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ABSTRACT

Since plant phasploerolpyruvate carboxylase(PEPC) waslastreviewe in the
Annud Revew of Plant Physiology over adecadeago (O'Leary 198), signifi-
cant advarces hawe been made in our knowledye of this oligomeic, cytosdic
enz/me This review highlights this exdting progres in plant PEPCresach
by focusing onthe threemajor areas of recent invegigaion: theenzymalogy of
theprotein; itspostranslational requlationby reversbleprotein phcsplorylation
andopposing metltolite effectors; andthestructure, expression, andmoleaular
evdution of thenudear PERZ genes It is hopel tha the net ten yeaswill be
equally enlightening, espedally with respect to the three-dimensond structure
of the plant erzyme, the moleaular andysis of its highly regulaed protein-
SerThr kinase andthe eluciddion of its as®ciated signattrandudion path-
waysin variousplant cdl types.
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INTRODUCTION

Phosphenopyruvate carboxylase(PEPC;EC 4.1.1.31)is a ubiquitous cy-
tosolic enzymein higher plants and is also widely distributed in bacteria,
cyanobacteriaand greenalgae (68, 114). It catalyzeshe irreversible3-car
boxylation ofphosphenopyruvate(PEP)in the presencef HCO3~ andMe?*
to yield oxaloacetat§ OAA) andPi andthusis involved intimately in Cy4-di-
carboxylic acid metabolisn in plants.Besidesits cardinalrolesin the initial
fixation of atmosphericCO, during C4 photoynthesisand Crassulaceaacid
metabolism(CAM), PEPCfunctionsanapleroticallyin a variety of nonphob-
syntheticsystens suchas C/N partitioning in C3 leaves,seedformationand
germinationandfruit ripening (66, 68). Nonphotosytheticisoformsof PEPC
alsoplay specializedolesin guard-cellC metabolisnmduringstomatalopening
(90) and plant host—cellC4-acid formationin No-fixing legumeroot nodules
(19, 115).

Since1982,when PEPCwasreviewedlastin the Annual Reviewof Plant
Physiology(87), many new and significant findings about this oligomeric
enzymehavebeenmade.In additionto the further elucidationof its catalytic
reactionmechanismandtheinitiation of structure-function analyséy site-di
rected mutagenesi, there has beenan explosbn in researchrelatedto the
posttranslabnal regulationof the enzymés activity andallosteric properties
by reversibleprotein phosphorydtion andto PEPCgene(Ppg structure ex-
presson, and molecular evolution. These exciting new advances implant
PEPCresearctarethe primary focusof this review, while only limited refer
encewill be madeto the microbial enzyme.The interestedreadershould
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consultearlierreviewson PEPCfor additioral breadthand detail (3, 19, 35,
54, 68,84,87, 90,96,104,114, 117).

ENZYMOLOGY OF PERCARBOXYLASE

Comment®n Isolationof PERC

It is now amply documentedhat native leaf andrecombinanforms of PEPC
arehighly susceptibleo limited proteolysisnearthe N-terminusduringextrac
tion andsubsequenpurification (6, 9, 23, 77,82, 121). While suchmodifica
tion hasno major influenceon the enzymés electrophoretianobility, Vmax
andcarbon-isotopeffects,removalof this plant-invariantN-terminaldomain
markedlydecreasethein vitro phosphorylatality andsensitivty of PEPCto
its negativeallostericeffectorL-malate.Thus,it is our view thatmanyearlier
kinetic analysesof purified or commercialplant PEPChave probably been
compromisedby this N-terminal truncation (seecommentsin 23, 54, 68).
More recentstudieshavepreservedhe enzymes integrity duringisolation by
the inclusion of glycerol, L-malate,and proteinaséenhibitors (especiallychy-
mostatir) and by the useof rapid purification protocolsthat exploit fast-pre
tein liquid chromatographyHPLC, or immunachromatography4, 7, 9, 23,
58, 77, 82, 119, 121, 136). With such strategiespreparationf intact, N-
blockedleaf (C4, CAM, C3), nodule,andrecombinantPEPCarereadily ob-
tained.

Carboxylationand Hydrolysisof PEPAndogs

A variety of PEPanalogshavebeenexaminedassubstratesor C4 PEPC(see
35 and Table 1). Although a numberof compoundsare processedy the
enzyme,most are not carboxylatedbut insteadare hydrolyzedto pyruvate

Table 1 Activity of PEPanabgs with PEPC

Conpound Vma (rel)? % Carloxylation % Hydrolysis Refereres
PEP 100 97 3 6
(E)-3-fluoro-PEP 5 86 14 32,50
(2)-3-fluoro-FEP 5 3 97 32,50
(2)-3-chloro-PEP 25 25 75 71
AllencPEP 90 0 100 126
Thio-PEP 9 0 100 103
(2)-3-methyl-PEP 4 0 100 31, 33,34, 86
(2)-3-bromo-PEP 25 0 100 21
3,3-dimethyl-PEP 2 0 100 31

a/alues gienarefor the maizdeafenzyme inthe presece ofMg?*.
bCarleyIation plushydraysis.
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derivatives(Equationl) by a mechanisnthatshareseveraktepswith cataly

sis (seesectionon CatalyticMechanismof PEPC).This phosphatasactivity

is probablynotrelatedto themuchslowerbicarbonate-independemydrolysis

of phosphogjcolateand phospholactat¢hatis alsocatalyzedby the enzyme
(48, 50).

1.

P i I

R-CH=C-CO2” +HCO3™ - 02C-CHR-C-CO2” +R-CH,-C-CO2™ +Pi

PEP itself also undergoesa few percentof an HCO3;™-dependenpyruvate
formation. This hydrolysisis a minor componenbf the overall reactionflux
with MgZ* underin vivo conditions (<5%), but it increasesith othermetal
ionsandconstituesover50% of the total reactionflux whenNi2* is used(6).
Interestingly,the PEPanalogin which the phosphatéhasbeenreplacedby a
sulfateis not a substratefor the enzymeand,in fact, this compounddoesnot
bindto theactive sitgbut it is a substratéor pyruvatekinase(93)].

