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Véǵetale, Université deNancy1, F-54506VandoeuvreCedex, France;
e-mail: Jean-Pierre.Jacquot@scbiol.uhp-nancy.fr

Key Words NADPH:thioredoxinreductase,ferredoxin:thioredoxinreductase,
targetenzymes,regulatorysites,redoxpotentials,crystalstructures

■ Abstract Thioredoxins,theubiquitoussmallproteinswith a redoxactive disul-
fidebridge,areimportantregulatoryelementsin plantmetabolism.Initially recognized
asregulatoryproteinsin thereversiblelight activationof key photosyntheticenzymes,
they havesubsequentlybeenfoundin thecytoplasmandin mitochondria.Thevarious
plantthioredoxinsaredifferentin structureandfunction.Dependingontheirintracellu-
lar locationthey arereducedenzymaticallyby anNADP-dependentor by aferredoxin
(light)-dependentreductaseandtransmitthe regulatorysignal to selectedtarget en-
zymesthroughdisulfide/dithiol interchangereactions.In this review we summarize
recentdevelopmentsthat have provided new insights into the structuresof several
componentsandinto themechanismof actionof thethioredoxinsystemsin plants.
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INTRODUCTION

Thioredoxinsaresmallproteinswith aredoxactivedisulfidebridgepresentin the
characteristicactivesitesequence-Trp-Cys-Gly-Pro-Cys-. They haveamolecular
massof approximately12kDaandareuniversallydistributedin animal,plant,and
bacterialcells. In their reducedform they constitutevery efficient proteindisul-
fide oxido-reductases.Initially describedashydrogencarriersin ribonucleotide
reductionin Escherichia coli, they have beenfound to serve as electrondonors
in a variety of cellular redox reactions(65). In oxygenicphotosyntheticcells
thioredoxinswererecognizedasimportantregulatoryproteinsin carbonassimila-
tion (16,22).

Only two typesof thioredoxinshavebeenfoundin bacteriaandanimaltissues,
but planttissuescontainmultipleforms:two in chloroplasts,onein thecytoplasm,
andonein mitochondria.Although all thioredoxinsareof comparablesizeand
appearto have very similar redoxproperties,they fulfill specificfunctions.This
specificityis dueto structuralcomplementarity, which allows specificinteraction
betweenthedifferentthioredoxinsandtheir respective targetproteins.

Dependingontheir intracellularlocation,thioredoxinsarereducedby adiffer-
ent electrondonorsystem.Thioredoxinsin nonphotosynthetictissueandin the
cytosol of photosyntheticcells arereducedwith electronsfrom NADPH via the
NADP/thioredoxinsystem,whereasthechloroplastthioredoxinsof plantsandeu-
karyotic algaeandthe thioredoxinsof oxygenicphotosyntheticprokaryotesare
reducedvia the ferredoxin/thioredoxinsystemwith elecronsprovidedby photo-
syntheticelectrontransport.

In this review we describerecentdevelopments,including new structuralin-
formation, that provide a betterunderstandingof the structureand function of
thioredoxinsystemsin plantsandpresentsomeinformationonnew developments
andon proteinswith structuralor functionalsimilarity to thioredoxins.Different
aspectsof thethioredoxinsystemsin plantshavebeendiscussedin severalrecent
publications(7,17,18,20,21,44,49,49a,73,95a,128,135a,136,140,166a).For
detailedinformationonearlierdevelopmentswereferthereaderto formerreviews
in this series(16,65).

CYTOPLASMIC AND MITOCHONDRIAL
NADP-DEPENDENT THIOREDOXIN SYSTEMS

Plantcells,likebacterialandanimalcells,containacytosolicthioredoxinsystem
thatis dependenton NADPH for its reduction(48,151).In this cytosolicsystem,
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thereducingpower of NADPH is transferredto thioredoxinvia a flavoprotein—
theNADPH:thioredoxinreductase(NTR).1

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

A cDNA coding for this enzymehasbeenisolatedfrom Arabidopsisthaliana.
The deducedprimary structureof the protein displayssignificanthomologyto
E. coli NTR (75). Southernblot experimentsindicate that at least two differ-
ent genescodingfor NTR arepresentin Arabidopsis, with the total numberof
genesbeing low. Following the isolationof cDNAs coding for NTR, the crys-
tal structureof the recombinantprotein hasbeenelucidated.The enzymeis a
homodimerwith subunits of about35 kDa. Eachof the subunits possessestwo
subdomains,a centralNADPH bindingdomain,anda domainconstitutedby the
N andC termini, which bindsFAD. In addition,eachsubunit containsa redox
active disulfide in a CATC motif (35). Much as in the E. coli enzyme,the re-
dox active site is facing the isoalloxazinring of the flavin bringing the redox
entitiesin closecontact,therebyfacilitating electrontransferfrom FAD to the
disulfide.Comparisonof thecrystalstructuresof theE. coli andArabidopsispro-
teinssuggeststhatin orderto accommodateathioredoxinmolecule,thereductase
mustundergo a structuralchange,likely to occurat a hingesituatedat the junc-
tion betweentheFAD andNADPH subdomains.PlantNTR appearsto bemuch
morecloselyrelatedto the prokaryotictype enzyme(prototypeE. coli) thanto
the mammalianenzymethat containsan N-terminalextensionaswell asan es-
sentialselenocysteine(53). Like many otherflavoproteins,theArabidopsisNTR
alsopossessesdiaphoraseactivity andit is ableto reducequinoneandnitrocom-
pounds(11,101).

Genomic Organization, Structure of the Thioredoxin h
Component

Thecytosolicthioredoxinhasbeentermedthioredoxinh, asheterotrophic,sinceit
was originally foundin nonphotosynthetictissues(79,151).A numberof thiore-
doxin h cDNA sequenceshave beenisolatedfrom both nonphotosyntheticand
photosynthetictissues,mostnotablyin Arabidopsis(125).All deducedsequences
sharearatherhighdegreeof homology, exceptthatthecanonicalactive-sitemotif
(WCGPC) is modifiedto WCPPC in severalmembers.At leastfivegenescoding

1Abbreviations:DTT, dithiothreitol;FBPase,fructose1,6-bisphosphatase;Fd, ferredoxin;
FTR, ferredoxin:thioredoxinreductase;GSH, reducedglutathione;G6PDH, glucose6-
phosphatedehydrogenase;GAPDH, glyceraldehyde3-phosphatedehydrogenase;NADP-
MDH, NADP-dependentmalatedehydrogenase;NTR, NADPH:thioredoxin reductase;
PRK, phosphoribulokinase;Rubisco,ribulose 1,5-bisphosphatecarboxylase/oxygenase;
SBPase,sedoheptulose1,7-bisphosphatase;Trx, thioredoxin.
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for thioredoxinh arepresentin Arabidopsis. Primarystructureanalysesindicate
that all theseproteinsareclosely relatedfrom an evolutionarystandpoint(73).
Thioredoxinh sequencesareslightly longerthantheoneof E.coli—theprototype
prokaryoticthioredoxin—mostlyowing to N- and/orC-terminalextensions.So
far, theNMR solutionstructureof oxidizedthioredoxinh from thephotosynthetic
greenalgaChlamydomonasreinhardtii is theonly oneavailable(102).In agree-
mentwith primarystructureanalyses,themodelindicatesthatplantthioredoxinh
is muchcloserto humanthioredoxinthan to the E. coli type. Nevertheless,all
thioredoxinssharea commonfold with a successionof the following secondary
structuralelements:β1, α1, β2, α2, β3, α3, β4, β5, α4.

The thioredoxinh structurepresentsonly onemajor differencecomparedto
the modelsof other thioredoxins,namelyan elongatedα1 helix. The isolated
proteinhastwo specificpropertiesthatallow its identification:first, thepresence
of a conservedTrp residue(Trp13in Chlamydomonas) that impartspeculiarUV
spectralcharacteristics;andsecond,a marked instability whensubjectedto high
temperatureandslightly alkalinepH (150).Analysisof the intron positionssug-
geststhatthereis acommonancestorfor plantandgreenalgalthioredoxinh genes
(130).

