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m Abstract Thioredoxinstheubiguitoussmallproteinswith aredoxactive disul-

fidebridge,areimportantregulatoryelementsn plantmetabolisminitially recognized
asregulatoryproteinsin thereversiblelight activationof key photosynthetienzymes,
they have subsequentipeenfoundin the cytoplasmandin mitochondriaThevarious
plantthioredoxinsaredifferentin structureandfunction.Dependingntheirintracellu-

lar locationthey arereducedenzymaticallyby anNADP-dependendr by aferredoxin

(light)-dependenteductaseand transmitthe regulatory signalto selectedtamget en-

zymesthroughdisulfide/dithiolinterchangeeactions.n this review we summarize
recentdevelopmentsthat have provided new insightsinto the structuresof several

componentsndinto themechanisnof actionof thethioredoxinsystemsn plants.
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INTRODUCTION

Thioredoxinsaresmallproteinswith aredoxactive disulfidebridgepresenin the
characteristiactive site sequence-p-Cys-Gly-Pro-Cys-. They have amolecular
masof approximatelyl2kDaandareuniversallydistributedin animal plant,and
bacterialcells. In their reducedform they constitutevery efficient proteindisul-
fide oxido-reductasednitially describedas hydrogencarriersin ribonucleotide
reductionin Esderichia coli, they have beenfound to sere as electrondonors
in a variety of cellular redox reactions(65). In oxygenic photosyntheticcells
thioredoxinawvererecognizedsimportantregulatoryproteinsin carbonassimila-
tion (16,22).

Only two typesof thioredoxinshave beenfoundin bacterisandanimaltissues,
but planttissuesontainmultiple forms:two in chloroplastspnein thecytoplasm,
andonein mitochondria.Although all thioredoxinsare of comparablesizeand
appeatto have very similar redoxpropertiesthey fulfill specificfunctions.This
specificityis dueto structuralcomplementaritywhich allows specificinteraction
betweerthe differentthioredoxinsandtheir respectie targetproteins.

Dependingontheirintracellularlocation,thioredoxinsarereducedyy a differ-
entelectrondonor system.Thioredoxinsin nonphotosynthetitissueandin the
cytosol of photosyntheticells arereducedwith electronsfrom NADPH via the
NADP/thioredoxinsystemwhereaghechloroplasthioredoxinsof plantsandeu-
karyotic algaeandthe thioredoxinsof oxygenicphotosynthetiqrokaryotesare
reducedvia the ferredoxin/thioredoxirsystemwith elecronsprovided by photo-
syntheticelectrontransport.

In this review we describerecentdevelopmentsjncluding new structuralin-
formation, that provide a betterunderstandingf the structureand function of
thioredoxinsystemsn plantsandpresensomeinformationon new developments
andon proteinswith structuralor functionalsimilarity to thioredoxins Different
aspect®f thethioredoxinsystemsn plantshave beendiscussedn severalrecent
publications(7,17,18,20,21,44,49,49a,73,95a,128,135a,136,140,166a).For
detailednformationonearlierdevelopmentsve referthereadeito formerreviews
in this serieg(16,65).

CYTOPLASMIC AND MITOCHONDRIAL
NADP-DEPENDENT THIOREDOXIN SYSTEMS

Plantcells,like bacterialandanimalcells, containa cytosolicthioredoxinsystem
thatis dependenbn NADPH for its reduction(48,151).1n this cytosolicsystem,



thereducingpower of NADPH is transferredo thioredoxinvia a flavoprotein—
the NADPH:thioredoxinreductasQNTR).1

Genomic Organization, Structure, and Functions
of NADPH:Thioredoxin Reductase

A cDNA codingfor this enzymehasbeenisolatedfrom Arabidopsisthaliana
The deducedprimary structureof the protein displayssignificanthomologyto
E. coli NTR (75). Southernblot experimentsindicate that at leasttwo differ-
entgenescodingfor NTR are presentin Arabidopsis with the total numberof
genesbeing low. Following the isolation of cDNAs codingfor NTR, the crys-
tal structureof the recombinantprotein hasbeenelucidated.The enzymeis a
homodimerwith sulunits of about35 kDa. Eachof the sulunits possessesvo
subdomainsa centraINADPH bindingdomain,anda domainconstitutecby the
N and C termini, which bindsFAD. In addition, eachsulunit containsa redox
active disulfidein a CATC motif (35). Much asin the E. coli enzyme,the re-
dox active site is facing the isoalloxazinring of the flavin bringing the redox
entitiesin close contact,therebyfacilitating electrontransferfrom FAD to the
disulfide.Comparisorof thecrystalstructuref the E. coli andArabidopsispro-
teinssuggestshatin orderto accommodatathioredoxinmolecule thereductase
mustundego a structuralchange]ik ely to occurat a hinge situatedat the junc-
tion betweerthe FAD andNADPH subdomainsPlantNTR appeargo be much
more closelyrelatedto the prokaryotictype enzyme(prototypeE. coli) thanto
the mammalianenzymethat containsan N-terminal extensionaswell asan es-
sentialselenogsteine(53). Like mary otherflavoproteinsthe ArabidopsisNTR
alsopossessediaphorasectivity andit is ableto reducequinoneandnitrocom-
pounds(11,101).

Genomic Organization, Structure of the Thioredoxin h
Component

Thecytosolicthioredoxinhasbeentermedthioredoxinh, as heterotrophicsinceit
was originally foundin nonphotosynthetitissueg79,151). A numberof thiore-
doxin h cDNA sequence$iave beenisolatedfrom both nonphotosyntheti@nd
photosynthetitissuesmostnotablyin Arabidopsig125).All deducedsequences
sharearatherhigh degreeof homology exceptthatthe canonicabctive-sitemotif
(WCGFC) is modifiedto WCPRC in severalmembersAt leastfive genescoding

1Abbreviations:DTT, dithiothreitol; FBPase fructosel,6-bisphosphataséd, ferredoxin;
FTR, ferredoxin:thioredoxirreductase GSH, reducedglutathione;G6PDH, glucose6-
phosphatelehydrogenasésAPDH, glyceraldehyde&-phosphatelehydrogenaseyADP-
MDH, NADP-dependeninalate dehydrogenaseNTR, NADPH:thioredoxinreductase;
PRK, phosphorillokinase;Rubisco,ribulose 1,5-bisphosphatearboxylase/oxygenase;
SBPRase sedoheptulosg,7-bisphosphataseérx, thioredoxin.



for thioredoxinh arepresentin Arabidopsis Primarystructureanalysesndicate
that all theseproteinsare closely relatedfrom an evolutionary standpoint(73).
Thioredoxinh sequenceareslightly longerthantheoneof E. coli—theprototype
prokaryoticthioredoxin—mostlyowing to N- and/orC-terminalextensions.So
far, theNMR solutionstructureof oxidizedthioredoxinh from the photosynthetic
greenalgaChlamydomonaseinhadtii is the only oneavailable(102).In agree-
mentwith primarystructureanalysesthemodelindicateghatplantthioredoxinh
is muchcloserto humanthioredoxinthanto the E. coli type. Neverthelessall
thioredoxinssharea commonfold with a successiomf the following secondary
structuralelementsgl, al, 82, a2, 83, a3, B4, 85, a4.