Functionalanalogsfor CO, andHCO5™ arerarein enzymaticreactionsin
thecaseof PEPC HCO,™ canreplaceHCO;™, forming formyl-P and pyruvate
at a rate thas about 1%of thatfor PEPcarboxylatio (48).

Kineticand Isotopic Studies

Early thinking aboutthe catalytic mechanismwas dominatedby the seminal
observatiorof Maruyameetal (72) [recentlyconfirmedby O’Leary & Hermes
(88)] that180-labeled HC@" givesproductscontainingone equivalent oféO
in Pi andtwo in the y-carboxylof OAA. This isotopetransferpersistswith a
numberof othersubstrates, including thos®atundergohydrolyds ratherthan
carboxylation(2)-3-methyl-PERgivesmorethanoneequivalentof 180 in Pi
andalsogives 180 incorporationinto reisolatedstartingmaterialafter partial
reaction(29, 86). A similar phenomenno is observedwith 3-fluoro-PEP;ex-
changeis eight timesfasterthan substrateconsumpbn (50). Theseobserva
tionsindicatethattheinitial stepsin the carboxylationmechanisnmarerevers
ible (seesectionon Catalytc Mechanisnof PEPC).

PEPChasbeensubjectedo a variety of kinetic studiesovertheyears,but
thesehavegenerallybeenqualitatve in naturebecauseénvestigatos failed to
rigorously control HCO5;™ concentrationsand to accountfor the presenceof
PEP-metacomplexesRecentstudiesof initial velocity patternsvarying the
two substratesndMe?2* indicatethatthereis a high level of synergismin the
binding of substrate$49). Mg2* bindsfirst, andthis bindingis atequilibrium;
PEPbindssecondHCO;™ bindsthird; andall threehaveto be presenbefore
the reactiorbegins.
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The small carbon-isotopeeffect (k12k13 = 1.003) that accompanieghe
carboxylationof PEPby PEPChasbeenof interestin connectionwith studies
of isotopefractionationin plants (28). The carbon-isotopdractionationby
PEPCis independentof the phosphoryldabn state of the enzymeand the
presenceor absenceof the N-terminal phosphoryhtion domain, and nearly
independenof pH (50, 89, 124; P Paneth& S Madhavanunpublisieddata).
This fractionationis small comparedo whatwould be expectedf C-C bond
formationweresimpy ratedeterminng. Instead somestepprior to C-C bond
formationmustberate limiting.

The oxygen-isotpe effectfor the bridging oxygenof PEPis large (k16/k18
= 1.0056)whenthe HCO;™ concentratioris low, but the value decreaseo
0.994at high[HCO4], consisent withtheordered stepwismechanisngiven
below (30). Deuterium-sotopeeffectsfor PEP-3,3-¢ are0.940n V and0.95
on V/K, aloo corsistentwith the stepwisemechanism(D Arnelle & MH
O'Leary, unpublisked data).

Carbon-istope effectson the (E) and(2) isomersof 3-fluoro-PEPprovide
aninterestingcontrast(50). The (E) isomerhasa small carbon-isotopeffect
(1.009), consistentwith rate-determinatio phosphatdransfer.However,the
(2) isomer[which mostly giveshydrolyss ratherthancarboxylationTablel)]
showsa largeisotope effect (1.049),which is apparentlyassociatedvith the
lossof CO, from thecomplexduringcatalysis.

Severalstereochemicaprobeshave beenusedto define PEPCcatalysis.
Early work by Roseet al (97) demonstratethat carboxylationof PEPoccurs
on the si face of the substrateand carboxylationof the two isomersof 3-
fluoro-PEPoccurson the sameface (50). When (2)-3-methyl-PERs hydro-
lyzed by PEPCin D50, the 3-D-a-ketobutyate that is producedis racemic,
which indicatesthat protonationof the enolateoccursin solution ratherthan
on the surfaceof the enzyme(33). The stereochemisy of substtution at
phosphoruscan be determinedby using PEP containirg S, 160, and 170 in
nonbridging positions of the phosphateester.Carboxylaton in H218O pro-
ducesa chiral thiophoghatewith inversion of configurationat phosphous
(39). Thussubstitition at phosphous occurs byn in-linemechanism.

Active SiteStructure

Mn-EPRstudiesof PEPCwith PEPandvarioussubstratenalogsuggesthat
PEPitself is bidentatecoordinatedto the metal. Metal coordinationin the
enolateintermediateis to the enolateoxygen, the carboxyl oxygen,and a
phosphat@xygen(b).

Resuls of chemical modificatin studies orvarious plantPEPCswith
group-selective reagents hawgygested that Cyslis, Arg,andLys areessen
tial for activity (3, 96,104).To date,only one such residugas been iderited
in theplantprimary structure—Lys-606n maize PEP@57). Furthermorethe
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completeabsenceof Cysin PEPCfrom Thermussp., a thermophlic bacte
rium, excludesthe direct involvement of theseresiduesin catalysis(79a).
Site-directednutagenesistudiesof the active-sitedomainof PEPChavethus
far beenperformedonly with the enzymefrom Escherichiacoli. His-138 (E.
coli numbering)is required for carboxylatiorput themutantH138Nis ableto
catalyzePEP hydrolysisto pyruvatein the presenceof HCO;™ (109, 112).
His-579is not obligatory for catalysis,in spite of the fact thatit is species-
invariant (111). Replacemenbf conserved Arg-587 by Setdso gives an
enzymethat catalyzeshydrolysis but not carboxylation(112, 134). Figure 1
indicatesthesetargeted,species-invariantys, His, and Arg residuesin the
deduced primargtructureof SorghumC, PEPC.

Along with site-directedmutagenesisX-ray crystallographyhasbecome
the sine qua non of enzymology Alas, PEPC doesnot yet seemto have
yielded to the efforts of crystallographersThe E. coli enzymehasheenre-
portedto give crystalsthatdiffract X-rays (46). We arealsoawareof attemps
in other laboratories to obtain diffracion-quality crystals of recombinant
PEPCfrom variousplant sourcesput no substaritll progressn this areahas
been reported.

