovered67 ms. Short delays were used because of Rasates. A
by centrifugation at 150@pfor 15 min. Cell fragments were 900 us period separated two 18N pulses in the CPMG
frozen and submitted two more times to protein extraction. sequence!H—"N NOE spectra with 182« 2 complext;
All protein-containing supernatants were pooled and applied increments, 1024, points, and 304 scans per FID were
to the His.Bind(N#' resin) equilibrated column, and proteins recorded in an interleaved way with and without proton
were purified as recommended by Novagen. Purified proteins saturation during relaxation delay. Recycle delays of 5 and
were washed and concentrated with 50 mM potassium 2 s were used for the spectrum recorded, respectively, in
phosphate, pH 5.8, by ultrafiltration on a Microcon column the absence and in the occurrence of proton saturation. The
(Amicon-Millipore) to a final volume of about 0.5 mL. H saturation was achieved by the application of 2129
Selective labeling of thefF*Clcysteines was achieved as pulses separated by 5 ms, for a period of 3 s.
previously describedl1@). Relaxation Data Analysiseak heights (in arbitrary units)
Ahp1l overoxidation was achieved in vitro in 0.5 mL of of the *H—'N cross-peaks were measured using PIPP
50 mM potassium phosphate buffer at’@ during 48 h. software 26). The uncertainty of the peak heights was
Ahp1l (0.6 mM) was first reduced by 37 mM DTT (60 equiv). determined as twice the spectrum noise given by NMRPipe
OxidanttBuOOH was then added to a final concentration (25). The cross-peak heights were then fit to a single-
of 37 mM (60 equiv). After the incubation, the protein was exponential decay functiokft) = l,e R to get theR; andR,
washed by ultrafiltration with 50 mM potassium phosphate values ((t) is the intensity at relaxation delaly I, the
buffer, pH 5.8, to obtain 0.5 mL of solution. Free cysteine- intensity att = 0). The errors irR; or R, were estimated by
sulfinic acid and free cysteinesulfonic acid (cysteic acid) Monte Carlo simulations. ThiH—°N heteronuclear NOEs
(both from Sigma) were dissolved separately in 50 mM-Na were calculated from the ratio between the intensities of a
PO, (Prolabo) until the pH was 7; the final concentrations peak in the spectra collected with and without proton
in free amino acid were 100 and 75 mM, respectively. The saturation, respectively. The errors in the NOE values were

NMR samples were prepared as described below. determined as standard errors. The Tensor2 softwzBe (
NMR SpectroscopyNMR samples contained-1 mM was used to obtain the rotational correlation time
uniformly 5N-, 15N/*3C-, or 15N/*3C/50% °H-labeled Ahp1l Hydrogen Exchange Experimengssolution of [U+3C N]-

and~0.7 mM selectively -'3C]Cys-labeled Ahpl, in NMR  Ahpl was lyophilized and dissolved in 550 of 100% D,O.
buffer (50 mM potassium phosphate, 90%Q#410% DO, A series of'H—'N HSQC spectra were collected at 38

5 mM DTT, 0.02% Nal) at pH 5.8. NMR data were after the addition of BO solvent. "N cross-peaks that
collected at 38C. One-, two-, and three-dimensional NMR remained observable after more than 20 min were classified
experiments were recorded on Bruker Avance DRX-500 as slowly exchanging amide protons.