Expression and Targets of Thioredoxin h

Althoughthisareais notaswell documentedby in vitro studiesastheonedealing
with chloroplastthioredoxins,a numberof functionshave beenproposedfor the
cytosolic thioredoxinsystem.It hasbeensuggestedto act asa reducingsystem
participatingin themobilizationof proteinreservesduringseedgermination,and
thesereactionsmay possiblybe linked to the reductionof storageproteinsand
enzymeinhibitors andalsomediatedby a redox-dependentprotease,thiocalsin
(8,82). It hasalsobeenproposedthatthioredoxinh mayplay a role in sulfateas-
similationandin conferringresistancetohydrogenperoxide,similartowhatoccurs
in yeastor mammaliancellssincesomeof theArabidopsisisoformscomplement
yeastmutantsin thesetwo processes(105).

Several recentreportsindicate that in cyanobacteriaand plants thioredoxin
is involved in the detoxificationof H2O2 via the enzymethioredoxin peroxi-
dase,or peroxiredoxin.In cyanobacteria,the reductionof H2O2, alkyl hydroper-
oxides and t-butyl hydroperoxidewas shown to be significantly increasedby
dithiol reagentsin vitro or by light in vivo, which suggeststhat in cyanobacte-
ria the activity of thioredoxinperoxidaseis coupledto the photosyntheticelec-
tron transportsystem(155,168). In the cytosol, peroxiredoxinmight be a tar-
get of thioredoxinh, sincethis enzymehasbeenisolatedasan in vivo target of
plant thioredoxinh in yeastby stabilizinga mixed disulfideintermediate(158).
Structuralandfunctionalequivalentsof theyeastandmammalianperoxiredoxin
arepresentin plant cells.Peroxiredoxinsof the two-Cystype,believed to func-
tion asantioxidants,have alsobeencharacterizedin plantssuchasHordeumand
Spinacia(5).

4



P1: FQP+FQK/FGD P2: FLW

April 7, 2000 14:5 Annual Reviews AR099-14

Althoughno 3-D structureof plantperoxiredoxinsis availableyet, thecrystal
structureof thehumanenzymehasbeensolved.Figure1 (seecolorsection)shows
astructuralcompositeof thethioredoxincytosolicsystemcomprisedof NADPH,
theArabidopsisthalianaNTR monomer, Chlamydomonasreinhardtii thioredoxin
(Trx) h, andhumanperoxiredoxin.

Thioredoxinh is alsoa potentregulatorof membrane-bound,receptor-like ki-
nasesin plants(13). Expressionstudies(essentiallynorthernandwesternblots)
indicatethatthioredoxinh proteinsarepresentin many plantorgansandthattheir
expressionis developmentallyregulated.Transcriptionof the genein Chlamy-
domonaswas foundto beunderthecontrolof light anda circadianrhythm(87).
Furthermore,it is stronglyactivatedafteradditionof heavy metals,suchasCd2+,
to algalcells(86).

Thioredoxin h as a Messenger in Plants?

Severalexperimentssuggestthatthioredoxinh couldactasamessengerproteinin
plants.First,thioredoxinhwasfoundtobeoneof themajorproteinsin thephloem
sapof rice(72).Furthermore,it isdetectednotonly in thephloemsapof monocots
suchasrice andwheat,but alsoin dicotssuchasRicinusandCucurbita (138).
Sincematurephloemcellsareenucleated,thesiteof mRNA synthesiswaslocated
to companioncells,andtranscriptscodingfor thioredoxinh weretransferredto
the sieve tubes(132). In addition,microinjectionof recombinantthioredoxinh
demonstratedthat the protein itself hasthe capacityto mediateits own cell-to-
cell transportthroughplasmodesmata(71). It thusappearsthat thioredoxinh is
a mobile elementin plantsand could act as a messagecarrier, presumablyby
regulatingmembranereceptors,asdescribedfor themembrane-bound,receptor-
likekinaseof Brassica(13).

Thioredoxin Systems in Mitochondria

It is now well establishedthat animal cells contain the full complementfor a
functionalthioredoxinsystem(selenium-containingNTR andthioredoxin)in mi-
tochondria(100,111).Earlyreportsindicatedthatplantmitochondriaalsocontain
at leastonethioredoxin(12,92),but no cDNA sequencehasbeenunambiguously
shown to codefor a transitpeptidethat targetsthe mitochondrialcompartment.
Similarly, no plantmitochondrialNTR sequencehasyet beenisolated.Although
moresolid evidencefor thepresenceof a functionalthioredoxinsystemin plant
mitochondriais still lacking,thesethioredoxinscanbereducedin vitro by lipoic
acidgeneratedvia the2-oxoaciddehydrogenasecomplex, asin animalmitochon-
dria (24). A possiblerole for plant mitochondrialthioredoxinscould be to acti-
vate/stabilizethe2-oxoaciddehydrogenasecomplex presentin thisorganelle(23).
Anotherpossiblerolefor mitochondrialthioredoxincouldbetheredoxregulation
of the cyanide-resistantalternative oxidasein the plant electrontransportchain
(124,157a).
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THE CHLOROPLASTIC, FERREDOXIN-DEPENDENT
THIOREDOXIN SYSTEM

In chloroplastsandcyanobacterialcellsthioredoxinsarereducedby way of light.
Light-driven photosyntheticelectrontransportproducesreducedferredoxin(Fd),
which servesaselectrondonorfor ferredoxin:thioredoxinreductase(FTR). This
enzymein turnreducesthioredoxins,which interactwith targetproteinsto reduce
andactivatebiosynthetic,ordeactivatecatabolicpathways.Thissystemof enzyme
regulationis theferredoxin/thioredoxinsystem(16,17). Significantprogresshas
beenmadein understandingthissystemwith respectto functionandespeciallyto
structure,inasmuchasthecrystalstructureof eachcomponentproteinmemberis
now known (Figure2; seecolor section).

Ferredoxin

Fd,thesoluble,stromal[2Fe-2S]protein,isanegativelychargedelectrondonorthat
interactsquitestronglywith its electronacceptorproteinsto form electrostatically
stabilizedcomplexes.It was demonstratedthatspinachferredoxinandFTR form
a high-affinity, 1:1 complex (61). Negatively charged residuesinvolved in this
complex formationhavebeenlocatedin spinachandChlamydomonasreinhardtii
ferredoxin(37,77). A crystal structureis now available for spinachferredoxin
at 1.7 Å resolution(10). Although thereare positively charged residuesin the
putative ferredoxininteractiondomainof spinachFTR, no experimentshave yet
shown their involvementin protein-proteininteraction.

Ferredoxin:Thioredoxin Reductase

FTRis thecentralenzymeof theferredoxin/thioredoxinsystem;it convertsapho-
tosynthetic“electronsignal” received from reducedferredoxinto a “thiol signal”
thatis transmittedto thioredoxin.Unlike cytoplasmicNTR, this chloroplaststro-
mal enzymeis a yellowish-brown [4Fe-4S]protein,composedof two dissimilar
subunits,designatedcatalyticandvariable.The catalyticsubunit of the enzyme
from different photosyntheticorganismshasa constantsize of about13 kDa,
whereasthevariablesubunit rangesbetween8 and13kDa(41,69).

GeneandProteinSequences InplantsbothsubunitsofFTRarenucleus-encoded.
Two slightly differentcDNAs have beensequencedfor bothsubunitsof spinach
FTR,suggestingthepresenceof two genes(46,50). In Porphyra purpurea, a red
alga (121), and in Guillardia theta, a cryptomonad(40), a single genefor the
catalyticsubunit was foundin thechloroplastgenome.