The thioredoxinh structurepresentsonly one major differencecomparedo
the modelsof otherthioredoxins,namelyan elongatedx1 helix. The isolated
proteinhastwo specificpropertieghatallow its identification:first, the presence
of aconsered Trp residug(Trp13in ChlamydomongghatimpartspeculiarUv
spectralcharacteristicsandsecond a marked instability whensubjectedo high
temperaturandslightly alkalinepH (150). Analysisof the intron positionssug-
gestghatthereis acommonancestofor plantandgreenalgalthioredoxinh genes
(130).

Expression and Targets of Thioredoxin h

Althoughthisareais notaswell documentedby in vitro studiesastheonedealing

with chloroplastthioredoxins a numberof functionshave beenproposedor the

cytosolic thioredoxinsystem.It hasbeensuggestedo actasa reducingsystem
participatingin the mobilizationof proteinresenesduringseedgerminationand

thesereactionsmay possiblybe linked to the reductionof storageproteinsand

enzymeinhibitors and also mediatedby a redox-dependerproteasethiocalsin

(8,82). It hasalsobeenproposedhatthioredoxinh mayplay arole in sulfateas-

similationandin conferringresistancéo hydrogerperoxide similartowhatoccurs
in yeastor mammaliarcells sincesomeof the Arabidopsissoformscomplement
yeastmutantsn thesetwo processe§105).

Several recentreportsindicate that in cyanobacterieand plantsthioredoxin
is involved in the detoxificationof H,0, via the enzymethioredoxin peroxi-
dase or peroxiredoxin.In cyanobacteriathe reductionof H,O,, alkyl hydroper
oxides and t-butyl hydroperoxidewas shavn to be significantly increasedby
dithiol reagentdn vitro or by light in vivo, which suggestghatin cyanobacte-
ria the actvity of thioredoxinperoxidases coupledto the photosynthetielec-
tron transportsystem(155,168). In the cytosol, peroxiredoxinmight be a tar
getof thioredoxinh, sincethis enzymehasbeenisolatedasanin vivo target of
plantthioredoxinh in yeastby stabilizinga mixed disulfideintermediatg(158).
Structuralandfunctionalequialentsof the yeastand mammalianperoxiredoxin
arepresentn plant cells. Peroxiredoxinf the two-Cystype, believed to func-
tion asantioxidantshave alsobeencharacterizeéh plantssuchasHordeumand
Spinacia(b).



Althoughno 3-D structureof plantperoxiredoxings availableyet, the crystal
structureof thehumanenzymehasbeensolved.Figurel (seecolor section)shovs
astructuralcompositeof thethioredoxincytosolicsystemcomprisecof NADPH,
theArabidopsighalianaNTR monomerChlamydomonaeinhadtii thioredoxin
(Trx) h, andhumanperoxiredoxin.

Thioredoxinh is alsoa potentregulatorof membrane-boundgceptodik e ki-
nasedn plants(13). Expressiorstudies(essentiallynorthernandwesternblots)
indicatethatthioredoxinh proteinsarepresentn mary plantorgansandthattheir
expressionis developmentallyregulated. Transcriptionof the genein Chlamy-
domonaswas foundto be underthe control of light anda circadianrhythm (87).
Furthermoreit is stronglyactivatedafteradditionof heary metals suchasCd?*,
to algalcells(86).

Thioredoxin h as a Messenger in Plants?

Severalexperimentsuggesthatthioredoxinh couldactasamessenggproteinin
plants.First,thioredoxinh was foundto beoneof themajorproteinsin thephloem
sapof rice (72).Furthermoreit is detectedhotonly in thephloemsapof monocots
suchasrice andwheat,but alsoin dicotssuchasRicinusand Cucurbita (138).
Sincematurephloemcellsareenucleatedhesiteof MRNA synthesisvaslocated
to companioncells, andtranscriptscodingfor thioredoxinh weretransferredo
the sieve tubes(132). In addition, microinjectionof recombinanthioredoxinh
demonstratedhat the proteinitself hasthe capacityto mediateits own cell-to-
cell transportthroughplasmodesmatér1). It thusappearghat thioredoxinh is
a mobile elementin plantsand could act as a messagesarrier presumablyby
regulatingmembraneeceptorsasdescribedor the membrane-boundgeceptor
like kinaseof Brassica(13).

Thioredoxin Systems in Mitochondria

It is now well establishedhat animal cells containthe full complementfor a
functionalthioredoxinsystem(selenium-containin§d TR andthioredoxin)in mi-
tochondrig100,111).Earlyreportsndicatecthatplantmitochondriaalsocontain
atleastonethioredoxin(12,92), but no cDNA sequencéasbeenunambiguously
shawvn to codefor a transitpeptidethat targetsthe mitochondrialcompartment.
Similarly, no plantmitochondrialNTR sequencéasyet beenisolated.Although
moresolid evidencefor the presencef a functionalthioredoxinsystemin plant
mitochondriais still lacking, thesethioredoxinscanbereducedn vitro by lipoic
acidgeneratedia the 2-oxoaciddehydrogenaseomple, asin animalmitochon-
dria (24). A possiblerole for plant mitochondrialthioredoxinscould be to acti-
vate/stabilizéhe2-oxoaciddehydrogenaseomplex presentn thisorganelle(23).
Anotherpossiblerole for mitochondrialthioredoxincouldbetheredoxregulation
of the cyanide-resistanalternatve oxidasein the plant electrontransportchain
(124,157a).
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THE CHLOROPLASTIC, FERREDOXIN-DEPENDENT
THIOREDOXIN SYSTEM

In chloroplastsandcyanobacteriatellsthioredoxinsarereducedoy way of light.

Light-driven photosynthetielectrontransportproduceseducederredoxin(Fd),

which senesaselectrondonorfor ferredoxin:thioredoximeductas€FTR). This

enzymen turnreduceghioredoxinswhichinteractwith tarmgetproteinsto reduce
andactivatebiosyntheticor deactvatecataboligpathways.Thissystenof enzyme
regulationis the ferredoxin/thioredoxirsystem(16,17). Significantprogresshas
beenmadein understandinghis systemwith respecto functionandespeciallyto

structurejnasmuchasthecrystalstructureof eachcomponenproteinmembetis

now known (Figure2; seecolor section).

Ferredoxin

Fd,thesoluble stromal2Fe-2S}protein,isanegatively chagedelectrordonorthat
interactgyuitestronglywith its electronacceptoproteinsto form electrostatically
stabilizedcomplexes.It was demonstratethatspinachferredoxinandFTR form
a high-afinity, 1:1 complex (61). Negatively chaged residuesinvolved in this
comple formationhave beenlocatedin spinachandChlamydomonageinhadtii
ferredoxin(37,77). A crystal structureis now available for spinachferredoxin
at1.7 A resolution(10). Although there are positively chaged residuesin the
putative ferredoxininteractiondomainof spinachFTR, no experimentshave yet
shawn theirinvolvementin protein-proteirinteraction.

Ferredoxin:Thioredoxin Reductase

FTRisthecentralenzymeof theferredoxin/thioredoxisystemijt cornvertsapho-
tosynthetic'electronsignal”’ receved from reducederredoxinto a “thiol signal”

thatis transmittedo thioredoxin.Unlike cytoplasmicNTR, this chloroplaststro-
mal enzymeis a yellowish-bravn [4Fe-4S]protein,composedf two dissimilar
sulunits, designatedtatalytic and variable. The catalytic sukunit of the enzyme
from different photosyntheticorganismshasa constantsize of about13 kDa,

whereaghe variablesuhunit rangesetweer8 and13 kDa (41,69).