CatalyticMechanisnof PEPC

The information cited abovepermits presentatiorof a relatively convincirg
mechanisnfor action of PEPC(Figure 2). Substratesand Me2* bind in the
preferredorder metal, PEPHCO3™. The first chemicabktep isphosphate
transferto form carboxyphosphateandthe enolate opyruvate, as perhafisst
suggestedy Walsh (118). Stereochemicastudiesrequirethat the transitian
statefor this stepis linear at phosphorusthus, the carbonylcarbonin the
intermediatecarboxyphosphat®llowing transferis quitefar from carbon-3of
the enolate anda conformationakchanges requiredto placethe two carbons
neareachother. The mostparsimonousway to accomplishthis is to havean
enzymebasedeprotonatehe carboxylgroupof carboxyphosphatefterwhich
carboxyphosphatedecomposeso form enzyme-boundCO, and Pi. Earlier
mechanisms (8@id not recognizéhis aspectThis steporingsCO, abovethe
planeof the enolateandwithin bondirg distanceof its carbon-3.CO, in this
intermediatds sequesteredo that underoptimum catalytic conditionsit sel
dom escapeg3% (6)], but underother circumstance£ O, is lost easily, as
whenthe metalion is changedn sucha way asto lower the reactivity of the
enolateIn the caseof a variety of PEPanalogsjossof CO, competesffec
tively with carboxylation (cf Table 1). In somecasesthe formation of en
zyme-boundCO, must be reversible.Isotope exchangestudies on (2)-3-
methyl-PER29, 86) and 3-fluoro-PEP (50) requitkat CG is formed revers
ibly and canscrambleisotopesandreturnto startingmaterial.lt is not clear
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1 *
MASERHHSIDAQLRALAPGKVSEELIQYDALLVDRFLDILODLHGPSLREFVQECYEVSADYEGKKDTSKLGELG

76,
AKLTGLAPADAILVASSILHMLNLANLAEEVELAHRRRNSKLKHGDFSDEGSATTESDIEETLKRLVSLGKTPAE

151 .
VFEALKNQSVDLVFTAHPTQSARRSLLQKNARIRNCLTQLSAKDVTVEDKKELDEALHREIQAAFRTDEIRRAQP

226 1
TPQDEMRYGMSYIHETVWNGVPKFLRRVDTALKNIGINERLPYDVPLIKFCSWMGGDRDGNPRVTPEVTRDVCLL

301 2
SRMMAANLYINQVEDLMFELSMWRCNDELRARAEEVQSTPASKKVTKYYIEFWKQIPPNEPYRVILGAVRDKLYN

376 3 4 5
TRERARHLLATGFSEISEDAVFTKIEEFLEPLELCYKSLCECGDKAIADGSLLDLLRQVFTFGLSLVKLDIRQES

451
ERQTDVIDAITTHLGIGSYRSWPEDKRMEWLVSELKGKRPLLPPDLPMTEEIADVIGAMRVLAELPIDSFGPYII

526 [}
SMCTAPSDVLAVELLOREMWHSPAVPVVPLFERLADLQAAPASVEKLFSTDWYINHINGKQQVMVGYSDSGKDAG

601 [ 3
RLSAAWQLYVAQEEMAKVAKKYGVKLTLFHGRGGTVGRGGGPTHLAILSQPPDTINGSIRVTVQGEVIEFMFGEE

676
NLCFQSLQRFTAATLEHGMHPPVSPKPEWRKLMEEMAVVATEEYRSVVVKEPRFVEYFRSATPETEYGKMNIGSR

751
PAKRRPGGGITTLRAIPWIFSWTQTRFHLPVWLGVGAAFKWAIDKDIKNFQKLKEMYNEWPFFRVTLDLLEMVFA

826
KGDPGIAGLYDELLVAEELKPFGKQLRDKYVETQQLLLQIAGHKDILEGDPYLKQGLRLRNPYITTLNVFQAYTL

201 260
KRIRDPSFKVTPQPPLSKEFADENKPAGLVKLNGERVPPGLEDTLILTMKGIAAGMQNTG

Figure 1 Deducedamim-acd seqence of the C4-PERC isoform from Saghum (67). The
plantinvaiiant phosphorylation domain with its target Ser (*), is underined twice, wherasthe
speces-inariantfunctional regions identifi edto dateare urlerined sirgly. The speciic His, Lys,
and Arg residiestargeted by site-directedmutageresisor chemcal modfication (seetext) are
indicatedwithin these thee danairs (¢). C (1-5), plantinvariart Cys residies.

whetherCO, formationis reversiblein the caseof PEP.Isotope-effectesults
suggesthatit is not.

In the final chemicalstepof the overall reaction,CO, combireswith the
metal-stabized enolate.lt is interestingto notethatthereis no evidencethat
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HCO, + =03P-(|) HO,C-0-PO,” + (I)'
CH,=C-CO, = CH,=C-CO, =
PEP Carboxy-P Enolate
HPO,” +CO, + CI)' (I?
CH,=C-CO,” = "0,C-CH,-C-CO,”+ HPO,
OAA

0
HPO,” +CO, + CH,-C-CO,”

PYR
Figure 2 Mechamsm of carbxylation andhydrolysisof PEPby PEPC PYR, pyruvate.

this stepis reversible,eventhoughthe reversereaction(decarboxylatiorof
metal-chelated OAAs well known in othesystens. Finally, PiandOAA are
released.