The variablesubunits show pronouncedsequencediversity, with only 46%
to 60% identity within the eukaryotesand33% to 40% betweeneukaryoteand
prokaryotes.Themoststriking differenceis theextendedN terminus,presentin
all threeknown eukaryoticsubunits,but absentin theprokaryoticones.In spinach
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FTR, this N-terminal extensionwas found to be unstable;it was degradedto
discreteshorterpeptides(157)thatexhibit nodifferencein functionalproperties.

By contrast,thecatalyticsubunitshave a highly conservedprimarystructure.
Amongthestrictly conservedresiduesareseven Cys,six of which areorganized
into two CPCandoneCHC motifs. Thesesix Cysarethe functionallyessential
residuesthatconstitutetheredoxactive disulfidebridgeandligatetheFe-Sclus-
ter. Clusterligation doesnot follow known consensusmotifs, but shows a new
arrangementwith thefollowing fingerprint:CPCX16CPCX8CHC (clusterligands
are in bold). In spinachFTR Cys54and Cys84 form the active-sitedisulfide.
Cys54 is accessibleto solvent, whereasCys84 is protected.The four remain-
ing cysteines,Cys52,Cys71,Cys73,andCys82,are ligandsto the iron center.
Thisarrangementplacestheredox-activedisulfidebridgeadjacentto the[4Fe-4S]
cluster(30).

Thegenomesof twoarchaebacteria,Archaeoglobusfulgidus(81)andMethano-
bacteriumthermoautotrophicum(146),bothcontaina genecodingfor a protein
with a striking resemblanceto thecatalyticsubunit of FTR.Althoughtheoverall
identitiesbetweenthe archaebacterialproteinsand the photosyntheticFTR are
ratherlow (25%–35%),the residuesfound to beessentialfor the functioningof
FTR, theCXC motifs,areconserved.However, no functionsareknown for these
proteinsin the archaea.Nonetheless,the striking structuralsimilaritiessuggest
thatthecatalyticsubunit of photosyntheticFTRmightbederived from anancient
precursorproteinwhosefunctionhasbeenadaptedduringevolution.

The genescodingfor the two subunits of FTR from spinach(50) andSyne-
chocystis(142) have beenintroducedinto expressionvectors.Theseconstructs
yieldedsoluble,heterodimericrecombinantenzymescontainingthecorrectlyin-
sertedFe-Scluster, demonstratedby spectralpropertiesandenzymeactivity.

Crystal Structure RecombinantSynechocystisFTR hasrecentlybeencrystal-
lizedandits structuresolved(34,35a).Thevariablesubunit hasanopenβ-barrel
structureandthecatalyticsubunit is essentiallyα-helical.Thetwo subunits,with
the catalytic subunit sitting on top of the variablesubunit, form an unusually
thin molecule,with the shapeof a concave disc measuringonly 10 Å across
its center. In this centerare locatedthe functionally important structures,the
cubane[4Fe-4S]clusterand,in closeproximity, theredoxactivedisulfidebridge.
TheFe-Sclusteris accessiblefrom onesideof theconcave disk, the ferredoxin
dockingside,whereasthe disulfidebridgeis accessiblefrom the oppositeside,
the thioredoxindockingside.This allows simultaneousdockingof the electron
donorandelectronacceptorproteins—aprerequisitefor the proposedreaction-
mechanism.

The docking sites are also well adaptedfor their function: The ferredoxin
docking site containsfour positively charged residuesfor specific interaction
with negatively chargedferredoxin,whereasthethioredoxindockingsitecontains
mainly hydrophobicresidues,makingit compatiblefor interactionwith different
thioredoxins.

9



P1: FQP+FQK/FGD P2: FLW

April 7, 2000 14:5 Annual Reviews AR099-14

Surprisingly, the shapeof the variablesubunit shows striking similarities to
PsaE,theferredoxin-bindingproteinof photosystem1, with theSH3domainand
with GroES,althoughtherearenosequencesimilaritieswith eitherprotein(34).

Chloroplast Thioredoxins

Chloroplastsof plantsandalgaecontaintwo differenttypesof thioredoxins,an
f- andanm-type.They havedifferentphylogeneticorigins(58)anddifferenttarget-
enzymespecificities.Thioredoxinf wasoriginallydescribedastheactivatorprotein
for spinachstromalfructose1,6-bisphosphatase(FBPase)andthioredoxinm for
NADP-malatedehydrogenase(NADP-MDH) (16,17,73). Although a cleardis-
tinction betweenthetwo Trx typeshasnot alwaysbeenobtainedin experiments
underin vitro conditions,thesetwo typescanclearly be distinguishedby their
primarystructures.

Structureof Thioredoxin m This thioredoxin,presentin oxygenicprokaryotes,
algae,monocots,and dicots,strongly resemblesthe thioredoxinfrom prokary-
otes,bothheterotrophicandanoxygenicphotosynthetic.In plantsandgreenalgae
this Trx is nuclear-encoded,but in red algaeits genewas found in the chloro-
plastgenome(121,123),whichsupportsits bacterialendosymbioticorigin.Func-
tionally andstructurally, it stronglyresemblesbacterialthioredoxins,which can
be usedinterchangeably. Thioredoxinsof the m-type are, therefore,considered
bacterial-typethioredoxins.A comparisonof theprimarystructuresof all m-type
thioredoxinsavailablein thedatabasesshows that they areclearly related.How-
ever, thereis lesssequencesimilarity thanfor the f-type proteins.Recombinant
m-typethioredoxinshavebeenreportedfromChlamydomonas(84),spinach(139),
andpea(90).For theChlamydomonasprotein,anNMR analysisshowedthat its
secondarystructureandgeneralproteinfolding is similar to its E.coli counterpart
(84). For the recombinantspinachthioredoxinm, the crystalstructurehasbeen
solvedin theoxidizedandreducedstateat 2.1and2.3 Å resolution,respectively
(27).Asalreadyfoundfor Chlamydomonasthioredoxinm, itsstructureisverysim-
ilar to thatof E. coli thioredoxin(80), with nearlyidenticalsecondarystructure.
Thesurfacearoundtheactive-siteCysresidueslargelyresemblesits E. coli coun-
terpart(Figure3, centerandbottompanels;seecolor section).This corroborates
biochemicalevidencethattheproteinsarefunctionally interchangeable.Thereis
little differencein conformationof theactive sitebetweenoxidizedandreduced
thioredoxinm; however, someslight structuralchangesin themainchainconfor-
mationof theactivesiterenderthesolvent-exposedCys(Cys37)moreaccessible
uponreduction(G Capitani,Z Markovic-Housley, G del Val, M Morris, JN Jan-
sonius,PScḧurmann,Crystalstructuresof two functionallydifferentthioredoxins
in spinachchloroplasts.In preparation).

Structureof Thioredoxin f Therearefewersequencesknownfor thisTrx,which
is consideredto berestrictedto photosyntheticeukaryoticorganisms.Thioredoxin
f is nuclear-encodedand apparentlyderived from the eukaryotichost during
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Figure 3 Surface stereo views of spinach chloroplast thioredoxin f (top),
thioredoxin m (center)and thioredoxin from E. 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 conserved, with 75% to 90% residue
identity in thematureproteinfrom dicotsandwith 60%to 67%residueidentity
betweendicotsandmonocots(140).Owingto additionalaminoacidsat theN ter-
minus,they areslightly longerthanotherTrx types.Interestingly, theC-terminal
partof thesequenceresemblesclassicalanimalthioredoxinin containinga third,
strictly conservedCys (Cys73in spinach).Thecrystalstructureof two different
forms of recombinantthioredoxin f hasbeensolved (G Capitani,Z Markovic-
Housley, G del Val, M Morris, JN Jansonius,P Scḧurmann,Crystalstructuresof
two functionally different thioredoxinsin spinachchloroplasts.In preparation),
a long form closely resemblingthe in vivo form (1) andan N terminally trun-
catedshortform (38). Both structuresareessentiallyidenticalasidefrom the N
terminus,which containsan additionalα-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).
Positivechargessurroundingtheactivesitemaybeinstrumentalin orientingthiore-
doxin f correctlywith its target proteins.Hydrophobicresidues,alsoprominent
in this area,maybemoreimportantin thenonspecificinteractionwith FTR that
reducesvariousthioredoxins.A striking differenceis the presenceof the third
Cysexposedon thesurface(Cys73in spinach),9.7 Å away from theaccessible
Cysof theactive-sitedithiol (Cys46).As mentioned,this third Cys is conserved
in all f-type thioredoxins.The structuralanalysisalsoshows that the active-site
Cys closestto the N terminus(Cys46in spinach)is exposed,whereasits part-
ner (Cys49in spinach)is buried, confirming experimentswhich indicatedthat
Cys46is theattackingnucleophilein thereductionof thetargetprotein’sdisulfide
(14).