GeneandProteinSequences In plantsbothsuhunitsof FTRarenucleus-encoded.
Two slightly differentcDNAs have beensequencedor both sutunits of spinach
FTR, suggestindhe presencef two geneg46,50). In Porphyra purpurea ared
alga(121), andin Guillardia theta a cryptomonad(40), a single genefor the
catalyticsulunit was foundin the chloroplasigenome.

The variable sulunits shov pronouncedsequencdiversity with only 46%
to 60% identity within the eukaryotesand 33% to 40% betweeneukaryoteand
prokaryotesThe moststriking differenceis the extendedN terminus,presentn
all threeknown eukaryoticsuhunits,but absentn the prokaryoticones.n spinach
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FTR, this N-terminal extensionwas found to be unstable;it was degradedto
discreteshorterpeptideq157) thatexhibit no differencein functionalproperties.

By contrastthe catalyticsuhunits have a highly consered primary structure.
Amongthestrictly conseredresiduesareseven Cys, six of which areorganized
into two CPCandone CHC moatifs. Thesesix Cys arethe functionally essential
residueghatconstitutethe redoxactive disulfidebridgeandligate the Fe-Sclus-
ter. Clusterligation doesnot follow known consensusnotifs, but shovs a new
arrangemenuith thefollowing fingerprint: CPCX;{CPCXgCHC (clusterligands
arein bold). In spinachFTR Cys54and Cys84form the active-site disulfide.
Cysb4is accessibldgo solvent, whereasCys84is protected.The four remain-
ing cysteines,Cys52,Cys71,Cys73,and Cys82,areligandsto the iron center
Thisarrangemenplacegheredox-actve disulfidebridgeadjacento the[4Fe-4S]
cluster(30).

Thegenome®sftwo archaebacterid\rchaealobusfulgidus(81)andMethano-
bacteriumthermoautotophicum(146), both containa genecodingfor a protein
with a striking resemblancéo the catalyticsutunit of FTR. Althoughthe overall
identitiesbetweenthe archaebacterigbroteinsand the photosynthetidcTR are
ratherlow (25%—-35%) the residuedound to be essentiafor the functioning of
FTR,the CXC motifs, areconsered. However, no functionsareknown for these
proteinsin the archaeaNonethelessthe striking structuralsimilarities suggest
thatthe catalyticsulunit of photosyntheti¢TR mightbederived from anancient
precursoproteinwhosefunctionhasbeenadaptediuringevolution.

The genescodingfor the two sulunits of FTR from spinach(50) and Syne-
chocystis(142) have beenintroducedinto expressionvectors.Theseconstructs
yieldedsoluble,heterodimericecombinanenzymesontainingthe correctlyin-
sertedFe-Scluster demonstratetdy spectrapropertiesandenzymeactity.

Crystal Structure  RecombinanSynebocystisFTR hasrecentlybeencrystal-
lized andits structuresolved (34,35a).Thevariablesulunit hasanopeng-barrel
structureandthe catalyticsuhunit is essentiallyx-helical. Thetwo sulunits, with
the catalytic sukunit sitting on top of the variable sukunit, form an unusually
thin molecule,with the shapeof a concae disc measuringonly 10 A across
its center In this centerare locatedthe functionally important structures the
cubang4Fe-4S]clusterand,in closeproximity, theredoxactive disulfidebridge.
The Fe-Sclusteris accessibldrom oneside of the concave disk, the ferredoxin
dockingside,whereaghe disulfide bridgeis accessibldrom the oppositeside,
the thioredoxindocking side. This allows simultaneouglocking of the electron
donor and electronacceptormproteins—aprerequisitefor the proposedreaction-
mechanism.

The docking sites are also well adaptedfor their function: The ferredoxin
docking site containsfour positively chaged residuesfor specific interaction
with negatively chagedferredoxin,whereaghethioredoxindockingsitecontains
mainly hydrophobicresiduesmakingit compatiblefor interactionwith different
thioredoxins.
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Surprisingly the shapeof the variable subunit shows striking similarities to
PsaEtheferredoxin-bindingoroteinof photosysteni, with the SH3domainand
with GroES althoughthereareno sequencesimilaritieswith eitherprotein(34).

Chloroplast Thioredoxins

Chloroplastf plantsand algaecontaintwo differenttypesof thioredoxins,an

f-andanm-type.They havedifferentphylogenetiorigins(58) anddifferenttarget-

enzymespecificitiesThioredoxinf wasoriginally describedstheactivatorprotein
for spinachstromalfructosel,6-bisphosphatag&BPase)andthioredoxinm for

NADP-malatedehydrogenas@dNADP-MDH) (16,17,73). Although a cleardis-

tinction betweenthe two Trx typeshasnot alwaysbeenobtainedin experiments
underin vitro conditions,thesetwo typescan clearly be distinguishedby their

primarystructures.

Structureof Thioredaxin m  Thisthioredoxin,presentn oxygenicprokaryotes,
algae,monocots,and dicots, strongly resembleghe thioredoxinfrom prokary-
otes,bothheterotrophi@ndanoxygenighotosyntheticln plantsandgreenalgae
this Trx is nuclearencodedbut in red algaeits genewas found in the chloro-
plastgenomg121,123),which supportsts bacterialendosymbiotiorigin. Func-
tionally andstructurally it stronglyresembledacterialthioredoxins,which can
be usedinterchangeablyThioredoxinsof the m-type are, therefore,considered
bacterial-typahioredoxins A comparisorof the primary structuref all m-type
thioredoxinsavailablein the databaseshaws thatthey areclearly related.How-
ever, thereis lesssequenceimilarity thanfor the f-type proteins.Recombinant
m-typethioredoxinshave beerreportedrom Chlamydomonag84),spinach139),
andpea(90). For the Chlamydomonaprotein,an NMR analysisshovedthatits
secondangtructureandgeneraproteinfolding is similarto its E. coli counterpart
(84). For the recombinanspinachthioredoxinm, the crystal structurehasbeen
solvedin the oxidizedandreducedstateat 2.1 and2.3 A resolution respectiely
(27).As alreadyfoundfor Chlamydomonathioredoxinm, its structurds verysim-
ilar to thatof E. coli thioredoxin(80), with nearlyidenticalsecondarystructure.
Thesurfacearoundtheactive-siteCysresiduedargely resembleds E. coli coun-
terpart(Figure 3, centerandbottompanels;seecolor section).This corroborates
biochemicalkvidencethatthe proteinsarefunctionally interchangeablel hereis
little differencein conformationof the active site betweeroxidizedandreduced
thioredoxinm; however, someslight structuralchangesn the mainchainconfor
mationof theactive siterenderthe solvent-exposedCys (Cys37)moreaccessible
uponreduction(G Capitani,Z Markovic-Housley, G del Val, M Morris, JN Jan-
sonius P Schirmann Crystalstructureof two functionallydifferentthioredoxins
in spinachchloroplastsin preparation).