(Lyon) and Varian Inova Unity 600 and 800 (Grenoble) Analytical Ultracentrifugation Sedimentation velocity
spectrometers. Backbone resonance assignments were olexperiments were performed on reduced, overoxidized, and
tained from a series of deuterium-decoupled heteronuclearoxidized samples of Ahpl at 20 and 38. The solvents
three-dimensional experiments [HNCO, d-HN(CA)CO, d- were the same as in NMR conditions (50 mM potassium
HNCA, d-MQ-HNCOCA, d-HN(CA)CB, d-HN(COCA)CB, phosphate, pH 5.8, 0.02% NgiNthe reduced and overoxi-
d-(H)C(CCO)NH-TOCSY] taken from the Varian Protein dized samples contained in addition 6 mM DTT. Three
Pack, except for the d-MQ-HNCOCA(Q) and the d-HN- protein concentrations were typically investigated (0.8, 5,
(COCA)CB experiments. A 3BH—N NOESY-HSQC and 10 mgmL~%). Samples of 100 or 400L were loaded
experiment 21) was recorded with a mixing time of 120 into 3 or 12 mm path length double-sector cells, respectively,
ms. Two-dimensionalH—3C HSQC and 1D{H}-de- and centrifuged at 42000 rpm, using a XL-l analytical
coupled'3C spectra were recorded on the selectivéi{]- ultracentrifuge and an AN-60 TI rotor (Beckman Instru-
Cys-labeled samples. The parameters used for the experiiments). The sedimentation profiles were recorded using
ments are given in the Supporting Information (Table S1). absorbance optics at 275 nm at typically 5 min intervals and
Quadrature detection in the indirectly detected dimensionsfor 11 h. The SEDNTERP program (V 1.01, developed by
was achieved by either echo/antiect®?)(or states Z3) D. B. Haynes, T. Laue, and J. Philo, available at http://
methods. All*H dimensions were referenced to the(H www.bbri.org/RASMB/rasmb.html) was used to calculate,
signal relative to DSS, an#®C and!*N dimensions were  at 38°C, a solvent densityp) and viscosity £) of 0.9991
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g-mL~*and 0.6873 mPa, respectively, and a partial specific ~ E129 L130 A131 V132 G133 D134 G135 V136
volume of the proteinz() from the amino acid composition S
of 0.7383 ml:g~*. The corresponding values at 20 were
1.0043 gmL™?, 1.0150 mPss, and 0.7328 mig™L. These
values were used to normalize the experimental sedimenta-
tion () scale asyowVvalues and to estimate theoretical values
for the sedimentation coefficients of Ahpl multimers of
globular shape (frictional ratio of 1.25).

The sedimentation profiles corresponding to each sample|.
were analyzed using direct global modeling of the boundary
profiles with the program Sedfit (http://www.analyticalul-
tracentrifugation.com/). Sedfit takes advantage of a radial | . |
and time-independent noise subtractia?®)( In a first
approach of the program, finite element solutions of the L.
Lamm equation for a large number of discrete, independent 01 9
species, for which a relationship among mass, sedimentation, 1H
and diffusion coefficients is assumed, are combined to (ppm)
represent the experimental data as a continuous size distribulé'gURE 43t_1H/130 SiUiIOS ffOf(? ﬂﬁirgf’ég'ages ﬁf Ijh?' HN(COC{A)- f
ion (30, We used typically 200 generated sets ofcata on a 5, (oHIOUS 2] ing HA(CRICE (aened Ine) spects o
grid of 500 radial points, calculated using a frictional ratio connectivities for the E129v136 sequence. HN(COCA)CB and
of 1.25 for sedimentation coefficients comprised between 2 HN(CA)CB spectra were recorded at 38 at 600 and 800 MHz,

and 15 or 20 S, at 20 and 3&, respectively, to model respectivelyH and*3C chemical shifts (ppm) are given by tie
experimental selected sedimentation profiles (at °20) andy axes, respectively. Stars indicate glyct€a signals which
profiles obtained every 25 min, and at 38, every 10 min, appear as negative peaks according to the pulse sequence.
typically) in a continuous distribution of particles, using a could be observed in the HNCA experiment. Ahpl was then
regularization procedurd=(ratio of 0.68) (the details of the  uniformly *3C- and **N-labeled and 50% uniformlyH-
procedure are described on the Web site). In a secondlabeled to yield better spectra. The backbone assignment was
approach, the sedimentation profiles can be analyzed in termsaccomplished using HNCO, d-HN(CA)CO, d-HNCA, d-MQ-
of one or two noninteracting species, if the model is HNCOCA, d-HN(CA)CB, d-HN(COCA)CB, and d-(H)C-
appropriate 31), which allows the independent evaluation (CCO)NH experiments recorded &H{ 800 and 600 MHz

of the sedimentations| and diffusion D) coefficients for (Supporting Information Table S1). The assignment was also
each species, from which the molar mad$ is derived using ~ completed and confirmed by sequential NOEs from*the

the Svedberg equationy = sSRTD(1 — p?). NOESY—HSQC experiment. Finally, 92% of théN and