Specificityof Thioredoxins Chloroplastthioredoxinsshow selectivity in their
interactionwith targetenzymeswhentestedunderconditionsapproachingtheir in
vivosituation.ThestromalCalvincycleenzymesFBPase(51),SBPase(166),PRK
(165),aswell asRubiscoactivase(169) andCF1 (141),areexclusively or most
efficiently activatedby thioredoxinf. NADP-MDH, althoughoriginally reported
to specificallyinteractwith thioredoxinm, wasshown to beevenmoreefficiently
activatedby thioredoxin f (51,64).G6PDH(glucose6-phosphatedehydrogenase)
of the stromaloxidative pentosephosphatepathway, on the contrary, interacts
specificallywith thioredoxinm (162). Theseobservationssuggestthat, at least
asfar as carbohydratemetabolismis concerned,reducedthioredoxinf functions
primarily in enzymeactivation(i.e. enhancingtherateof biosynthesis),whereas
reducedthioredoxinmactsmainlyin enzymedeactivation(i.e.decreasingtherate
of degradation).

Thespecificityof thioredoxin f raisesthequestionof whichstructuralfeatures
arepossiblyresponsiblefor it. An answerhasbeensoughtusingsite-directedmu-
tagenesisof thioredoxins.Theresultsconfirmtheimportanceof thethird Cys(38)
andof positive chargeson thecontactsurfaceof thioredoxin f (51,83,103),and
canessentiallybereconciledwith therecentstructuralmodelof Trx f (27).
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Mechanism of Thioredoxin Reduction by FTR

Thereis clearevidencefrom experimentswith isolatedchloroplasts(33)andpuri-
fiedproteincomponents(42) thatFTRconvertsthephotosyntheticelectrontrans-
port signal,provided by reducedferredoxin,to a thiol signal,detectedwith the
fluorescentlabelmono-bromobimane,which thenappearssequentiallyin thiore-
doxinandthetargetenzyme.Basedon recentspectroscopic(148,149)andstruc-
tural(30,34)analyses,it hasbecomepossibleto proposeareactionmechanismof
how FTR might achieve this conversion.To obtainthe two electronsneededfor
reductionof the active-sitedisulfidebridgeFTR mediatestwo consecutive one-
electrontransfersfromreducedferredoxinandstabilizestheoneelectron–reduced
reactionintermediate.Characterizationof theFe-Sclusterin nativeandchemically
modifiedFTR(148,149)providedevidencefor acubane[4Fe-4S]2+ clusterin the
oxidizedenzyme,which cannotbereduced,but oxidized(redoxpotentialfor the
couple[4Fe-4S]3+/2+ = +420mV). Thepostulatedreactionmechanismfeatures
anew biologicalrolefor thisFe-Sclusterthatcatalyzesthereductionof adisulfide
bondby establishingatransient[4Fe-4S]3+ clustercoordinatedby fivecysteinates
(149),with aclusterFeatomasthefifth ligand(34,35a).

Anotheraspectof themechanismof thioredoxin-mediatedenzymeregulation
concernstheredoxpotentialsof thecomponentproteinsin theregulatorychain.
Theoxidation-reductionpropertiesof thedifferentregulatorydisulfidesinfluence
the activation stateof the individual target enzymes.To understandthe kinetics
of activation,oneneedsto know theoxidation/reductionmidpointpotentials(Em)
of the disulfide/sulfhydrylcouplesinvolved. Over the pastseveral years,mid-
pointpotentialsof themembersof theregulatorychainandseveraltargetenzymes
have beenobtainedby cyclic voltammetry(131), the fluorescentprobemono-
bromobimane,andactivity measurements(60,62,63,70,120).Despitesomerel-
atively small differencesfor the Em valuesdeterminedby the differentgroups,
thereemergesa generalagreementasto which membersof theregulatorychain
havethemostpositiveEm valuesandwhich themostnegative. Themorenegative
midpointpotentialof thedisulfideof spinachFTR(Em = −320mV, pH 7) allows
both thioredoxins(−290mV for f ; −300mV for m) to becomereduced.Target
enzymesinvolvedindirectly or directly in regenerationof theCO2 acceptor, CF1
(−280mV) andPRK(−295mV),havethemostpositivepotentials.FBPase[−305
mV, pH 7, spinach,P Scḧurmann,M Hirasawa & DB Knaff, unpublisheddata,
replacingaformererroneousEm valueof −330mV (63)],andSBPase(−300mV,
pH 7, tomato),which togethercontroltheentryinto theregenerativephaseof the
Calvincycleandinto starchsynthesis,haveaslightly morenegativepotentialthan
thioredoxinf, whereasNADP-MDH hasa significantlymorenegative potential
(−330 mV, sorghum)that keepsthis latter enzymeoxidized/inactive as long as
thereis no surplusof reducingequivalents(NADPH). The differencesin redox
potentialsuggestasequentialorderin theactivationof chloroplastenzymesin the
light, with themostcritical metabolicprocessesgiven priority. They furthersug-
gestthattheredoxequilibriareachedwill resultin differentdegreesof activation.
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Theseequilibriamaythenbemodifiedby enzymeeffectors(47) thatwouldallow
for fine-tuningof activity afterthetargetenzymesareswitchedonby light.

Chloroplast Target Enzymes

Thefact that the light-dependentincreasein enzymeactivity couldbemimicked
in vitro by sulfhydrylcompoundslikedithiothreitol(DTT) wastraditionallytaken
asevidenceof an involvementof reducedthioredoxin.However, final proof of a
redoxevent involving thioredoxinneedsexperimentalevidencefor an absolute
requirementandthedemonstrationof anaccessibledisulfidebridgeon thetarget
structure.The presenceof a redox-active disulfidehasbeenconfirmedfor most
of the light-regulatedenzymesandits involvementverifiedby site-directedmu-
tagenesis.For someof the enzymes,three-dimensionalmodels,basedeitheron
X-ray crystallographyor homologymodeling,haveprovidedfurtherinsightsinto
possiblestructuralchangesoccurringdueto reduction.

Comparisonof primarystructuresrevealsthatthereis no Cys-containingcon-
sensusmotif presentin mostof the light-regulatedtarget enzymes,althoughin
somea CXXXX C sequenceis the responsibleelementor part of it (Table 1).
However, thetwo active cyst(e)inescanalsobeseparatedby many residues.For
certainenzymes,particularlythosealsooccurringascytosolicisoforms(e.g.FBP-
ase,MDH), theregulatorydisulfidestructuresarelocatedonextra loopsor exten-
sions,indicatingthatthey wereaddedduringadaptationtophotosyntheticfunction.
Theseobservationssuggestthattheadaptationof enzymesto light-mediatedredox
regulationarosemultiple timesduringevolution.