Structureof Thioredaxin f  Therearefewersequencesnowvnfor thisTrx, which
is consideredo berestrictedo photosynthetieukaryoticorganismsThioredoxin
f is nuclearencodedand apparentlyderived from the eukaryotic host during
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Figure 3 Surface stereo views of spinach chloroplast thioredbiiop),
thioredoxinm (center)and thioredoxin fronk. coli (bottom) The colors
represent the following residue types: green-Cys; red—charged (+ or -);
blue—polar; yellow—apolar; gray—backbone.
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evolution. f-Type thioredoxinsare highly consered, with 75% to 90% residue
identity in the matureproteinfrom dicotsandwith 60%to 67% residueidentity
betweerdicotsandmonocotg140).Owingto additionalaminoacidsattheN ter-
minus,they areslightly longerthanotherTrx types.Interestingly the C-terminal
partof the sequenceesembleglassicalanimalthioredoxinin containinga third,
strictly consered Cys (Cys73in spinach).The crystalstructureof two different
forms of recombinanthioredoxinf hasbeensolved (G Capitani,Z Markovic-
Housle, G del Val, M Morris, JN JansoniusP Schirmann,Crystalstructureof
two functionally differentthioredoxinsin spinachchloroplastsin preparation),
a long form closely resemblingthe in vivo form (1) andan N terminally trun-
catedshortform (38). Both structuresare essentiallyidenticalasidefrom the N
terminus,which containsan additional«-helix in the long form. Although the
overall structureof thioredoxinf doesnot differ markedly from a typical thiore-
doxin, its surfacetopographyis distinct from that of otherTrxs (27) (Figure3).
Positvechagessurroundingheactive sitemaybeinstrumentain orientingthiore-
doxin f correctlywith its target proteins.Hydrophobicresiduesalso prominent
in this area,may be moreimportantin the nonspecifidnteractionwith FTR that
reducesvariousthioredoxins.A striking differenceis the presenceof the third
Cysexposedon the surface(Cys73in spinach)9.7 A away from the accessible
Cysof the active-sitedithiol (Cys46).As mentionedthis third Cysis consered
in all f-type thioredoxins.The structuralanalysisalso shawvs that the active-site
Cys closestto the N terminus(Cys46in spinach)is exposed,whereasts part-
ner (Cys49in spinach)is buried, confirming experimentswhich indicatedthat
Cys46is theattackingnucleophilein thereductionof thetargetproteins disulfide
(14).

Specificityof Thioredaxins Chloroplastthioredoxinsshawv selectvity in their
interactionwith targetenzymesvhentestedunderconditionsapproachingheirin
vivosituation.ThestromalCalvincycleenzyme$-BPasg(51), SBRasg(166),PRK
(165), aswell asRubiscoactivase(169) and CF; (141), areexclusively or most
efficiently activatedby thioredoxinf. NADP-MDH, althoughoriginally reported
to specificallyinteractwith thioredoxinm, wasshavn to be evenmoreefficiently
activatedby thioredoxinf (51,64). G6PDH(glucoses-phosphateehydrogenase)
of the stromal oxidative pentosephosphatepathway, on the contrary interacts
specificallywith thioredoxinm (162). Theseobsenrationssuggesthat, at least
asfar as carbohydratenetabolismis concernedreducecdthioredoxinf functions
primarily in enzymeactivation (i.e. enhancinghe rate of biosynthesis)whereas
reducedhioredoxinmactsmainlyin enzymedeactvation(i.e. decreasingherate
of degradation).

Thespecificityof thioredoxinf raiseshequestiorof which structurafeatures
arepossiblyresponsibldor it. An answehasbeensoughtusingsite-directednu-
tagenesisf thioredoxins Theresultsconfirmtheimportanceof thethird Cys(38)
andof positive chageson the contactsurfaceof thioredoxin f (51,83,103),and
canessentiallybereconciledwith therecentstructuraimodelof Trx f (27).
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Mechanism of Thioredoxin Reduction by FTR

Thereis clearevidencefrom experimentawith isolatedchloroplast33) andpuri-
fied proteincomponent$42) thatFTR corvertsthephotosyntheti@lectrontrans-
port signal, provided by reducedferredoxin,to a thiol signal, detectedwith the
fluorescentabelmono-bromobimaneyhich thenappearsequentiallyin thiore-
doxinandthetargetenzymeBasedonrecentspectroscopi€148,149)andstruc-
tural (30,34) analysesit hasbecomepossibleto proposeareactionmechanisnof
how FTR might achieve this conversion.To obtainthe two electronsneededor
reductionof the active-sitedisulfide bridge FTR mediateswo consecutie one-
electrontransferdrom reducederredoxinandstabilizegheoneelectron—reduced
reactionintermediateCharacterizationf theFe-Sclusterin natveandchemically
modifiedF TR (148,149)providedevidencefor acubang4Fe-4SF* clusterin the
oxidizedenzyme which cannotbe reducedput oxidized(redoxpotentialfor the
couple[4Fe-4S$+2+ = +420mV). The postulatedeactionmechanisnieatures
anew biologicalrolefor thisFe-Sclusterthatcatalyzeshereductionof adisulfide
bondby establishingitransien{4Fe-4S}+ clustercoordinatedy five cysteinates
(149),with aclusterFeatomasthefifth ligand (34,35a).

Anotheraspecbf the mechanisnof thioredoxin-mediate@nzymeregulation
concernghe redox potentialsof the componenproteinsin the regulatorychain.
The oxidation-reductiorpropertief the differentregulatorydisulfidesinfluence
the activation stateof the individual target enzymesTo understandhe kinetics
of activation,oneneedgo know the oxidation/reductiomidpointpotentialg(E,,)
of the disulfide/sulfhydrylcouplesinvolved. Over the pastseveral years, mid-
pointpotentialsof thememberof theregulatorychainandsereraltargetenzymes
have beenobtainedby cyclic voltammetry(131), the fluorescentprobe mono-
bromobimaneandactiity measurement&0,62,63,70,120).Despitesomerel-
atively small differencedor the E,, valuesdeterminedby the differentgroups,
thereemepgesa generalagreemenasto which membersof the regulatorychain
have themostpositive E,, valuesandwhich themostnegative. The morenegative
midpointpotentialof thedisulfideof spinachFTR (E,, = —320mV, pH 7) allows
boththioredoxins(—290mV for f ; —300mV for m) to becomereduced Target
enzymesnvolvedindirectly or directly in regeneratiorof the CO, acceptorCF,
(—280mV) andPRK (—295mV), havethemostpositive potentialsFBPasg —305
mV, pH 7, spinach,P Schirmann,M Hirasava & DB Knaff, unpublisheddata,
replacingaformererroneou%,,, valueof —330mV (63)], andSBRase(—300mV,
pH 7, tomato),which togethercontrolthe entryinto theregeneratie phaseof the
Calvincycleandinto starchsynthesishave aslightly morenegative potentialthan
thioredoxinf, whereadNADP-MDH hasa significantly more negative potential
(—330 mV, soghum)that keepsthis latter enzymeoxidized/inactve aslong as
thereis no surplusof reducingequivalents(NADPH). The differencesn redox
potentialsuggesa sequentiabrderin theactivationof chloroplasenzymesn the
light, with the mostcritical metabolicprocessegiven priority. They furthersug-
gestthattheredoxequilibriareachedwill resultin differentdegreesof activation.
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Theseequilibriamaythenbe modifiedby enzymeeffectors(47) thatwould allow
for fine-tuningof activity afterthetargetenzymesareswitchedon by light.