POSTTRANSLATIONAL REGULATION OF
PEP-CARBOXYLASEACTIVITY

It is well documentedhatthe activity of the variousisoformsof plantPEPC
aresubjectto allostericcontrolby avarietyof positive[e.g.glucoses-P (G6P),
triose-P] and negative (e.g. L-malate, Asp) metabolte effectors,especially
when assayedat suboptmal pH valuesthat approxinate that of the cytosol
(e.g. 3,23, 65,66,68, 90,100,101,104). For example, th€;(L-malate) of the
intact recombinant £enzymefrom Sorghunis decreased about 25-faddpH
7.3 comparedwith pH 8.0 (23). Although changesn the cytosolic levels of
these opposingallosteric effectorsand H* likely contributeto the overall
regulationof PEPCactivity in vivo (22, 26,54, 66, 90), researctoverthe past
decadéhasfocused primarily othereversiblephosphorydtionof theenzyme.
In fact, cytosolic PEPCand sucrose-Psynthasepresentlyrepresenthe two
best-definedexampleof in vivo regulatoryenzymephosphoryationin plants
(404, 41).
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Regulatory Phospdrylation of Phaosynthetid®EPC

The regulatoryphosphoryation of photogntheticPEPChasbeenintensivel
studiedandrecentlyreviewed(41, 54,68, 84,96, 117) sincetheinitial obser
vationswere publisked abouttenyearsagoon the CAM andCy4 isoforms(10,
38, 51, 80-82). Asan important preludeo theseprotein-phosphiylation
studies,severalreportshad appearedhat indicatedthat both photogynthetic
PEPCisoformswere subjectto a striking diel regulationin vivo that altered
the enzymeés activity and/orsensitivty to L-malateundernear-physiologial
assayconditiors, without accompanyingchangesn Vax of PEPCamount
(e.g. 42, 60, 81, 125). It thus becameevidentthat the CAM enzymewas
upregulatedat nightand downregulateduringthe daythereby parallelinghe
classicalchangesn CAM physiobgy (e.g.leaf atmospleric CO, fixation and
titratable acidity) (66). Relatedinvestigations of severalCAM plantsunder
continuousnight or day conditionsindicatedthat CAM physiobgy, aswell as
the L-malatesensitivty of PEPC,wascontrolledby an endogenousircadian
rhythmratherthanby light or darksignalsperse(83,125).In markedcontrast,
C4 PEPCwasshownto bereversiblylight activatedin vivo by a mechanism
thatwasdependenteitherdirectly or indirectly, on photosyithesisandmodu
lated by the incident photosynhetic photon flux density abovea minimum
thresholdof about300pmol m2s™1 (7, 36,55, 60,78,98).

It is now establishedinequivocallyby a wealthof in vivo andin vitro data
that this striking diel regulationis causedby changesn the phosphoylation
stateof a single serineresiduenearthe [1110-kDasubunits N-terminus(e.g.
Ser-8and Ser-15in the Sorghumand maize C, enzymesrespectively,and
Ser-11in PEPCfrom the facultative CAM plantMesembryanthemunorystat
linum) (9, 23, 53, 58, 110, 121). Upregulation/pbsphorylationof the target
enzymeis catalyzedby a highly regulated(see below) protein kinase and
downregulatiordephosphorylatin by atypicalmammalan-typeproteinphos
phataseA (7,11,12,12a,27,52,53,55, 56, 78). It is notablethatthis target
Serresidesn a plant-invariantmotif [E/DR/KxxSIDAQL/MR (seeFigurel)]
thatis absenin the bacterialandcyanobacterigbrimary structuresdeducedo
date(67,68, 79a,96a,114). Moreover,in vitro studieswith theintact,recom
binant SorghumC, enzymehave establishethat phosphorylatn of this
N-terminaldomainnot only rendersPEPCconsiderabljlesssensitve to inhi-
bition by L-malateundernear-physiolgical assayconditions (Csevenfoldin-
creasen K;) but, conversely, botmoreactiveandmoresensitiveto activation
by G6P (Jivefold decreasin K,) (23,26). Thusthis reversiblemeans ofine
tuning the activity and allosteric propertiesof PEPCis uniqueto the plant
enzyme.

The molecularmechanisnby which proteinphosphaylation regulatesC,
PEPChasrecentlybeenaddressetby site-directednutagenesiandchemical



282 CHOLLETET AL

modification. The introducton of a monoaniong residueat position 8 in the

recombinantSorghumenzymeby directedmutagenesig¢S8D) or sequential
mutagenesis (S8@ndS-carboxymethylabn functionallymimicsthespecific
effectsof regulatoryphosphorylatin on the targetenzyme.Iln contrast,vari-

ousneutralsubstititions(S8T,S8Y, S8C,S-carboxamidorathylatedS8C)are
without major influence (23, 25, 121; GB Maralihalli, V Pacquit,B Li, JA

Jiao, G Sarath,et al, unpublisheddata). Consequenyl, addition of negative
chargeto this N-terminaldomainby reversiblephosphoryation appearsru-

cial to this regulatorymechanismput the exactdetailsmust await the high-

resolutioncrystalstructuresof the dephosph@ndphospho(or S8D) enzyme-
forms.

Recentresearclon the phosphorylatin of C, andCAM PEPChasfocused
onthephysidogically relevanprotein kinasendits requisitesignal-transduc
tion chain.This work took on specialsignificancewith the near-simultaneai
discoveries that the {&andCAM PEPC kinasewerebothactivatedreversibly
in vivo by some mechanisminvolving cytosolc protein turnover, thereby
resultingin the upregulaton of the kinaseand, thus, its targetenzymein the
light (C,) or at night (CAM) (7, 12, 27, 55, 56, 78). Not only is the CAM
kinaseactivatedat night underthe control of a circadianrhythm, butit is also
coinducedwith its protein-substratduring C; to CAM switchingin thefacul
tative CAM speciedVl. crystallinum(12,12a,70).In contrasttheactivity state
of the type 2A PEPC-phosphatasgatalytic subunitappeargo be relatively
constantduring light-dark (C,) or day-night(CAM) transitions(12, 56, 78),
further underscoringhe critical role of the kinasein the PEPC-phosphoryla
tion cycle.