Reductionof theregulatorydisulfidesof thetargetenzymesby thioredoxinpro-
ceeds,like thioredoxinreduction,with theformationofa transientheterodisulfide

TABLE 1 Regulatorysitesequencesof chloroplasttargetenzymes
andtheir principalactivatingthioredoxin

Targetenzyme Plant Regulatory sitea Activator

FBPase Spinach Cys155X18Cys174Val Trx f
ValAsnValCys179

SBPase Wheat Cys52GlyGlyThrAlaCys57 Trx f
PRK Spinach Cys16X38Cys55 Trx f
ATP synthase Spinach Cys199AsplleAsn Trx f
(γ -subunit of CF1) GlyLysCys205
NADP-MDH Sorghum Cys24PheGlyValPheCys29 Trx f (m)

Cys365X11Cys377
G6PDH Potato Cys149ArglleAspLys Trx m

ArgGluAspCys157
Rubiscoactivase Arabidopsis Cys392X18Cys411 Trx f

aTheregulatoryCysarein boldandadditionalconservedresiduesarein italics.
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complex betweenthetworeactionpartners.ThereactiveCys,whichis thesolvent-
accessibleresidueclosestto theN terminusof thioredoxin,cleavesthetargetdisul-
fidebynucleophilicattack,therebyformingacovalentlylinkedmixeddisulfide.In
arapidsecondstep,thesecondsulfhydryl,whichis inaccessibletosolvent,attacks
themixeddisulfideto produceoxidizedthioredoxinandreducedtargetenzyme.

Fructose1,6-Bisphosphatase StromalFBPaseis one of the first enzymesin
which activity was demonstratedto beclearlydependenton reducedthioredoxin
f (16).Sequencingrevealedthepresenceof aninsertin themiddleof theprimary
structurecomparedto its cytosolicisoform(118).ThisinsertcontainsthreeCys—
Cys155X18 Cys174ValValAsnValCys179in spinach—two separatedby four hy-
drophobicresiduesand the third, Cys155,by 18 residuesupstreamtoward the
N terminus(Table1). Cys174andCys179,presentin a CXXXX C motif, were
thoughtto constitutetheredoxactivedisulfidebridge(93).However, site-directed
mutagenesisexperimentsindicatedthatall threeCyspresentin the insertarein-
volved in regulation.Thereplacementof Cys155resultsin a constitutively fully
activeenzyme,while thereplacementof eitherof theremainingCys(C174,C179)
resultsin a partially active enzymethat still requiresreductionby thioredoxin
for full activity. 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 thioredoxin f, which in-
dicatesthat it must be surfaceexposed(Y Balmer, P Scḧurmann,unpublished
data). Interestingly, the region situatedbetweenCys155and Cys174contains
several negative charges (seven Asp and Glu in the pea sequence,with three
of themhighly conserved). Mutagenesisof this regulatory region suggeststhat
theseanionicchargesareimportantfor thioredoxindocking,presumablyby es-
tablishingelectrostaticinteractionswith positively charged,surfaceresiduesof
thioredoxinf (129).

Thestructureof spinachchloroplastFBPasehasbeensolvedby X-ray crystal-
lographyat 2.8Å resolution(159).ThemodelshowsthatthethreeregulatoryCys
areonaloopextendingoutof thecorestructureof theenzyme.Unfortunately, the
definitionof itscrystalstructure,probablydueto itsflexibility , wasnotsufficientto
locatea disulfidebridge.Recentcrystallographicanalysisof theoxidizedrecom-
binantpeaenzymerevealsa disulfidebondbetweenCys153(Cys155in spinach)
andCys173(Cys174in spinach),whereasthethird Cysin theloop is presentas
a free sulfhydryl, which is sufficiently closeto form an alternatedisulfidewith
Cys153whenCys173is alteredby site-directedmutagenesis(29a).

Sedoheptulose1,7-Bisphosphatase A substrate-specificSBPaseis found only
in oxygenicphotosyntheticeukaryotes.It is uniqueto the Calvin cycle andhas
no cytosoliccounterpart(117).Primarystructuresfor this 76-kDa,homodimeric,
nucleus-encodedchloroplastenzymeareknown from Arabidopsis(164),Chlamy-
domonas(56),spinach(94),andwheat(119).In cyanobacteria,SBPaseactivity is
contributedby abifunctionalFBPase/SBPaseenzyme(153,154).
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EukaryoticSBPaseshowsconsiderableoverallsequencesimilaritywith stromal
FBPase;however, it lacksthe regulatoryCys insert.The numberof Cys varies,
but four arefoundat strictly conservedpositionsin theN-terminaldomain.The
two most N-terminal Cys, in wheatarrangedas a Cys52GlyGlyThrAlaCys57
motif (Table1), have beenshown to beinvolvedin redoxregulation.Mutationof
thesetwo Cys to Serresultedin an active, redox-insensitive SBPase(43). As in
stromalFBPase,theregulatoryCysresiduesof SBPasearenotpartof thecatalytic
site. Basedon structuralsimilarities betweenthe two enzymes,the regulatory
disulfidecould be locatedon a flexible loop nearthe junction betweenthe two
SBPasemonomers.Oxidationor reductionof the regulatorydisulfidemay alter
theconformationof thehomodimerandtherebychangetheactivity of theenzyme
(117). Unlike FBPase,this enzymeexhibits an absoluterequirementfor redox
activation(106)andoncereduced,itsactivity ismodifiedfurtherbystromalfactors
suchaspH, [Mg2+], andmetabolites(25,118,137).

Phosphoribulokinase A redox-regulatedPRKispresentasa80-kDahomodimer
in photosyntheticeukaryotes(113)andasahomotetramerin cyanobacteria(160).
Eachsubunit containsfour Cys residuesat conserved positions,two nearthe N
terminusandtwoneartheC terminus.For thespinachenzymetheN-terminalpair,
Cys16andCys55,wereidentifiedbychemicalmodification(115)andsite-directed
mutagenesis(98) astheregulatorycysteinesforming anintramoleculardisulfide
bondin theoxidized/inactive enzyme.Both arelocatedin thenucleotidebinding
domainof the active site whereCys55may play a facilitative role in catalysis
(112,114) by binding the sugarphosphatesubstrate(98). This Cys forms the
transientheterodisulfidewith Cys46of thioredoxinf during reductive activation
(15). PRK is theonly exampleof a thioredoxin-linkedenzymewith a regulatory
Cysaspartof its active site.Sinceoneof thereducedCysresiduesappearsto be
involvedin substratebinding,theformationof a disulfidebridgevery effectively
blockscatalyticactivity, asituationfoundalsoin NADP-MDH.

A crystalstructureof theallostericallyregulatedPRKfromRhodobactersphae-
roides is now available (57). Although this enzymeis not redox regulated,the
structuraldatawill beusefulfor modeling.

ATP Synthase ThechloroplastATP synthasecomplex is composedof theinte-
gralthylakoidmembraneportionCF0 andthehydrophilicCF1, whichiscomposed
of five differentsubunit-types.Theγ subunit of the lattercontainsthestructural
element,which allows for thiol modulationof the enzymeby Trx f (108,141).
Theregulatorymotif— Cys199AspIleAsnGlyLysCys205in spinach(Table1)—
is presentin the subunit from plants(97) andgreenalgae(32), but is absentin
theenzymeof cyanobacteria(32,95,163)anddiatoms(109)or mitochondrialF1.
Thedisulfidebridgebetweenthetwo Cysresiduesseemsto beinaccessiblein the
inactive enzymein the dark andbecomesexposeduponactivation by the trans-
membraneelectrochemicalprotongradient(35b).No informationis availableon
possiblestructuralchangesbroughtaboutby reductionof theregulatorydisulfide.
However, the main purposeof reductiondoesnot seemto be the modulationof
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enzymeactivity, butrathertopermitahigherrateof ATPformationatlimiting elec-
trochemicalpotentials.Regulationlinked to thioredoxinalsoallows theenzyme
to beswitchedoff in thedarkto avoid wastefulhydrolysisof ATP.