Chloroplast Target Enzymes

Thefactthatthe light-dependenincreasen enzymeactiity could be mimicked
in vitro by sulfhydrylcompounddik e dithiothreitol(DTT) wastraditionallytaken
asevidenceof aninvolvementof reducedhioredoxin.However, final proof of a
redox eventinvolving thioredoxinneedsexperimentalevidencefor an absolute
requiremenaindthe demonstratiorf anaccessiblaisulfidebridgeon thetarget
structure.The presenceof a redox-acte disulfide hasbeenconfirmedfor most
of the light-regulatedenzymesandits involvementverified by site-directednu-
tagenesisFor someof the enzymesthree-dimensionainodels,basedeitheron
X-ray crystallographyor homologymodeling,have providedfurtherinsightsinto
possiblestructuralchange®ccurringdueto reduction.

Comparisorof primary structuregevealsthatthereis no Cys-containingcon-
sensugmotif presentin mostof the light-regulatedtarget enzymesalthoughin
somea CXXXX C sequencas the responsibleslementor part of it (Table 1).
However, thetwo active cyst(e)inescanalsobe separatedy mary residuesFor
certainenzymesparticularlythosealsooccurringascytosolicisoforms(e.g. FBP-
ase MDH), theregulatorydisulfidestructuresrelocatedon extraloopsor exten-
sionsjndicatingthatthey wereaddeduringadaptationo photosyntheti¢unction.
Theseobsenationssuggesthattheadaptatiorof enzymedo light-mediatededox
regulationarosemultiple timesduring evolution.

Reductiorof theregulatorydisulfidesof thetargetenzymedy thioredoxinpro-
ceedslike thioredoxinreductionwith theformationofa transienteterodisulfide

TABLE 1 Reyulatorysitesequencesf chloroplastamgetenzymes
andtheir principal activatingthioredoxin

Targetenzyme Plant Regulatory site? Activator

FBPase Spinach Cys155X;gCysl74\al Trx f
VaAsnVaCys179

SBPRase Wheat Cysb2GlyGlyThrAlaCys57  Trx f

PRK Spinach Cys16X3gCysb5 Trx f

ATP synthase Spinach Cysl99AspleAsn Trx f

(y-sutunit of CFy) GlyLysCys205

NADP-MDH Somghum Cys24Ph&lyValPheCys29  Trx f(m)

G6PDH Potato Cysl49ArglleAspys Trxm
ArgGluAspCys157

Rubiscoactivase Arabidopsis Cys392X;¢Cys411 Trx f

aTheregulatoryCysarein bold andadditionalconseredresiduesarein italics.
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comple betweerthetwo reactionpartnersThereactize Cys,whichis thesolvent-
accessibleesidueclosesto theN terminusof thioredoxin cleavesthetargetdisul-
fide by nucleophilicattack therebyformingacovalentlylinkedmixeddisulfide.In
arapidsecondstep thesecondsulfhydryl,whichis inaccessibléo solvent,attacks
themixeddisulfideto produceoxidizedthioredoxinandreducedargetenzyme.

Fructose 1,6-Bisphosphatase Stromal FBPaseis one of the first enzymesin
which activity was demonstratetb be clearly dependendn reducedhioredoxin
f (16). Sequencingevealedthe presencef aninsertin the middle of the primary
structurecomparedo its cytosolicisoform(118).ThisinsertcontainghreeCys—
Cysl55X,g Cysl74\alValAsn\ValCysl79in spinach—two separatedby four hy-
drophobicresiduesand the third, Cys155,by 18 residuesupstreamtoward the
N terminus(Table 1). Cys174and Cys179,presentin a CXXXX C motif, were
thoughtto constitutetheredoxactive disulfidebridge(93). However, site-directed
mutagenesisxperimentsndicatedthatall threeCys presentin the insertarein-
volvedin regulation. Thereplacemenbf Cys155resultsin a constitutizely fully
active enzymewhile thereplacemenof eitherof theremainingCys(C174,C179)
resultsin a partially active enzymethat still requiresreductionby thioredoxin
for full actiity. Theseresultssuggestthat Cys155is an obligatory part of the
regulatory disulfide, whereasthe remainingtwo Cys (C174, C179) act inter
changeablyin constitutingits bondingpartner(74,76,126). Cys155alsoforms
the transientheterodisulfidebond during reductionby thioredoxinf, which in-
dicatesthat it mustbe surfaceexposed(Y Balmer P Schirmann,unpublished
data). Interestingly the region situatedbetweenCys155and Cys174contains
several negative chages (seven Asp and Glu in the peasequencewith three
of them highly consered). Mutagenesif this regulatory region suggestghat
theseanionicchagesareimportantfor thioredoxindocking, presumablyby es-
tablishingelectrostatidnteractionswith positively chaged, surfaceresiduesof
thioredoxinf (129).

Thestructureof spinachchloroplast-BPasehasbeensolvedby X-ray crystal-
lographyat 2.8A resolution(159). Themodelshavs thatthethreeregulatoryCys
areonaloop extendingout of thecorestructureof theenzyme Unfortunatelythe
definitionof its crystalstructure probablyduetoits flexibility , wasnot sufficientto
locatea disulfidebridge.Recentcrystallographi@analysisof the oxidizedrecom-
binantpeaenzymerevealsa disulfidebondbetweenCys153(Cys155in spinach)
andCys 173 (Cys174in spinach)whereaghethird Cysin theloopis presentas
a free sulfhydryl, which is sufficiently closeto form an alternatedisulfide with
Cys153whenCys173is alteredby site-directednutagenesig?9a).

Sedoheptulosd,7-Bisphosphatase A substrate-specifiSBPaseis found only
in oxygenicphotosyntheticcukaryoteslt is uniqueto the Calvin cycle and has
no cytosoliccounterpar{117). Primarystructuredor this 76-kDa,homodimeric,
nucleus-encodechloroplasenzymeareknown from Arabidopsig164),Chlamy-
domonag56), spinach(94),andwheat(119).In cyanobacteriaSBRaseactiity is
contritutedby a bifunctionalFBPase/SBBseenzyme(153,154).
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EukaryoticSBPaseshavsconsiderableverallsequencsimilarity with stromal
FBPase;however, it lacksthe regulatory Cys insert. The numberof Cys varies,
but four arefound at strictly consered positionsin the N-terminaldomain.The
two most N-terminal Cys, in wheatarrangedas a Cys52GlyGlyThrAlaCys57
motif (Table 1), have beenshavn to beinvolvedin redoxregulation.Mutation of
thesetwo Cysto Serresultedin anactive, redox-insensitie SBPase(43). As in
stromalFBPase theregulatoryCysresidueof SBRasearenot partof thecatalytic
site. Basedon structuralsimilarities betweenthe two enzymes the regulatory
disulfide could be locatedon a flexible loop nearthe junction betweenthe two
SBPRasemonomersOxidationor reductionof the regulatory disulfide may alter
theconformatiorof thehomodimermndtherebychangeheactiity of theenzyme
(117). Unlike FBPase,this enzymeexhibits an absoluterequirementor redox
activation(106)andoncereducedits actity is modifiedfurtherby stromalfactors
suchaspH, [Mg?*], andmetaboliteg25,118,137).