Following theinitial reportby Jiao& Chollet(52),theextremelylow-abun
dancePEPCkinasehasbeenpatrtially purified about4000-fold. It is likely to
be a mononer of [B7/30-kDa(C,) or [B9/32-kDa(CAM) polypeptdes(69,
70,120).As isolated this proteinkinasecatalyzeseitherautophosphiylation
nor the phosphorylabn of heterologousubstratege.g.casein histonelll-S,
BSA, leaf sucrose-Fsynthase)Similarly, position-8 SorghumC,-PEPCmu-
tants(e.g.S8Y, S8D, S8C)are notphosphorylatéd exceptfor the Thr substiti-
tion (70, 120, 121; GB Maralihalli, V Pacquit,B Li, JA Jiao,G Sarath.etal,
unpublisked data).In contrastall plant PEPCisoformsexaminedo date(Cy,
CAM, Cs-leaf,rootnodule)serveassubstrates vitro (70,119,120),butwith
adistinctpreferencdor the corresponding PEPC kinasel(BXQ Zhang& R
Chollet, unpublisted data).Consicerableeffort hasbeenexpendedo (re)in-
vestigatethe Ca*-dependencyf this proteinkinase.lt is our view that al-
though a variety of other protein-Ser/Thr kinass including C,-leaf cd-
modulirtlike domainprotein kinase(CDPK) and mammalianprotein kinase
A, specifically phosphoryate the singletargetSerin plant PEPCin vitro (7,
53, 69, 85, 110), only the Ca*-independent30- to 39-kDaPEPCkinasehas
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beenshownto be light-dark (C,) or day-night(CAM) regulatedin vivo (69,

70). Notably, thesedifferential activity statesof the kinase are maintaned

throughoutchromatographyon various matricesand even following SDS-
PAGE andsubsequentenaturation(69; B Li & R Chollet, unpublsheddata).
Thus, PEPCkinaseis likely up/downregudtedin vivo by somemechanism
that modulatesits amount(7, 12, 56, 69) or else by covalentmodification

ratherthanby somenoncovalenieange.g.regulatorysubunit,tight-binding

effector).Repeatecttemptgo demonstratan effectof in vitro dephosphory
lation by alkaline phosphatasen the activity statesof the light (active)and
dark (inactive) C4 kinaseand its component B37/30-kDapolypeptideshave
proven unsuccessf(B Li & R Chollet,unpublisted data).

The signal-transduction chains thatimpinge uponthe highly regulated
PEPCkinasesare also a focus of currentresearchlnitial studies using a
chemicalinhibitor-basedapproachwith detachedeavey7, 12,55, 56,69, 78)
havebeensupplantedy in situ analyseswith isolatedC, mesophylicellsand
protoplastsand cell biology techniqueg24a,30a,94, 117). It is now estab
lishedthatthe light-inducedC, transductiorcascades initiatedin theillumi-
natedchloroplastby photosynhesisand likely involves some*“signal” from
the light-activated Calvin cycle in the neighboringbundle sheath,possibi/
3-P-glycerate (Figure 3). In additiothere isnountirg in situ evidencefor the
involvementof increasesn mesophyll-cybsol pH and[Ca2*], the latter per
hapsmodulathg anupstreanproteinkinase(24a,30a,94, 117),togethewith
theinhibitor-basedlatathatimplicateakeyrolefor acytosolic protein-symhe-
sisevent(7,8,30a,56,69,94).In contrastnot muchis knownaboutthe CAM
PEPCkinasesignal-transductin pathwayother thanits light independency
and the involvementof a circadianrhythm and cytosolc protein turnover
(Figure3) (12, 12a,83, 84). Clearly, this areawould benefitfrom detailedin
situ analysesof intact mesophyl protoplastsisolated from nightand day
leaves performin@€AM.

Finally, the resultsfrom leaf CO,-exchangestudieshaveunderscoredhe
impact of the PEPCregulatory-phosphorgtion cycle on C, photosyithesis
and dark CO, fixation during CAM (8, 12, 12a). For example,when the
activity stateof PEPCkinaseand,thus,its targetenzymeweredownregulated
in vivo by short-termpretreatmentvith cytosolic protein-synhesisinhibitors
in thelight (C,) or prior to the night period (CAM), netleaf CO, uptakewas
diminishedmarkedly.In contrast,no effectswere observedon the activatian
states of other nuclear-encoded, photosynthess-related enzynes, stomat
conductancepr CO, uptakeby a C; leaf (7, 8, 56). Thus,the phosphaylation
of photoyntheticPEPCis a cardinalregulatoryeventthat influencesatmos
phericCO, fixation; this mechanism enables this primary carboxylase to-func
tion in theleafcytosol evenn the presencef themillimolar levelsof C, acids
(e.g.L-malate) required for Sphotosythesisand CAM.
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Figure 3 Prgposedmolecubr mecharsm for the light-dark (Cas) or night-day (CAM) reguation
of the effecor sendiivity [L-malak (negatve), G6P(positive)] andactivity of photosyrthetic PEFC
in the leaf mesohyll cell by reversble phosphorylation of a single targetserire nearthe subuit's
N-termirus[e.g Ser-8in Saghum(seeFigure 1)]. Chipt.*, illuminatedchloroplast;pHc and[Ca?]c,
mesopyll cytosdic pH and[Ca?*], respedvely; 3-PGA, 3-P-glycerae; PP, pratein phosphatase.
[Updatedfrom Jiao& Chdlet(54).]