NADP-DependentMalateDehydrogenase NADP-MDH isthemostextensively
studiedthioredoxin-regulatedenzyme.It appearsto havearathercomplex regula-
torymechanism,involvingmorethanonedisulfidebridge,whichhasrecentlybeen
describedin detail(96,128).Thehomodimericenzymeof 85kDadiffersfrom its
cytoplasmic,NAD-dependenthomologueby the presenceof N- andC-terminal
extensionsandby containingeight Cys residuesat strictly conserved positions.
Two arelocatedin theN-terminalextensionin aCys24PheGlyValPheCys29mo-
tif (C4 sorghum),andanothertwo, Cys365andCys377,separatedby 11residues,
arein theC-terminalregion (Table1). Thefour remainingCysarelocatedin the
corepart of the polypeptide.Systematicfunctionalanalysisof the Cys residues
by chemicalmodificationandsite-directedmutagenesisprovided evidencethat
one regulatory disulfide is formed betweenthe two N-terminal Cys. A second
regulatorydisulfidebridgeis presentin theC terminus.Thesetwo regulatorysites
arenot functionallyequivalentbut havedistincteffectsonactivation.Removal of
theN-terminaldisulfideyieldsaninactive, oxidizedenzymestill in needof thiore-
doxinactivation.However, thisactivationisalmostinstantaneousuponadditionof
reducedthioredoxin,whichcontrastswith theslow activationseenwith thenative
enzymecontainingbothregulatorydisulfides.Removal of theC-terminaldisulfide
producesamutantenzymewith activationpropertiesverysimilarto wild type,but
the activation processis no longer inhibited by NADP. In addition,this mutant
enzymeexhibits a slight constitutive activity (i.e. independentof reduction),but
with averyhighKm for oxaloacetate.Removal of bothN- andC-terminaldisulfides
resultsin a thioredoxin-insensitive, permanentlyactiveenzyme.

A fifth, internalCysresiduemight alsobeinvolvedin theseregulatoryevents
by forming a transientdisulfide bridge with one of the N-terminal Cys (127).
This internalCys207(in C4 sorghum)becomesaccessibleafterremoval of theN-
terminaldisulfidebymutationandcanformaheterodisulfidewith thioredoxin(54).

Becausethe crystal structuresof C4 NADP-MDH from Flaveria (29) and
sorghum (78) have recently beensolved, the biochemicalresultscan now be
placedin astructuralperspective. Themodelsconfirmthepresenceof twosurface-
exposed,thioredoxin-accessibledisulfidebonds.The C-terminaldisulfideholds
down the C-terminalextension,which bendsbackover the surfaceandreaches
with its tip into theactivesite,obstructingaccessof theC4 acidsubstrate(82a).The
tip of theC terminuscarriestwo negativechargesthatinteractwith boundNADP,
but not with NADPH. Theseinteractionsretardthereleaseof theC-terminalex-
tensionandcanexplain theinhibition of reductive activationby NADP observed
earlier(29).TheN-terminalextensionappearsto beratherflexible, andthestruc-
tural changesdueto reductionof its disulfidebondarelessclear. Basedon the
two structures,two possibilitiesareoffered:TheN-terminaldisulfidemight lock
domainsandthusmaintainan unfavorableconformation(78) or the N-terminal
residuesmightreachover thesurfaceof themoleculetowardtheadenosineendof
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theactive siteandlimit substrateaccess(29).Themobility of theN-terminalex-
tensionwouldalsoallow for theproposedformationof atransientdisulfidebridge
betweenanN-terminalCysandtheinternalCys207(127).However, it issuggested
thatthis transientdisulfideis morelikely formedbetweenthetwo subunitsof the
homodimerthanwithin asinglesubunit (29).

The rathercomplex regulationof NADP-MDH by redoxequilibriumandthe
NADP/NADPH ratio appearsto be importantin C3 andC4 plants.In C3 plants,
wherethisstromalenzymeexportsreducingequivalentsin theformof malatefrom
thechloroplastto thecytosolthroughthe“malatevalve” (135),it is essentialthat
reducingequivalentsareexportedonly whenthey arein excessin thechloroplast.
In certainC4 plants,wherethe enzymefunctionsasan essentialcatalystof the
CO2 trappingandtransportmechanismin mesophyllcells,it is equallyimportant
to turn off the C4 pathway in the dark.The additionalrequirementof pyruvate,
Pi dikinaseandphosphoenolpyruvatecarboxylasefor reversiblelight activation
helpsto insurethattheC4 pathway is switchedoff completelyin darkness.

Glucose6-PhosphateDehydrogenase G6PDH,catalyzingthefirst stepof the
oxidativepentosephosphatecycle,existsin plantsin at leasttwo isoforms,onein
thecytosolandonein chloroplasts.Only thelatterisoformissubjectto redoxregu-
lationby thioredoxin.As thisstromalenzymeis partof adissimilatorypathway, it
is regulatedin theoppositeway frombiosyntheticenzymes,i.e. it is inactivein the
light (reducedstate)andactivein thedark(oxidizedstate).Thechloroplastisoform
aswell astheenzymefrom cyanobacteriacontaina numberof Cysresiduesthat
arenot presentin thecytosoliccounterpart.Mutationalanalysisof thesix Cysof
therecombinantpotatoenzyme,all situatedin theN-terminalpartof thepolypep-
tide,revealedthatCys149andCys157areengagedin aregulatorydisulfidebridge
(162).Thisdisulfide,specificallyreducedby thioredoxinm, ispartof aregulatory
sequencewith nosimilarity to others.Thecyanobacterialenzyme,althoughredox
regulated(3,31,52), is quite different,with fewer (two to four) Cys residuesat
otherpositions.TwoCys(Cys188,Cys447in Synechococcus) areatconservedpo-
sitionswithin thecyanobacterialenzymeandmight form theregulatorydisulfide
(52,134),althoughthereis nosupportiveexperimentalevidenceto date.

Homologymodelingusingthecrystalcoordinatesof theLeuconostocenzyme
locatestheproposedregulatorycysteinesof thechloroplastenzymeonanexposed
loop,sufficiently closeto permitadisulfidebridge,andfreelyaccessiblefor inter-
actionwith thioredoxin(162).However, this modeldoesnot provide any insight
into how disulfidereductionbringsabouttheobserved30-fold increasein Km for
thesubstrate.

RubiscoActivase Until recently, no link betweentheobservedlight activationof
Rubiscoandthioredoxincouldbemade,thesoleeffectof light beingindirectvia a
changein thestromalADP/ATPratiomodulatingactivaseactivity (116).In certain
plants,suchasArabidopsis, theactivasepolypeptideexistsin two forms:shortand
long. Thelong form was recentlyfoundto beactivatedby reducedthioredoxinf
in vitro at physiologicalADP/ATP ratiosandtheregulatorydisulfide,consisting
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of Cys392andCys411,was identifiedat theC-terminalendof theprotein(169).
However, in otherplants,suchastobacco,wherethereis apparentlyno long-form
activase,themodeof light-inducedregulation(activation)remainsto beclarified.