Phosphoritulokinase A redox-rgulatedPRKis presenasa80-kDahomodimer
in photosynthetieukaryoteg113)andasahomotetramein cyanobacterig160).
Eachsuhunit containsfour Cys residuesat consered positions,two nearthe N
terminusandtwo nearthe C terminus For thespinachenzymeheN-terminalpair,
Cysl6andCys55wereidentifiedby chemicalmodification(115)andsite-directed
mutagenesi§98) asthe regulatorycysteinesforming anintramoleculadisulfide
bondin the oxidized/inactve enzyme Both arelocatedin the nucleotidebinding
domainof the active site where Cys55may play a facilitative role in catalysis
(112,114) by binding the sugarphosphatesubstrate(98). This Cys forms the
transientheterodisulfidenith Cys460f thioredoxinf during reductve activation
(15). PRK s the only exampleof a thioredoxin-linked enzymewith a regulatory
Cysaspartof its active site. Sinceoneof thereducedCysresiduesappeargo be
involvedin substratéinding,the formationof a disulfidebridgevery effectively
blockscatalyticactiity, a situationfoundalsoin NADP-MDH.

A crystalstructureof theallostericallyregulated®RKfrom Rhodobactesphae-
roidesis now available (57). Although this enzymeis not redox regulated,the
structuraldatawill beusefulfor modeling.

ATP Synthase ThechloroplastATP synthaseomple is composeadf theinte-
gralthylakoid membrangortionCF, andthehydrophilicCF;, whichis composed
of five differentsulunit-types.The y sulunit of the latter containsthe structural
element,which allows for thiol modulationof the enzymeby Trx f (108,141).
The regulatorymotif— Cys199AsplleAsnGlylysCys205in spinach(Table1)—
is presentin the sulunit from plants(97) and greenalgae(32), but is absentin
theenzymeof cyanobacterig32,95,163)anddiatoms(109)or mitochondrialF;.
Thedisulfidebridgebetweerthetwo Cysresidueseemsdo beinaccessiblén the
inactive enzymein the dark andbecomesxposeduponactiation by the trans-
membraneslectrochemicaprotongradient(35b).No informationis availableon
possiblestructuralchange$roughtaboutby reductionof theregulatorydisulfide.
However, the main purposeof reductiondoesnot seemto be the modulationof
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enzymeactiity, butratherto permitahigherrateof ATPformationatlimiting elec-
trochemicalpotentials.Regulationlinked to thioredoxinalsoallows the enzyme
to be switchedoff in the darkto avoid wastefulhydrolysisof ATP.

NADP-DependenMalateDehydrogenase NADP-MDH isthemostextensiely
studiedthioredoxin-rgulatedenzymelt appearso have arathercomple regula-
tory mechanisminvolving morethanonedisulfidebridge whichhasrecentlybeen
describedn detail (96,128). Thehomodimericenzymeof 85 kDa differsfrom its
cytoplasmic,NAD-dependenthomologueby the presencef N- and C-terminal
extensionsand by containingeight Cys residuesat strictly consered positions.
Two arelocatedin the N-terminalextensionin a Cys24PheGly\aIPhe&Cys29 mo-
tif (C, soghum),andanothertwo, Cys365andCys377 separatethy 11 residues,
arein the C-terminalregion (Table1). Thefour remainingCysarelocatedin the
core part of the polypeptide.Systematidunctionalanalysisof the Cys residues
by chemicalmodificationand site-directedmutagenesiprovided evidencethat
one regulatory disulfide is formed betweenthe two N-terminal Cys. A second
regulatorydisulfidebridgeis presentn the C terminus.Thesewo regulatorysites
arenotfunctionallyequivalentbut have distincteffectson activation.Remawal of
theN-terminaldisulfideyieldsaninactive, oxidizedenzymestill in needof thiore-
doxinactivation.However, thisactivationis almostinstantaneousponadditionof
reducedhioredoxinwhich contrastsvith theslow activationseenwith thenative
enzymecontainingbothregulatorydisulfidesRemwal of theC-terminaldisulfide
produces mutantenzymewith activationpropertiesrery similarto wild type,but
the activation processs no longerinhibited by NADP. In addition, this mutant
enzymeexhibits a slight constitutive actvity (i.e. independenbf reduction),but
with averyhighK,, for oxaloacetattRemwal of bothN- andC-terminaldisulfides
resultsin athioredoxin-insensitie, permanenthactive enzyme.

A fifth, internalCysresiduemight alsobeinvolvedin theseregulatoryevents
by forming a transientdisulfide bridge with one of the N-terminal Cys (127).
ThisinternalCys207(in C, soghum)becomesccessiblafterremoval of theN-
terminaldisulfideby mutationandcanformaheterodisulfidevith thioredoxin(54).

Becausethe crystal structuresof C, NADP-MDH from Flaveria (29) and
soghum (78) have recently beensolved, the biochemicalresultscan now be
placedn astructuraperspectie. Themodelsconfirmthepresencef two surface-
exposed thioredoxin-accessibldisulfide bonds.The C-terminaldisulfide holds
down the C-terminalextension,which bendsback over the surfaceandreaches
with itstip into theactive site,obstructingaccessf theC, acidsubstrat€82a).The
tip of the C terminuscarriestwo negative chagesthatinteractwith boundNADP,
but not with NADPH. Theseinteractiongretardthe releaseof the C-terminalex-
tensionandcanexplain theinhibition of reductive activation by NADP obsered
earlier(29). The N-terminalextensionappearso beratherflexible, andthe struc-
tural changegdueto reductionof its disulfide bondarelessclear Basedon the
two structurestwo possibilitiesareoffered: The N-terminaldisulfide might lock
domainsandthus maintainan unfavorableconformation(78) or the N-terminal
residuesnightreachover thesurfaceof themoleculetowardtheadenosinendof
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theactive siteandlimit substrateacces$29). The mobility of the N-terminalex-
tensionwould alsoallow for the proposedormationof atransientdisulfidebridge
betweeranN-terminalCysandtheinternalCys207(127).However, it is suggested
thatthis transientdisulfideis morelik ely formedbetweerthetwo sukunits of the
homodimerthanwithin a singlesulunit (29).

Therathercomplex regulationof NADP-MDH by redoxequilibriumandthe
NADP/NADPH ratio appeardo be importantin C; and C, plants.In C; plants,
wherethisstromalenzymeexportsreducingequivalentsn theform of malatefrom
the chloroplasto the cytosolthroughthe “malatevalve” (135),it is essentiathat
reducingequialentsareexportedonly whenthey arein excessn thechloroplast.
In certainC, plants,wherethe enzymefunctionsas an essentiakatalystof the
CO, trappingandtransportmechanisnin mesophylicells, it is equallyimportant
to turn off the C, pathway in the dark. The additionalrequiremenbf pyruvate,
Pi dikinaseand phosphoenolgruvate carboxylasdor reversiblelight activation
helpsto insurethatthe C, pathway is switchedoff completelyin darkness.