Alignment Peptidic sequences presenting Ahp1 homology H": 95% of the**Ca and **CO, and 90% of the'*Cj
were collected with BLAST search on the Swiss-Prot and 'ésonances were assigned (BioMagResBank 5816 entry,
Tr EMBL protein data banks by NPSA (http://npsa-pbil.ib- http://omrb.wisc.edu/). The "H15N connectivities of 13
cp.fr/) (32). The criterion of peptidic sequence selection was fesidues (150, S59, C62, S65, H66, 167, V89, T90, W100,
the presence of the catalytic cysteines and the catalyticF114, A115, S167, and V169) could not be assigned in the
conserved residues. Sixty sequences from bacteria, plantsHSQC spectrum. However, 11 unassigned and very weak
fungi, and animals were aligned with CLUSTALW of NPSA. Cross-peaks without any transfer in the triple-resonance

The Ahp1 sequence (in the upper line) will be the reference eXperiments remained observable in the HSQC. Fae
for the amino acid numbering given above. and*3Cp resonances of the peroxidatic cysteine C62 and the

resolving cysteine C120 have been assigned. C62 resonances
could be assigned using interresidual correlations of T63.
Strips of the E129V136 sequence corresponding to the
d-HN(COCA)CB and d-HN(CA)CB experiments are shown
in Figure 4.

Overoxidation. Sulfenic acid RSOH has been shown to

e an intermediate in peroxiredoxin mechanisms (Figure 1)
35). This sulfenic acid can react readily with another thiol,
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Model CalculationModels for the monomer of Ahpl were
calculated using Modeller3@). The structure of the Prx
domain of hybrid Prx5 fronHaemophilus influenza@°DB
code 1NM3; 34) was used as a template. The domain
presents 32% identity with Ahpl. The NMR data were taken
into account for the model calculation and used for the
alignment of the peptidic sequences. Constraints were adde

in Modeller scripts to define the secondary structural R'SH. to make a disulfide bond, RSSR, which is then

elements as defined by NMR data. NOE cross-peaks anOIreduced by a dithiol. However, a sulfenic acid may also be

Eystigﬂznp:;:ﬁgange experiments were used to define theoveroxidized by hydroperoxides into a sulfinate, RSGhat

can be further oxidized into a sulfonate, RSOThe
RESULTS assignment of the cysteirtéC resonances of Ahpl enabled
us to define the redox state of the cysteine in the inactive
Backbone Assignmerhpl in nonreducing media gave Prx overoxidized in vitro bBuOOH. The protein shows
very broad NMR signals that were significantly sharpened the same biochemical properties as the protein characterized
in the presence of an excess of DTT. However, the three-after in vivo oxidative stress oAAsodl and Alys7 yeast
dimensional triple-resonance experiments recorded on amutants 17). *H—3C HSQC spectra were recorded for the
[U-C/**N]-labeled sample of reduced Ahpl gave poor native reduced protein and for the in vitro overoxidized
magnetization transfer. Only 50% of the expected signals protein both selectively labeled witB{:*C]Cys (parts A and
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B2 and (6/57) are located in the N-terminus and the

* 7 . L
A e ,q. - B LI % ' N C-terminus, respectively. A five-stranded mixed parallel and
Cyst20 Cysst «w@}: ) oysat S a0 antiparallels-sheet 3/54/55/58/59) folds in a—1x, —1x,
S, = ﬁ;}ﬁgmf‘a? ’ L0 +3, +1 topology (Figure 7, Ill). Ap-bulge has been
o ..3”’ ) & . g characterized at the beginning@strand 9. Almost all amide
ey . oS 40 S protons of the residues located in the center offtteheets
‘ ) Cysb2-50y 2 are protected from exchange with the solvent (Figure 6).
== = Some amide protons are still observed in‘tHe-1"N HSQC
) Lo i Cysso S experiment after several months i@ The hydrogen-
Te L e bonding in thej-sheets consistent with the observed amide
) L ] ! . : b ! proton exchange and the NOE data is indicated by dashed
"H 8 (ppm) lines in Figure 7.

FIGURE 5: 1H—13C HSQC spectra of reduced (A) and overoxidized 15N Relaxation A uniformly *N-labeled sample was used
(B) [B3-13C]Cys-labeled Ahpl recorded at 38 and 500 MHz. The to record®N R; andR, and'H—15N NOE relaxation data at

additional NMR signals in the HSQC spectra indicate that the o . .
[13Cp]-labeled cysteine was metabolized during bacterial growth. 38°C and (H) 500 MHz. The relaxation data are shown in