Other PossibleChloroplast Targets Threeadditional chloroplastenzymes—
glyceraldehyde3-phosphatedehydrogenase(GAPDH), acetylCoA carboxylase,
andFd-dependentglutamatesynthase(GOGAT)—arereportedto beactivatedby
reducedthioredoxin;however, no specificregulatorysiteshave yet beendemon-
strated.Although GAPDH activity canbe stimulatedby reducedthioredoxinf,
nocompellingevidenceexiststo datefor anabsoluterequirementfor thioredoxin
as reductant.Indeed,recentexperimentshave shown that the sameeffects can
beachieved by low concentrationsof GSH(4). Acetyl CoA carboxylase,which
catalyzesthe first committedstepin de novo fatty acid biosynthesis,appearsto
beactivatedby thioredoxin(68,133).Thisenzymeexistsin two isoformsin most
plants,aeukaryotic,multifunctionalform in thecytoplasmandaprokaryotic,mul-
tisubunit isoform in the chloroplast.The activity of the prokaryotic,peaplastid
enzymeis significantly increasedby the addition of dithiols, but not mono-
thiols, and thioredoxin f proved to be the most efficient activator (133). Vary-
ing numbersof conserved Cys residuesare presentin the primary structureof
the enzymefrom differentplant species,but no regulatoryCys areknown. The
activity of Fd-dependentGOGAT from spinachandsoybeanchloroplastswas re-
portedto besignificantlystimulatedby DTT, but notGSH.Thioredoxinmwasthe
mostefficient activator of the spinachenzyme,which uponreductionexhibited
an increasedreactionvelocity (89). Finally, theadditionof DTT-reducedthiore-
doxin to Chlamydomonasreinhardtii preparationssignificantlyenhancedtrans-
lation of psbA RNA, which encodesthe D1 protein of photosystemII. This
provides a possibledirect link betweenlight and the replacement(via trans-
lation) of a reaction center protein known to be subject to photooxidative
damage(36).

OTHER CATALYSTS WITH THE THIOREDOXIN FOLD
IN PLANTS

Several catalystscontainin their polypeptidestructureeithera simplificationof
the “thioredoxin fold,” e.g. glutaredoxin,or a thioredoxinmodulethat is often
presentasanextensionof thepolypeptide.

E.coli glutaredoxinis prototypicalof asimplifiedthioredoxinmolecule,which
lacksthetwo first structuralunitsof thioredoxin,i.e. theβ1 andα1 modules.It
is thusa shorterpolypeptide(∼85 residues)with an active site, typically -Cys-
Pro-Phe/Tyr-Cys, that is readily reducedby GSH andkept reducedby NADPH
andglutathionereductase.E. coli glutaredoxinis anexcellenthydrogendonorfor
ribonucleotidereductase.Glutaredoxinhasalsobeenisolatedfrom plant tissues
(104,144).It was foundto belocatedin thecytosolandeasilyreducedby GSH.
The isolationof a cDNA andgenefrom Oryzasativa (99,145) establishedthat
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theproteinis longerthanits bacterialcounterpart(∼112residues)andthat there
is a low numberof genecopies(∼2) in rice.Glutaredoxinwas alsofoundto bea
majorcomponentof thephloemsap,togetherwith its reductantglutathione,which
suggeststhat it couldpotentiallyplay a role in theredoxregulationof sieve tube
proteinsor membrane-locatedreceptors(152).

Amongtheplantenzymesthatfeatureanextensioncomprisedof eitherathiore-
doxin or a glutaredoxinmodule is 5′ adenylsulfate reductase(APS reductase)
(9,55,143,151a,167). In plants, this protein is the equivalent of the bacterial
PAPSreductaseandis involvedin theassimilationof sulfur. Two typesof cDNA
sequencescodingfor APSreductasehavebeenisolatedthatfeatureeitheratransit
peptideor no transitpeptide.APS reductasecanbe producedasa precursorof
∼460 aminoacidswith an N-terminalextension(∼70 aminoacids)believed to
targettheproteinto thechloroplast,acentraldomainequivalentto bacterialPAPS
reductase,andaC-terminaldomainof about140aminoacidswith a thioredoxin-
like sequenceanda glutaredoxinactivity whenisolated.OthercDNA clonesdo
not show theputative transitsequence,which indicatesthat theremaybeseveral
subcellularlocalizationsfor this enzyme.However, the thioredoxin-like module
is consistentlyfound in all analyzedclones.In bacteria,PAPS reductaseis de-
pendenton theadditionof reducedthioredoxinfor in vitro activity. In contrastto
thebacterialenzyme,plantAPSreductaseis active independentlyof exogenous
thioredoxin,presumablybecauseof thepresenceof thethioredoxinmodulein its
own polypeptide.

WhenplantssuchasSolanumtuberosumaresubjectedto waterstress,they
producea varietyof stress-relatedproteinsamongwhich is onestromalprotein,
CDSP32, for chloroplasticdrought-inducedstressprotein (122). This nuclear-
encoded,32-kDaproteinis comprisedof two thioredoxin-likedomains,with only
the C-terminaldomaincontaininga CGPC active site.CDSP32 is proposedto
play a role in thepreservationof thethiol/disulfideredoxpotentialof chloroplast
proteinsduringwaterdeficit.

A new proteinof the thioredoxinfamily callednucleoredoxin(NRX) hasre-
cently beenisolatedfrom maize(85). This proteinis locatedin the nucleusand
containsthreeconsecutive repeatsof the thioredoxindomain.Thefirst andthird
modulescontaintheactivesiteWCPPC, whichsuggestsapotentialfor catalyzing
redoxreactions,andtheC-terminalpartof theproteincanform a Zn finger. The
presenceof this proteinin developingkernelsindicatesthat it could regulatethe
activity of transcriptionfactors,presumablyby alteringtheir redoxstate.

NEW FUNCTIONS FOR THIOREDOXINS IN PLANTS

This topic has beenextensively discussedin recentreviews (49,73), so only
the most recentdevelopmentsarereportedhere.Thioredoxinhasrecentlybeen
implicatedin the organizationof the photosyntheticapparatus.A Rhodobacter
sphaeroidesthioredoxinminusmutanthasbeenconstructedandshown to beim-
pairedin theformationof itsphotosyntheticapparatus(110).In thisphotosynthetic
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bacterium,thioredoxinappearsto exertadualrole,activatingaminolevulinic acid
synthetaseandregulatingpuf (an operonencodingpigment-bindingproteinsof
theLHC andbacterialreactioncentercomplexes)expressionatthetranscriptional
level. In plants,phosphorylationof certainPSII proteins(D1, D2, andLHCII),
althoughdependenton theredoxstateof plastoquinone,is alsodependenton the
presenceof thiol-containingcompounds(D1andD2phosphorylationisstimulated
by reducedcompoundsandLHCII phosphorylationbyoxidizedcompounds)(28).
It is thusproposedthatasecondloopof redoxregulationof thylakoidproteinphos-
phorylationis undercontrolof theferredoxin/thioredoxinsystem.

ADP-glucosepyrophosphorylase,catalyzingthefirst committedstepof starch
biosynthesis,can be reducedby thioredoxins,thereby increasingits affinity
for 3-phosphoglycerate,the principal activator (6). The reduction opens an
intermoleculardisulfidebridgebetweenthe two small subunits of the heterote-
tramericenzyme,which probablyimpartsbetteraccessto 3-phosphoglycerate.It
is proposedthatin photosynthetictissuetheferredoxin/thioredoxinsystemcould
beinvolvedin this covalentmechanismof regulationof starchbiosynthesis(6).

Threeotherenzymaticsystemsarealsothioredoxindependentin plants.The
first one is enolaseof Arabidopsisand ice plant, which is activatedby oxida-
tion, althoughnot in otherspeciessuchas tomatoor maize(2). The secondis
carboxyarabinitol-1-phosphate(CA1P) phosphatase,an enzymeinvolved in the
hydrolysisof CA1P, whichis anaturallyoccurringnocturnalinhibitor of Rubisco.
CA1Pphosphataseis activatedby eitherreducedthioredoxinor GSH(59).A third
protein that could be redoxregulatedis CP12,a small nuclear-encodedprotein
capableof binding both PRK and NADP-GAPDH throughconserved cysteine
residues(161).

Finally, thioredoxin-like moleculeshave beenfound on extracellularpollen
and detectedin self-incompatibility reactions(88,156). A thioredoxinactivity
linked to theC terminusof theS geneproductseemsto be responsiblefor self-
incompatibility. Inaddition,thioredoxinh-likeproteinshavebeenshowntointeract
with thekinasedomainof membrane-boundreceptor-like proteinkinases,which
suggestsa role in theself-incompatibilitysignalcascade(13).