Glucose6-PhosphateDehydrogenase G6PDH, catalyzingthe first stepof the
oxidative pentosephosphateycle, existsin plantsin atleasttwo isoforms,onein
thecytosolandonein chloroplastsOnly thelatterisoformis subjecto redoxregu-
lation by thioredoxin.As this stromalenzymes partof adissimilatorypathway; it
isregulatedn theoppositenvay from biosynthetieenzymesi.e. it isinactivein the
light (reducedstate)andactivein thedark(oxidizedstate) Thechloroplasisoform
aswell asthe enzymefrom cyanobacteriaontaina numberof Cysresidueghat
arenot presenin the cytosolic counterpartMutationalanalysisof the six Cys of
therecombinanpotatoenzymeall situatedn theN-terminalpartof thepolypep-
tide,revealedthatCys149andCysl157areengagedn aregulatorydisulfidebridge
(162).Thisdisulfide,specificallyreducecby thioredoxinm, is partof aregulatory
sequenc&ith nosimilarity to others Thecyanobacteriabnzyme althoughredox
regulated(3,31,52), is quite different, with fewer (two to four) Cys residuesat
otherpositions.Two Cys(Cys188Cys447in Synebococcuyareatconseredpo-
sitionswithin the cyanobacteriabnzymeandmight form the regulatorydisulfide
(52,134),althoughthereis no supportve experimentakvidenceto date.

Homologymodelingusingthe crystalcoordinate®f the Leuconostoenzyme
locategheproposedegulatorycysteinef thechloroplasenzymeonanexposed
loop, sufficiently closeto permitadisulfidebridge,andfreely accessibldor inter-
actionwith thioredoxin(162). However, this modeldoesnot provide ary insight
into how disulfidereductionbringsaboutthe obsened 30-fold increasen K, for
the substrate.

RubiscoActivase Until recentlynolink betweerntheobseredlight activationof
Rubiscoandthioredoxincouldbemadethesoleeffectof light beingindirectvia a
changen thestromalADP/ATP ratiomodulatingactivaseactivity (116).In certain
plants,suchasArabidopsistheactivasepolypeptideexistsin two forms:shortand
long. The long form was recentlyfoundto be activatedby reducedhioredoxinf
in vitro at physiologicalADP/ATP ratiosandthe regulatorydisulfide,consisting
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of Cys392andCys411 was identifiedat the C-terminalendof the protein(169).
However, in otherplants,suchastobaccowherethereis apparentlynolong-form
activase themodeof light-inducedregulation(activation) remaingo be clarified.

Other Possible Chloroplast Targets Three additional chloroplastenzymes—
glyceraldehyde3-phosphat@ehydrogenas@GAPDH), acetyl CoA carboxylase,
andFd-dependerglutamatesynthas€ GOGAT)—arereportedo be activatedby
reducedhioredoxin;however, no specificregulatorysiteshave yet beendemon-
strated.Although GAPDH actiity can be stimulatedby reducedthioredoxinf,
no compellingevidenceexiststo datefor anabsoluteaequirementor thioredoxin
as reductant.Indeed,recentexperimentshave shavn that the sameeffects can
be achieved by low concentration®f GSH (4). Acetyl CoA carboxylasewhich
catalyzeghe first committedstepin de novo fatty acid biosynthesisappeardo
beactivatedby thioredoxin(68,133). This enzymeexistsin two isoformsin most
plantsaeukaryoticmultifunctionalformin thecytoplasmandaprokaryotic,mul-
tisukunit isoformin the chloroplast.The actvity of the prokaryotic,peaplastid
enzymeis significantly increasedby the addition of dithiols, but not mono-
thiols, and thioredoxinf proved to be the most efficient activator (133). Vary-
ing numbersof consered Cys residuesare presentin the primary structureof
the enzymefrom differentplant specieshut no regulatory Cys areknown. The
actiity of Fd-dependenBOGAT from spinachandsoybeanchloroplastsvasre-
portedto besignificantlystimulatecoy DTT, but not GSH.Thioredoxinmwasthe
mostefficient activator of the spinachenzyme which uponreductionexhibited
anincreasedeactionvelocity (89). Finally, the additionof DTT-reducedhiore-
doxin to Chlamydomonaseinhadtii preparationsignificantly enhancedrans-
lation of psbARNA, which encodesthe D1 protein of photosystemll. This
provides a possibledirect link betweenlight and the replacemenivia trans-
lation) of a reaction center protein known to be subjectto photooxidatve
damage36).

OTHER CATALYSTS WITH THE THIOREDOXIN FOLD
IN PLANTS

Several catalystscontainin their polypeptidestructureeithera simplification of
the “thioredoxin fold,” e.g. glutaredoxin,or a thioredoxinmodulethatis often
presentasanextensionof the polypeptide.

E. coli glutaredoxiris prototypicalof asimplifiedthioredoxinmoleculewhich
lacksthetwo first structuralunits of thioredoxin,i.e. the 81 anda1 modules.t
is thusa shorterpolypeptide(~85 residueswith an active site, typically -Cys-
Pro-Phe/yr-Cys, thatis readily reducedby GSH andkept reducedoy NADPH
andglutathionereductasek. coli glutaredoxins anexcellenthydrogendonorfor
ribonucleotidereductaseGlutaredoxinhasalsobeenisolatedfrom planttissues
(104,144).1t was foundto belocatedin the cytosolandeasilyreducedoy GSH.
The isolation of a cDNA andgenefrom Oryzasativa(99,145) establishedhat
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the proteinis longerthanits bacterialcounterpar{~112residuesphndthatthere
is alow numberof genecopies(~2) in rice. Glutaredoxirwas alsofoundto bea
majorcomponenbf thephloemsap togethemvith its reductanglutathionewhich
suggestshatit could potentiallyplay arole in theredoxregulationof sieve tube
proteinsor membrane-locateskceptorg152).

Amongtheplantenzymeshatfeatureanextensioncomprisef eitherathiore-
doxin or a glutaredoxinmoduleis 5 adelylsulfate reductasg APS reductase)
(9,55,143,151a,167). In plants,this proteinis the equivalent of the bacterial
PAPSreductasandis involvedin the assimilationof sulfur. Two typesof cDNA
sequencesodingfor APSreductaséave beenisolatedthatfeatureeitheratransit
peptideor no transit peptide.APS reductasecan be producedas a precursorof
~460 aminoacidswith an N-terminal extension(~70 aminoacids)believed to
targettheproteinto thechloroplasta centraldomainequivalentto bacterialPAPS
reductaseanda C-terminaldomainof about140aminoacidswith athioredoxin-
like sequenceanda glutaredoxinactivity whenisolated.OthercDNA clonesdo
not shav the putative transitsequencewhich indicatesthattheremay be several
subcellularocalizationsfor this enzyme However, the thioredoxin-like module
is consistentlyfound in all analyzedclones.In bacteria,PAPS reductasds de-
pendenbn theadditionof reducedhioredoxinfor in vitro actvity. In contrastto
the bacterialenzyme plant APS reductases active independentlyof exogenous
thioredoxin,presumablbecaus®f the presencef thethioredoxinmodulein its
own polypeptide.

When plantssuchas Solanumtubeiosumare subjectedto water stress they
producea variety of stress-relategroteinsamongwhich is one stromalprotein,
CDSP 32, for chloroplasticdrought-inducedstressprotein (122). This nuclear
encoded32-kDaproteinis comprisecf two thioredoxin-like domainswith only
the C-terminaldomaincontaininga CGPC active site. CDSP32 is proposedo
play arolein the preseration of the thiol/disulfideredoxpotentialof chloroplast
proteinsduringwaterdeficit.