Regulatory Phospirylation ofNonplotosynthetid EPC
Isoforms

Thereis now convincingevidencethat the reversiblephosphoryation of the
N-terminal domainof plant PEPCis widespreadjf not ubiquitous. In vivo
studieswith 32Pi havedemonstatedthereversiblephosphoryationof nonphe
tosynthett PEPCin soybearroot nodules(136) andin wheatleavesexcised
from N-deficient seedlings(24, 116). Complementarymeasurementsf in
vivo changesin PEPC activity and/or malate sensitiviy under near-physi
ological assayconditions(i.e. low pH, low [PEP]relativeto K;,) haveunder
scoredthe regulatorynatureof this covalentmodification in nodules(136),
illuminatedCs leaves(24, 116; B Li, XQ Zhang& R Chollet, unpublided
data),andVicia faba guardcells microdissectedrom openingstomata(135).
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Furthermorerelatedin vitro studieshaveestablishedhat PEPCkinaseactiv-
ity is presentin soybeanand alfalfa root nodules (102, 115), wheat and
tobaccdeaves(24, 119),andSorghunroots(91), andhavedemonstratethis
kinasés similarity to the C4 and CAM enzymeswith respectto its Ca*
independencygchromatograplui properties,and catalytic subuni(s) (24, 91,
119).Theactivity state ofthis PEPC kinasés modubted reversiblyn vivo by
a complexinteractionbetweerphotosynhesisandN (C3 leaves)or photoyn-
thate supply to No-fixing root nodules(24; B Li, XQ Zhang& R Chollet,
unpublisted data). Thus, the phosphorylabn of cytosolc PEPCby a highly
regulatedprotein-Ser/Thikinaseis likely the major posttransitional mecha
nism for altering the allosteric propertiesand activity of this “multifaceted”
plantenzyme invivo.

OtherPropcsedRegulatory Mechanisms

Two othermechanism$iavebeenproposedor the diel regulationof C4 and
CAM PEPCactivity and/orsensitivty to L-malatebasedwholly on in vitro
observations.

DIMER-TETRAMER INTERCONVERSION The Wedding labaatory found that
CAM PEPCpurified from day- and night-adaptedCrassua argentealeaves
exists as kinetically distinct but interconvertibé oligomers (128). The day
enzymewas mainly a malate-sensite homodimer (a2) andthe night form a
malate-“insensive” homotetamer(a4), with abouta twofold higherK;. PEP,
GGP,Mg2+, orahigher[PEPC]favorsconversiorof a2 to a4, whereas -malate
oralower[PEPC]shiftstheequilibriumtowardthedimericform (79,128,129).
Similar in vitro associatiordissociatim propertieshavebeenreportedfor the
activeC4 homotetramefrom maize(123,127).Thereis noevidencehowever,
to support the involveemt of these aggregation-stathangesin the diel
regulationof the CAM andCa isoformsin vivo. Onthecontrary severateports
documentthat the phosphoand dephosphaC4 and CAM enzymeforms are
isolatedin the sameaggregatiorstatewhile retainingthe characteristidiffer-
ential sensitivily to L-malate(4, 63, 77, 82, 122). Thus, it is our opinion that
thereis notasignificant regulatiomf photosynheticPEPCin vivo by changes
in its aggregatiorstate.

REDOX REGULATION Evenmorespeculativen our view is the proposalthat
theregulationof cytosolic C4 PEPCmay be primarily underthe controlof the
redoxstateof certaincritical cysteineq13, 45). While thereare,indeed five
plant-invariantCysresiduesn thevariousPEPCisoformsthatareabsentn the
microbialenzymegFigurel) (67,68,79a,114),noneof themhavebeenshown
specificallyto beinvolvedin regulationof activity or L-malatesensitiviyy. On
the contrary,relatedobservationsvith the dephosphanaizeenzymeindicate
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no effect of reducedcytosolc thioredoxinh on the propertiesof C4 PEPCin
vitro (52).

PEPCGENESTRUCTURE EXPRESSION,AND
MOLECULAR EVOLUTION

MultigeneFamilies

PEPCisoformshavebeencharacterizeéh both photogntheticandnonphob-
synthetictissuesof variousplants(reviewedin 68, 114). Consstentwith the
enzymes functionaldiversity, small multigenefamilies havebeenfound. For
example,three PEPCnucleargenes—SvC3,SvC3R] and SvC4—have been
characterizeth Sorghunthatencodehe Cs-like housekeeping an@ot forms
andthe C4-photosynhetic isoform, respectively(67). The maizefamily pos
sesseat leastfive geneg(37) that canbe classifiedinto threedistinctgroups
(99). The C4-PEPCgeneis unique and is located near the centromereof
chromosome9. Three other geneshave been mappedto different loci on
chromosomedlL, 5, and7 (37,47, 61). Both C3 and C4 speciesn the dicot
genusFlaveria containvery similar families of distinct Ppc subgroups40,
95). The C4 isoformin Flaveriatrinervia is encodedy the PpcAsubgroupof
the family. Homolagous PpcA genesare found in the C3 speciesFlaveria
pringlei; however,they are weakly expressedand their transcriptsdo not
show the stricieaf-specificaccumulation patterfound in the related C4
species(40). In the facultative CAM plant M. crystallinum, two isogenes
(Ppcl, Ppc?d havebeendescribedand anotherdistinct membermight exist
(17, 18); the transcriptionalactivity of Ppclis strongly and selectivelyen
hancedduring Cs to CAM switchinginducedby saltstresq18). The Brassica
napusgenomecontainsmorethanfour highly similar PEPCgenesbut some
of themlack specificintrons (133). PEPCgenefamilies havealsobeenfound
or suggestedo existin sugarcaneAmaranthustobacco alfalfa, rice, wheat
(reviewed in 68)andArabidgpsis(79b).

Ppc and PPC Sequenc€omparisoms

The plant PEPCgenescontain nine introns (with the exceptionreportedin
133) of variablelength but identical location with respectto the coding re-
gions.Consenasintron/exonsplicesites(aGGTaag—tg@&Gg) areconserved.
Generally, a classicgene organizatiois observedalthoughin someCy- and
Cs-type Ppc genesthereis no typical TATA box, and multiple polyadenyla
tion sitesare found irthe 3-untranslatedegion(15, 43,74, 132).