TECHNOLOGICAL DEVELOPMENTS

This areahasalsobeencoveredin earlierrecentreviews (49,73), andtherefore
onlythelatestdevelopmentsaredescribed.It wasrecentlyreportedthatthioredoxin
hasthecapacityto decreasetheallergenicityof wheatandmilk proteins(19,39).
Thesefindingsmayhaveconsiderableimpactonhumannutrition,sinceallergens
havemany undesirableeffects.

Many expressionsystemshave beendevisedfor thioredoxin,which is readily
producedwith extremely high yields in bacteriasuchasE. coli. The high sta-
bility and solubility of thioredoxinhaspromptedseveral groupsto useit as a
stabilizer/solubilizerof peptides/proteinsthatarenormallyproducedin inclusion
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bodies(45,66,67,107,147).With theseexpressionsystems,theproteinto besol-
ubilized is fusedto an E. coli thioredoxinsequence,and,if necessary, to a poly
His-tag.Theresultingfusionproteincan,in turn,beisolatedby chromatography
on a Ni2+-containingaffinity matrix andthethioredoxinmodulecleaved,if nec-
essary, by a protease.Thelargenumberof successfulreportsatteststo thepower
andefficiency of this technique.

A veryelegantmethodtomapprotein-proteininteractionsbyusingthioredoxin
hasbeenreportedby Lu et al (91). Briefly, the thioredoxinsequenceis inserted
into flagellin,amajorstructuralcomponentof theE. coli flagellumsystem.Small
peptidescanthenbeintroducedinto theloopof thioredoxinthatcontainstheactive
site,a locationknown to beextremelypermissive for peptideinsertion.Bacteria
engineeredin thisway will displaythepeptidesin theirpili, andthispropertycan
beusedto build peptidelibrariesthatallow, in turn, theidentificationof proteins
bindingwith ahighaffinity.Thismethodisthusanalternativetothewell-developed
yeasttwo-hybridsystem.

CONCLUDING REMARKS

During thepastseveralyears,theuseof recombinanttechnologyhasgreatlycon-
tributed to advancementsin the understandingof the thioredoxinsystems.The
availability of recombinantproteinshasenabledcrystallographersto solve the
structuresof all themembersandevenof a few targetenzymes.Most of thereg-
ulatory siteshave beenlocatedandthe functionsof their Cys elucidatedby site
directedmutagenesis.This sametechniquehasalsobeenemployed to probethe
protein-proteininteractionsurfacesfor residuesresponsiblefor thespecificityof
theseinteractions.Not only hasthe structuralfield greatlyadvanced,the mech-
anismof thioredoxinreductionin chloroplastshasalsobeenintensively studied.
This hasled to a comprehensive modelinvolving a new role for a Fe-Sproteinin
thereductionof adisulfidebridge,aswell asto knowledgeof theredoxpotentials
of theregulatorychainandtargetenzymes.

A numberof new functionsfor thioredoxinhave recentlybeendescribedin
mammaliancells; thesemostlyrelateto redoxregulationof transcriptionfactors,
possiblymediatedthroughthetranslocationof somecomponentsof thesesystems
to the nucleus.It will be interestingto observe whethersuchdevelopmentsare
reportedin plantsystemsin thefuture.

It is also interestingto commenton how differently the thioredoxinsystems
have evolved in plantscomparedwith mammaliancells. In plants,evolution has
broughtan incrediblediversificationof the thioredoxinsequencesin relationto
the existenceof anotherintracellularcompartment,the chloroplast.Mammalian
cells,on theotherhand,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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P, Ramaswamy S, Eklund H. 2000.Re-
doxsignalingin chloroplasts:cleavageof
disulfidesby an iron-sulfur cluster. Sci-
ence287:655–58

35b. Dann MS, McCarty RE. 1992. Charac-
terizationof theactivationof membrane-
boundand solubleCF1 by thioredoxin.
PlantPhysiol.99:153–60

36. Danon A, Mayfield SP. 1994. Light-
regulatedtranslationof chloroplastmes-
sengerRNAs through redox potential.
Science266:1717–19

37. De PascalisAR, ScḧurmannP, Bosshard
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Spyrou G. 1999.Identificationandfunc-
tional characterizationof a novel mi-
tochondrial thioredoxin systemin Sac-
charomycescerevisiae. J. Biol. Chem.
274:6366–73

112. Porter MA, Hartman FC. 1990. Ex-
ploration of the function of a regula-
tory sulfhydryl of phosphoribulokinase
from spinach.Arch. Biochem. Biophys.
281:330–34

113. Porter MA, Milanez S, Stringer CD,
HartmanFC.1986.Purificationandchar-
acterizationof ribulose-5-phosphateki-
nasefrom spinach.Arch. Biochem.Bio-
phys.245:14–23

114. Porter MA, Potter MD, Hartman FC.
1990. Affinity labeling of spinach
phosphoribulokinase subsequentto S-
methylationat Cys16.J. Protein Chem.
9:445–52

115. Porter MA, Stringer CD, HartmanFC.
1988.Characterizationof the regulatory
thioredoxinsite of phosphoribulokinase.
J. Biol. Chem.263:123–29

116. PortisAR Jr. 1995.Theregulationof Ru-
bisco by Rubiscoactivase.J. Exp. Bot.
46:1285–91

117. RainesCA, Lloyd JC, Dyer TA. 1999.
New insightsinto thestructureandfunc-
tion of sedoheptulose-1,7-bisphospha-
tase;an importantbut neglectedCalvin
cycleenzyme.J. Exp.Bot.50:1–8

118. Raines CA, Lloyd JC, Longstaff M,
Bradley D, Dyer T. 1988. Chloroplast
fructose-1,6-bisphosphatase:the product
of a mosaic gene. Nucleic Acids Res.
16:7931–42

119. RainesCA, Lloyd JC, Willingham NM,
PottsS,Dyer TA. 1992.cDNA andgene
sequencesof wheatchloroplastsedohep-
tulose-1,7-bisphosphatasereveal homol-
ogy with fructose-1,6-bisphosphatases.
Eur. J. Biochem.205:1053–59

120. RebeilleF, HatchMD. 1986.Regulation
of NADP-malatedehydrogenasein C4
plants: effect of varying NADPH to
NADP ratiosandthioredoxinredoxstate
on enzymeactivity in reconstitutedsys-
tems.Arch. Biochem.Biophys.249:164–
70

121. ReithM, MunhollandJ. 1997.Complete
nucleotidesequenceof thePorphyra pur-
purea chloroplast genome.Plant Mol.
Biol. Report.13:333–35

122. Rey P, Pruvot G, Becuwe N, Eymery
F, RumeauD, Peltier G. 1998.A novel
thioredoxin-like protein located in the
chloroplastis induced by water deficit
in SolanumtuberosumL. plants.Plant J.
13:97–107

123. Reynolds AE, ChesnickJM, Woolford
J, Cattolico RA. 1994. Chloroplasten-
coded thioredoxin genesin the red al-
gae Porphyra yezoensisand Griffithsia
pacifica: evolutionaryimplications.Plant
Mol. Biol. 25:13–21

124. RhoadsDM, Umbach AL, Sweet CR,
Lennon AM, Rauch GS, Siedow JN.
1998.Regulationof thecyanide-resistant
alternativeoxidaseof plantmitochondria.
Identificationof the cysteineresiduein-
volvedin α-ketoacidstimulationandin-
tersubunit disulfide bond formation. J.
Biol. Chem.273:30750–56

125. Rivera-MadridR, MestresD, MarinhoP,
JacquotJ-P, DecottigniesP, et al. 1995.
Evidencefor five divergent thioredoxin
h sequencesin Arabidopsis thaliana.
Proc. Natl. Acad. Sci. USA 92:5620–
24
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