The cross-peaks of the three cysteines of Ahp1 are labeled. C62 isFigure 8. Low!H—'"N NOE values are observed for the
the peroxidatic cysteine, and C120 is the resolving cysteine. After N-terminal extremity and for the Q2332 segment (A in
the overoxidation, the signals of the peroxidatic cysteine Cys62 Figure 8), indicating very flexible regions with fast internal
are shifted. The positions of tH#CH, resonances of free cysteine- motion. This is in accordance with very few sequential
sulfinate (Cys-S@) and -sulfonate (Cys-S0) are schematically HN-IH NOE correlations being observed for these residues

indicated by dashed- and solid-lined boxes, respectively. - : : >0
Another region, V132V136 (B in Figure 8), exhibits
B of Figure 5, respectively). The spectra are very similar, Particular dynamic properties, as demonstrated by its clearly

except for the §-13C]Cys62 signals. Upon oxidatiop[:*C]- higherR; values and loweR; values, as well as a loWH—
Cys62 weak signalsd(2*C) = 29.4 ppm.,d(*H) = 3.30 and N NOE for D134. This region would globally remain
3.05 ppm) disappear, and a £system appears &(**C) = structured, as suggested by the many sequential and long-

50.8 ppm andd(*H) = 3.50 and 3.35 ppm (Figure 5). To fange H~*H NOEs observed. The mean values for ¢
define the redox state of the cysteifd~13C HSQC spectra ~ Ru @and R in the regular secondary structure elements are
of free cysteinesulfinate (Cys-$Q and -sulfonate (Cys- ~0-81+ 0.08 and 19.7- 1.9 s, respectively. The average
S0y) were recorded in the same conditions (88 pH 5.8, Re/R ratio for these residues allows an estimation of the
50 mM potassium phosphate). Reference8@f, chemical global correlation timetc) of the protein. A value of 18.4
shifts were obtained: Cys-SQ 6(13C) = 60.1 ppm,d(*H) + 0.1 ns was deduced farc using the isotropic model.

= 2.83 and 2.71 ppm; Cys-SQ 6(13C) = 52.8 ppmd(*H) Further analysis showed that the protein rotational diffusion
= 3.50 and 3.34 ppm. The observed methylene chemical Properties were in fact significantly anisotropic, and a more
shifts are therefore in good agreement with the sulfonate detailed relaxation interpretation in terms of dynamic pa-

chemical shifts 46(*H) < 0.1 ppm,Ad(*3C) = 1 ppm), rameters therefore required an anisotropic model. Detailed
indicating that Ahp1 overoxidized in vitro presents a Cys- Studies of the relaxation data will be published elsewhere.
SO; residue in the active site. Analytical Ultracentrifugation To characterize the disper-

Topology of AhplThe secondary structure of Ahpl was sion of the oligomeric states of Ahpl, analytical ultracen-
determined on the basis of'H'H NOE data, amide proton trifugation experiments were performed at 20 and®G&n
exchanged6), and**Co. and'3CO chemical shifts with CSI  the oxidized (as extracted from the purification), reduced,
(37) and TALOS 38) methods. A summary of the NMR  and overoxidized forms of Ahpl. Each state was studied at
data is given in Figures 6 and 7. Five helices were identified three protein concentrations (0.8, 5, and 10mmg1). Figure
in Ahpl. Helices 3 and 4 start right after proline residues, 9 shows the distribution of sedimentation coefficients for
as commonly observed in many proteins. Three independentthe most concentrated samples at°88 Table 1 compares
pB-sheets were characterized. Two antiparglsheets 1/ the values of the mean sedimentation coefficient for each

(ALD B> ( Tz D

Seqguence MSDLVNKKFPAGDYKFQYIAISQSDADSESCKMPQTVEWSKLISENKKVIITGAPAAFSPTCTVSHIPGYINYLDELVKEKEVDQVIVVT 90
Exchange 7 0 77761 7 376 372 37.7777 37. .33... 67344 146 33374377777
CSI bbbbbbbbEHEHE HHH bbbbbbHHHHH bbbbbbb HHH HHH HHHHHHHHHHHHH bbbbb

TALOS b bbbbbbbb H b bbbbHHHHHH b bbbbb b HHHH HHHHHHHHHHHHHH bbb b
NOE (Ni,Ni+2) ==