A new proteinof the thioredoxinfamily callednucleoredoxifNRX) hasre-
cently beenisolatedfrom maize(85). This proteinis locatedin the nucleusand
containsthreeconsecutie repeatsof the thioredoxindomain.Thefirst andthird
modulescontaintheactive site WCPRC, which suggests potentialfor catalyzing
redoxreactionsandthe C-terminalpartof the proteincanform a Zn finger The
presencef this proteinin developingkernelsindicatesthatit could regulatethe
activity of transcriptionfactors,presumablby alteringtheir redoxstate.

NEW FUNCTIONS FOR THIOREDOXINS IN PLANTS

This topic has beenextensvely discussedn recentreviews (49,73), so only
the mostrecentdevelopmentsare reportedhere. Thioredoxinhasrecentlybeen
implicatedin the organizationof the photosyntheticapparatusA Rhodobacter
sphaeoidesthioredoxinminusmutanthasbeenconstructedandshavn to beim-
pairedin theformationof its photosyntheti@pparatugl10).In thisphotosynthetic
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bacteriumthioredoxinappearso exertadualrole, activatingaminole/ulinic acid
synthetaseand regulating puf (an operonencodingpigment-bindingproteinsof
theLHC andbacteriakeactioncentercomplexes)expressioratthetranscriptional
level. In plants,phosphorylatiorof certainPSlI proteins(D1, D2, and LHCII),
althoughdependentn the redoxstateof plastoquinoneis alsodependenbn the
presencef thiol-containingcompound¢D1 andD2 phosphorylatioiis stimulated
by reduceccompoundandLHCII phosphorylatioty oxidizedcompoundsj28).
It isthusproposedhatasecondoop of redoxregulationof thylakoid proteinphos-
phorylationis undercontrol of the ferredoxin/thioredoxirsystem.

ADP-glucosepyrophosphorylasesatalyzingthe first committedstepof starch
biosynthesis,can be reducedby thioredoxins,thereby increasingits affinity
for 3-phosphoglyceratethe principal activator (6). The reduction opensan
intermoleculardisulfide bridge betweenthe two small sulunits of the heterote-
tramericenzyme which probablyimpartsbetteraccesgo 3-phosphoglyceratét
is proposedhatin photosynthetitissuethe ferredoxin/thioredoxirsystemcould
beinvolvedin this covalentmechanisnof regulationof starchbiosynthesig6).

Threeotherenzymaticsystemsare alsothioredoxindependenin plants.The
first oneis enolaseof Arabidopsisand ice plant, which is activated by oxida-
tion, althoughnot in other speciessuchastomatoor maize(2). The secondis
carboxyarabinitol-1-phospha{€A1P) phosphatasean enzymeinvolved in the
hydrolysisof CA1R, whichis anaturallyoccurringnocturnalinhibitor of Rubisco.
CA1l1Pphosphatasis activatedby eitherreducedhioredoxinor GSH(59). A third
proteinthat could be redoxregulatedis CP12,a small nuclearencodedprotein
capableof binding both PRK and NADP-GAPDH throughconsered cysteine
residueg161).

Finally, thioredoxin-like moleculeshave beenfound on extracellularpollen
and detectedin self-incompatibility reactions(88,156). A thioredoxin actiity
linkedto the C terminusof the S geneproductseemdo be responsibldor self-
incompatibility Inaddition thioredoxinh-likeproteinshavebeershavntointeract
with the kinasedomainof membrane-bounteceptotlik e proteinkinaseswhich
suggesta role in the self-incompatibilitysignalcascad€13).

TECHNOLOGICAL DEVELOPMENTS

This areahasalsobeencoveredin earlierrecentreviews (49,73), andtherefore
onlythelatestdevelopmentaredescribedlt wasrecentlyreportedhatthioredoxin
hasthe capacityto decreas¢heallergenicity of wheatandmilk proteins(19,39).
Thesdfindingsmayhave considerablémpacton humannutrition, sinceallergens
have mary undesirableffects.

Many expressiorsystemshave beendevisedfor thioredoxin,which is readily
producedwith extremely high yields in bacteriasuchasE. coli. The high sta-
bility and solubility of thioredoxinhaspromptedseveral groupsto useit asa
stabilizer/solubilizeof peptides/proteinthatarenormally producedn inclusion
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bodies(45,66,67,107,147).With theseexpressiorsystemstheproteinto be sol-
ubilizedis fusedto an E. coli thioredoxinsequenceand,if necessaryto a poly
His-tag.Theresultingfusion proteincan,in turn, beisolatedby chromatography
on a Ni%*-containingaffinity matrix andthe thioredoxinmodulecleaved, if nec-
essaryby a proteaseThelarge numberof successfuteportsattestso the power
andefficiengy of thistechnique.

A veryelegantmethodto mapprotein-proteirinteractionsy usingthioredoxin
hasbeenreportedby Lu et al (91). Briefly, the thioredoxinsequencés inserted
into flagellin,amajorstructuralcomponenbf the E. coli flagellumsystem Small
peptidesanthenbeintroducednto theloopof thioredoxinthatcontaingheactive
site, alocationknown to be extremely permissve for peptideinsertion.Bacteria
engineeredh thisway will displaythepeptidesn their pili, andthis propertycan
be usedto build peptidelibrariesthatallow, in turn, theidentificationof proteins
bindingwith ahighaffinity. Thismethodsthusanalternatvetothewell-developed
yeasttwo-hybrid system.

CONCLUDING REMARKS

During the pastseveralyears the useof recombinantechnologyhasgreatlycon-
tributedto advancementsn the understandingf the thioredoxinsystems.The
availability of recombinantproteinshasenabledcrystallographerdo solve the
structuref all the membersandeven of afew tamgetenzymesMost of thereg-

ulatory siteshave beenlocatedandthe functionsof their Cys elucidatedby site
directedmutagenesisThis sametechniquehasalsobeenemployedto probethe
protein-proteininteractionsurfacesfor residuegesponsibldor the specificity of

theseinteractions Not only hasthe structuralfield greatlyadvanced the mech-
anismof thioredoxinreductionin chloroplastshasalsobeenintensiely studied.
This hasled to a comprehensie modelinvolving a new role for a Fe-Sproteinin

thereductionof adisulfidebridge,aswell asto knowledgeof theredoxpotentials
of theregulatorychainandtargetenzymes.

A numberof new functionsfor thioredoxinhave recentlybeendescribedn
mammaliarcells; thesemostlyrelateto redoxregulationof transcriptionfactors,
possiblymediatedhroughthetranslocatiorof somecomponentsf thesesystems
to the nucleus.It will be interestingto obsene whethersuchdevelopmentsare
reportedn plantsystemsn thefuture.

It is alsointerestingto commenton how differently the thioredoxinsystems
have evolvedin plantscomparedvith mammaliarcells. In plants,evolution has
broughtan incrediblediversificationof the thioredoxinsequence relationto
the existenceof anotherintracellularcompartmentthe chloroplastMammalian
cells, on the otherhand,have acquireda new NTR catalystcontaininga seleno-
cysteineat the active site requiredfor catalytic activity. This modificationhas
not yet beenreportedin plantsor bacteriaand seemsto be specificto animal
cells.
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