In alignments of all the deducedPEPC amino acid sequenceseported,
severalhighly conservedesiduesand motifs arefound, andtheselikely con
tribute to the domainsinvolved in the active site and/or regulationof the
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enzyme(seesectionson Active-Site Structureand RegulatoryPhosphoryla
tion) (67,68, 79a,96a,114). Figure 1 exemplifiesthesestructuralfeaturesn
the deducedsequencef the Cy-isoformfrom Sorghum(SvC4).The phosphe
rylation motif nearthe N-terminus(E/DR/KxxSIDAQL/MR), including the
target Ser, and fiveysteine residuespmeof which have beeproposed to be
involvedin redoxregulationand/orstabilizationof the tetramericstructureof
the holoenzyme(13, 45), are specificto plant PEPC(68, 79a,114). In addk
tion, thereare severalspecies-invariantnotifs in all PEPCsexaminedo date
(TAHPT, VMXGYSDSXKDxG, FHGRGxxxXRGxxP) that contain specific
His, Lys, andArg residuesmplicatedin the active-site domain (sesction on
Active-SiteStructure;3,57,79a,96,96a,112).In generalthe C-terminalhalf
of the (1110-kDaPEPCpolypeptice containsmost of thesepresumedactive-
site determinarg, whereasthe N-terminal half appeargo include the motifs
thatareregulatoryin nature(53,57, 110, 114). Furtherinsightinto the struc
turefunction relationslips of PEPC mustwait contined mutagenesisf
theseandother(114) highly conservedlomainsand, mostimportanty, high-
resolutioncrystallogaphic analysisf theplantand microbiaproteins.

Ppc Promoter Analysis antranscription

The C4-PEPCgeneis expressedh photosynhetictisstesduring greeningvia
aphytochrone-mediatedespons€113). Expressiorof this geneis notneces
sarily coupledto the developmenbf Kranzleaf anatomybecausein maize,it
alsooccursin suchtissuesastheinnerleafsheath@ndtasselg43). In addition
to light, cytokinins upregulate theanscriptimal activity of the C4.-PEPCgene
in maize leavesrecoveringfrom N deficiency (106), whereasin Sorghum
abscisicacid (ABA) stimuatesspecificPpc mMRNA accumulation(2). In M.
crystallinum, CAM-PEPC geneexpressionis inducedby salt stressand/or
ABA during C3 to CAM switching andtheseeffectsare moderateday light
(76). In the CAM plantKalanchoéblossfeldana changesn photoperiodand
ABA are also involved in the induction of the photosyithetic PEPC gene
(108).Lastly, Cs-type PEPC mRNAs araccumulated during theevelopment
of alfalfa root nodules(92, 115) andin recoveringroots of N-deficient Sor
ghum(P Gadall Lepiniec& S Santi,unpublided data).
Light-responsiveelementscorrespondingo thosein the nucleargenesen
coding the small subunitof Rubisco arelacking in the C,-Ppc promotersof
maizeandSorghumOtherconserveddirectrepeatecequencefT TACCAC-
TAGCTA), or thelight-responsiveelemen{CCTTATCCT) characterizegre-
viously in the promoterof light-inducible phytochrora genes, could plaguch
arole,atleastin part(15, 68, 74). Themaizenuclearfactor(MNF) (seebelow;
131) and SV40Spl (15, 68, 74) binding sites—(AAGG) and (CCGCCC),
respectively—are also foura C,-Ppcpromotersin addition,thepresence of
CpGislands(68) is consisentwith the possibleregulationof specificsitesin
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the promotersof bothC, andC; PEPCgenesby changesn DNA methylation
status(64). In the SorghumSvC3 and SvC3RI Ppc promoters,sequences
homologaus to the light-responsiveelementAT-1 (AATATTTTTATA) and
nod-(TCTACGTAGA) andG-boxes(CCACGTGG)arefound (68). Both C,
and C3 speciesof Flaveria haveorthologousC, genes(PpcAsubgroup)the
5'-flanking regionsof which are essentialf homolggousand shareCCAAT,
AT-1, andGT-1 llI/lll o boxesandan octamericmotif knownto confercell-
type specificity (40). It hasbeensuggestedhat certainspecificfeaturesof the
C,-PEPCgenepromoterin F. trinervia could accountfor the much higher
expressiorevelin this C, speciesincluding alight-respoisivebox |l element,
the microheterogeneitpf the sequencaroundthe TATA box, andthe pres
enceof a putativescaffold attachmentegion nearthe promotr thatis often
associateavith highly expressedienes(40). Recentexperimentsisingtrans
genictobaccoplants have shownthat the sequencesesponsiblefor the en
hanced]eaf-specificexpressiorof C, Ppcin F. trinervia arelocatedbetween
positiors —2118 and -500 relative to the transcriptionstartsite in the PpcA
promoter(105); whetherthesesequencesvolve the above-mentionegroxi-
mal elementss notknown.

Threeleaf-specificDNA-binding proteins(MNF1, MNF2a, MNF2b) have
beenshownto interactspecificallywith the promoterof the maizeC,-PEPC
gene(130,131). Amongthesenuclearfactors, MNF2ais presumedo actasa
negativetranscriptionakffector(130). Two cDNA clones(MNB1a, MNB1b)
encodingproteinsthat bind to an AAGG motif at the MNF1 site havebeen
identified (131). Two otherclones(designate@®81,282) may encodePEP1 a
light-dependenfactor interactingwith the promoterof the maize C,-PEPC
gene(59). InM. crystalinum, salt stress causes thigetein factordPCAT-1,
-2, and-3) to differentially recognizetwo AT-rich regionsin the Ppcl pro-
moter (16). Recently, severalsalt-responsiveenhancemregionsand one si-
lencer region haveeen identifiedn this promoter(98a).

Fromthe above,it is clearthatdataon nucleartrans-actingfactorsandthe
correspondingegulatorycis-actingDNA sequencesf the Ppc promotersare
still relatively scarce. Thusno clear picturehas emergedoncerning the
regulatory mechanisms that cortrol the tran<ription rate of the different
classes of PEP@enes implants.