NCE (i, Ni+3) = —
NOE (i, Ni+4) —_

C—m=m 0 [CESCHE D E B CFE> (B>
Sequence VDNPFANQAWAKSLGVKDTTHIKFASDPGCAFTKSIGFELAVGDGVYWSGRWAMVVENGIVTYAAKETNPGTDVIVSSVESVLAHL 176
Protection 335 37777.7777 4 77.777 56377373323 0 7 07327 737777 07667 7 447 7 .2.0357 3
csI bbbHHHHHH bbb HHHHHHHH bbb b bbb bbbbbbbb bbbbbbb bbbb HEHEEEEHEEH
TALOS HEEE b b H bbb b HHHHHHH bbb bbb bbb bbb b  bbbb H  HHHEH
NOE (Ni,Ni+2) _— —_
NOE (i, Ni+3) . i
NOE (@i, Ni+4) - —

FiIGURE 6: Summary of amide exchange data, secondary structures, and patterns of medium-range NOEs for Afipéxtihénhge of M

followed by 2DH—15N HSQC, residues indexed 0, 1, 2, 3, 4, 5, 6, and 7 give cross-peaks still present after 20 min, 35 min, 1 h, 1.5 h,
3 days, 6 days, 9 days, and 7 months, respectively. Dots are for unassigned residues.3l) @& TALOS (38) indexes, “H” and “b”
represent prediction of helix arééstrand conformations, respectively. Medium-range NOEs characteristic of helicesi (N 2), (i, Ni

+ 3), and (i, Ni + 4) are indicated with lines.
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o 1.0
FIGURE 7: S-Strand pairing scheme and topology of Ahp1 deduced ' \vM i ‘an- iTmlP"““‘ VD“"’

from NMR experiments. (I) Centrgl-sheet composed of parallel

(53/p41p5) and antiparallel§3/38/39) strandsf-strand 9 presents c(s)
af-bulge. Arrows indicate NOE connectivities. (Il) Two indepen-

dent antiparallep3-sheets located next to the N-terminy#432)

and between helix 4 angtstrand 8 $6/37). (111) Topology of Ahp1l. 0.5
The peroxidatic cysteine C62 and the resolving cysteine C120 are
indicated by a black star in helix 2 and a white star in helix 4,
respectively. Secondary structural elements are not displayed to

scale.

s20,w
sample and provides a qualitative characterization of the LT : . - : ; ”
distribution. The distribution for the reduced sample at 38 . )

° ; : : FiIGurRe 9: Sedimentation velocity experiments of Ahpl. Sedimen-
C shows, independently from the protein concentrations, ... velocity experiments performed at 38 and 42000 rpm were

one unique peak with a sedimentation coefficient vaii@(  analyzed in terms of a continuous distribution of sedimentation
= 3.4 S) close to that of a theoretical globular dimer (Table coefficientssyo,, (See the Experimental Procedures). The vertical
1 and Figure 9). The analysis in terms of noninteracting scale was adapted to assign for the various samples the same
species leads to a molecular mass range of4® kDa arbitrary concentration for the main sedimenting species. The
. - . distributions have been obtained for the 489 reduced (dashed
compatible with the gllmer (calculated va_Iue of 43 kDa). At line), 460 4M native (oxidized) (continuous line), and 450
20 °C, an autoassociation phenomenon is suggested towarcyeroxidized (dotted line) samples. “M”, “D”, “Tri", “Tetra”,
heavier entities (possibly tetramers) from the increase of the“Penta”, and “Deca” represent the theoretisgl,, values for the
mean sedimentation coefficient and the appearance of large@lobular monomer, dimer, trimer, tetramer, pentamer, and decamer,
species at the highest concentration (see Table 1). For thd ©SPECtively.
native sample, the value of the sedimentation coefficient and peaks at 2.3 and 3.25 S (at 10 mud.%; see Figure 9) or
the peak width for the main peak increase with the protein one larger and unresolved peak of maximum 3.15 S (at lower
concentration (Table 1), showing a clear concentration- protein concentrations, data not shown). The experimental
dependent autoassociation at 2D and, to a lesser extent, sedimentation profiles can be correctly fitted by a mixture
at 38°C. of 15-25% monomers and 785% dimers, without any
The behavior of the overoxidized sample is different from concentration dependence. The dimer sedimentation coef-
that of the other two redox forms. At 38 and 2Q, the ficient average is slightly smaller (3.2 S) than the native and
distribution of sedimentation coefficients shows either two reduced ones (343.5 S), while the monomer value (2.3 S)
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Table 1: Sedimentation Velocity Experiments of Ahpl

means;ow (S)
T 0.8 mgmL™* 5mgmL~?t 10 mgmL™* species in addition to

(°C) Ahpl Ahpl Ahpl the main one at34 S
reduced form 38 3.3 3.4 3.4

20 3.3 35 3.9 58 S at10 mgmL™*
oxidized form 38 3.4 3.7 3.9 58 Sat5and 10 mgnL?

20 34 3.6 3.8 58S at0.8, 5, and 10 mglL*
overoxidized form 38 3.0 3.0 3.0 2.2Sat0.8, 5, and 16mig*

20 3.2 2.9 2.2Sat0.8 and 10 mg_*

Ficure 10: Stereoviews of the Ahpl model. (I) Representation of the backbone of the monomer of Ahpl. “A” and “B” indicate two
regions of the protein discussed in the text. (1) Residues conserved in D-type Prx’s. For clarity, loop A has been omitted. Residues from
the active site of the protein are colored in red. Other conserved residues are colored in blue, and the peroxidatic cysteine C62 is colored
in yellow. (lll) Ahpl-specific residues (see the text and Figure 3). The peroxidatic and resolving cyteines are both colored in yellow.
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is in agreement with the theoreticah (2.2 S) expected in a -strand/turng-strand conformation in Ahpl (Figures
for globular species. 6 and 7). NOEs and heteronuclear relaxation data suggest
that both the N-terminal insertion and the V132136 turn
DISCUSSION are exposed to the solvent as illustrated in the model (Figure
Structural Characterization of AhpIThe NMR-based 10, I).
topology of Ahpl is similar to those of other known Prx Six residues from the active site (S59, C62, S65, H66,
structures (reviewed in ré&) (Figure 7, 1l1). Models of mon- 167, and W100) could not be assigned in the HSQC spectrum,
omeric Ahpl were calculated to localize some amino acids most probably due to broad resonances. This could be caused
as discussed below. For the model calculations, NMR databy specific chemical or conformational exchange at inter-
(NOEs, chemical shifts, and hydrogen exchange experiments)mediate rates, as recently observed for the active site of the
were used to define constraints for the secondary structuralmalate synthase G fro. coli (44). In some X-ray structures
elements. The global structure was found to be similar to of B-type Prx’s, the unwinding of helix 2 has been observed
the structure of D-type Prx’s. The thioredoxin fol@i3(h2/ (41, 45). MoreoverB factors of the bacterial Prx AhpC
p4/h3/h4p8/59/h5) is completed by one helix (h1) and five indicate that the active site pocket presents a certain disorder
pB-strands 61, 32, 55, 86, 7), f1—32 and6—p37 forming (6, 7). Such a disorder could reflect a flexibility of the redox-
two independeng-sheets as illustrated in Figure 10. active loop necessary for the disulfide formation between
Oligomerization of AhplFrom N relaxation data, the distant cysteines.
correlation timer. of reduced Ahpl was estimated to 18.4  Oweroxidation of Ahp1Recent in vivo studies have shown
+ 0.1 ns, a value hardly compatible with a monomeric that human A-type Prx’s are inactivated by overoxidation
molecular mass of 19 kDa. As a comparisenyalues of of the peroxidatic cysteine into sulfinate and/or sulfonéte (
proteins with molecular mass in the range of~1IB kDa 7, 16, 46). Similar effects have been noticed in vitro for
were calculated fromN relaxation data at 37C (39). The mammal, plant, and yeast A-type Prx'8).(Bacterial Prx
7¢ values range between 5.92 and 8.45 ns, with an averagehomologues need higher concentrations of hydroperoxide to
value of 7.22+ 0.56 ns. Ther. value of Ahpl strongly be inactivated and have a lower sensitivity to overoxidation.
suggests that the protein is mainly a stable dimer in solution. The sensitivity of eukaryotic A-type Prx’s toward overoxi-
This dimeric state in solution is clearly confirmed by dation is supposed to be associated with structural elements
sedimentation velocity analysis (Figure 9). Whatever the localized mainly in the C-terminal portior6), The corre-
redox state of the protein, Ahpl essentially appears as a dimeisponding structural elements are found neither in D-type
at 38 °C. Unlike the reduced A-type Prx's4Q, 41), no enzymes nor in B-, C-, and E-type Prx’s. However, the p
decamers are clearly detected. However, a concentration-and the catalytic properties of Ahpl have been shown to be
dependent autoassociation is observed in the case of thaffected by overoxidation effectd 7). We used the specific
oxidized form. The D-type human PrxV was already sug- NMR chemical shifts to determine the redox state of the
gested to exist as a dimer in its native state according to catalytic cysteine aftetBuOOH-induced overoxidation.
HPLC gel filtration analysisg) and X-ray crystallography  Under the in vitro experimental conditions, the catalytic
(34). For the D-type hybrid Prx5, ultracentrifugation and cysteine appears unambiguously transformed into sulfonate
crystallographic data have shown that the protein is a (RSG;™) (see Figure 5). Interestingly, analytical ultracen-
tetramer, in which both glutaredoxin and Prx domains are trifugation indicates that the overoxidized form of Ahpl is
dimeric to form a supramolecular enzymatic assem84).( slightly different from the oxidized and reduced forms. A
All these results strongly suggest that all D-type Prx’s are monomeric form is detected, constituting-185% of the
dimers in solution. total overoxidized protein sample, whereas oxidized and
Local Dynamics of AhpJAccording to the'™N relaxation reduced forms do not appear as monomers. Moreover, the
data, two loop regions labeled A and B in Figures 3, 8, and dimer s value is slightly, but significantly, lower than the
10 show particular dynamics. These regions are the 10-other forms. This could indicate a possible loss of compact-
residue insertion connectingsstrand 1 angs-strand 2 and  ness of the overoxidized dimer.
a turn located betweefi-strand 6 angB-strand 7, respec- Residues Conseed in the D-Type Prx'sEleven residues
tively. The loop A (Q23-K32 in Ahpl) is only present in  are invariable, or nearly invariable, within 60 sequences of
D-type Prx’s from some fungi (Figure 3). The insertion is D-type Prx’s, a selection of which is given in Figure 3 for
rich in polar residues (S, D/E) and presents one conservedclarity. These conserved residues correspond to K47, P55,
cysteine (Figure 3), but the Cys Ser mutation does not F58, S59, C62, T63, H66, W100, D117, R141, and E157 in
affect the antioxidant properties of Ahpl)(All NMR data the Ahpl protein (in bold in Figure 3). P55, S[T]59, C62,
(chemical shifts, homonuclear NOEs, and relaxation data) and R141 residues are also found in all other Prx’s as shown
indicate that the Q23K32 loop is unstructured with  in Figure 2. Six residues (P55, S59, T63, H66, W100, and
characteristic fast motions (Figures 6 and 8). This mobile R141) (in red in Figure 10, Il) are part of the active site
loop is clearly not part of the core structure of the protein surrounding the peroxidatic C62 (in yellow). P55 protects
(Figure 10, 1). This charged loop could potentially be an C62 from solvent accessibility6). R141 is proposed to
interaction motif for a biological partner of Prx, such as stabilize the anionic form of C62 and probably lowers its
thioredoxin, glutaredoxin, or another protein. Interestingly, pK, value @7—49). The hydroxylated residue homologous
the other mobile loop, V132V136 (B in Figure 8), is to S59 in other D-type Prx’s (threonine) is thought to play
located in a region which presents variable structures in an activating role on the peroxidatic cysteine as the proton
known X-ray crystallographic Prx structures-helix (42), acceptor of the Cys62H(50). The residue threonine forms
pB-hairpin 34, 40, 41), or a noncanonical structurg, (43). a hydrogen bond with the cysteine in all reduced Prx
According to the NMR data, this region is clearly structured structures. The Ahpl Ser Asp mutant inactivity supports
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such a role for this residud.Q). In B- and D-type Prx X-ray = ACKNOWLEDGMENT
structures §, 34, 42), the tryptophan homologous to W100
forms a hydrogen bond with the conserved hydroxylated
residue homologous to T63. This bond constrains the bulky
side chain of W100 to obstruct one side of the active site.
H66 located near R141 obstructs another side of the active
site. The four other invariant residues, K47, F58, D117, and
E157, are displayed in blue in Figure 10, Il. K47 is located
near the surface opposite the active site. No particular role Tables S1, NMR experiments and parameters used to
is described for this charged residue. F58 is conserved in allacquire chemical shift assignments of Ahpl, and S2, peptidic
Prx’s except C- and E-types. This hydrophobic residue is sequence alignment of 60 D-type peroxiredoxins from fungi,
involved in the dimetdimer interface of the A-type Prx’s  bacteria, archaebacteria, and animals. This material is avail-
(45). The charged residue D117 forms a hydrogen bond with able free of charge via the Internet at http://pubs.acs.org.
the backbone amide of the hydrophobic residde5 (F122)
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