Transgenic Plants

In transgenidobaccotransformedwith maize C4-Ppcl genescontainingthe
upstreanregulatoryregion(about2 kb), a low level of PEPCtranscriptsvas
producedalthoughtheir sizewasaberrantlylarge,accumulaton still required
light (44). Thesetransformantpossessed twofold increaseén PEPCactivity
that was correlatedwith the appearancef a highK,(PEP)C4 form of the
enzymeand an elevatedlevel of leaf malate.However, thesebiochemcal
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changedlid not resultin any detectableohysiobgical effectswith respecto
therateof leaf netphotosyrnhesisin air andto the CO, compensatin concen
tration. In a relatedstudy, the maize C4-PEPCgenewas placedunder the
controlof aCaMV 35Spromoter(62). Althoughthetransgenidobaccaoplants
containedPpc transcriptsof the correctsize and abouttwice asmuch PEPC
protein, their growth rate wasretardedrelative to that of the nontransformed
plants. Transgenidobaccoplantstransformedwith eitherthe C4-PEPCgene
from Sorghumor chimericconstructscontainingthe promoterof the C4 gene
from maize fusedto the gusA reportergeneshoweda high expressionof
transcriptsaswell asleaf mesophil-cell specificity (75, 107). Similar results
have beenreportedrecentlyin transgenicrice using the sameexperimental
strategy(73). Transgenidobaccoplantsalsoexpresseaonstructscontainirg
variousparts ofthe B-flanking regionof thePpcA1(C;-type) genes frorboth
C4 and C3 speciesof Flaveria (105). In this heterologos system,only the
C4-Ppc promotr from the C4 speciesconferreda high level of reportergene
expressionthus showingthatit containsregulatorycis-elementsesponsible
for abundanexpressionln addition, aleaf palisademesophyHcell specificity
was partially maintanedin thesetransgenidobaccoplants.Hence,it appears
thatmostof theregulatoryelementghatcontrolthe lightinducibleexpression
of Ppcin C4 leavesarealsopresenin Cs plants.On the otherhand,althoudh
the CAM-specificPpcpromoterfrom the M. crystallinum geneis highly active
in transgenitobaccojt directstranscriptsynthesisn mostcell typesandlacks
the saltinducibility foundin its naturalcellular environment(17). Finally, in
homologas transient-expressiosystemsusing leaf-, stem-,androot-derived
protoplastsfrom maize,a cell-specificexpressiorpatternis largely dependent
onthespecificPpcpromoter used (99)n this system, transcrigiccumulatio
is not immediate but rather is related to light-dependentdevelopmersl
changesijn contrastwith other photosynhetic genes.This latter observation
hasled to the suggestin that distinct transductionpathwaysoperatefor the
coordinationof light-dependengienes encodinghotosynhetic enzyme§99).

Molecular Evolution

Phylogenetidreeshavebeenconstructedising unambiguasly alignedsites
from the available PEPCamino acid sequencess well as on the basis of
parsimonyor distanceanalyseq1, 47, 61, 67, 68, 114). The cyanobacterial
and bacterial PEPCsconsistentf group with prokaryotic phylogeneticrela
tionships (68). As for the plantenzymesphylogeneticrelationshig havebeen
studied with particular emphasison the molecular mechanismghat have
shapedthe expressiorcharacteristicand kinetic propertiesof PEPCduring
the evolutionarytransitionfrom Cz into CAM and C4 plants.The acquisition
of thesenew photosyihetic strategies bya wide variety of plant species
indicatesthatthey haveoriginated independentlyandon manyseparatecca
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sionsduring theevolution of flowering plants,with CAM beingtheantecedent
of C4 (47, 61, 67). Thus, an obvious questionis how to accountfor the
polyphyleic evolution of C4 plants.From the variousindependenyl derived
treesit canbeinferredthatall plant PEPCsequenceslivergedfrom a single
commonancestralgene.On the other hand, the presenceof different genes
could have precededangiospermdiversification and perhapsalso that of
higherplants.C4-PEPCgenescould havearisenfrom a duplicationeventlong
beforethe monocot-dicotdivergenceand thus prior to the appearancef C4
plants. In this manner,the PEPCgenefor C4 photosyntlesis could have

Anacystis nidulans
Anabaena variabilis
Corynebacterium glutamicum

Escherichia coli

Sorghum vulgare (SvC4)
Zea mays (C4)

Sorghum vulgare (SvC3RI)
Zea mays (RC3)
Sorghum vulgare (SvC3)

Zea mays (C3)
Saccharum x sp. (C3)
Mesembryanthemum crystallinum (CAM)

Mesembryanthemum crystallinum (C3)

Glycine max (C3)
Medicago sativa (C3)

Nicotiana tabacum (C3)
Solanum tuberosum (C3)
Flaveria trinervia (C4)
Flaveria pringlei (C3)

Figure 4 Consersusphylogenett tree of 19micraobial andplant PEPG. Brarch lendghs hawe no
significance (see67 and68 for detils). S\C4, SVC3RI, andSvC3 arethe photosyntheic, root, and
houseleepirgisoformsof Saghumvulgare PEPCrespectiely; ZeamaysC4,RC3,andC3arethe
correspormlingisoformsin maize [Redawnfrom Lepiniecetal (68), with permisian from Elsevier
Scierce IreandLtd.]
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evolvedin a limited numberof specieswhile disappearindgn others(47, 61,
67).In the consensugreedepictedin Figure4, C4-PEPCsrom the monocos
Sorghumandmaizeareclearly distingushablefrom the variousCz andCAM

isoformsandalsofrom their indigenousCz counterpartge.g.SvC3RI,SvC3).
In contrast,the photoynthetic enzymein the Cy4-dicot F. trinervia is more
closelyrelatedto the variousisoformsin Cz andCAM dicots (40, 95) thanto
the two monocotCy-PEPCs(68). Furthermorepecauseahe promotersof the
C4-PEPCgenein F. trinervia andthe orthologows genein F. pringlei (Cg) are
verysimilar, it hasbeensuggestethata C3 promotr could havebeen‘tuned”
to meetthe specialdemand®f C4 photosyntlesis(40). The possibilty thatan
alternativeevolution hasled to the formation of C4 enzymesin the various
generacontainhg C4 speciescould accountfor the observeddivergencebe

tweenmonocotsand dicots (40). Finally, it is not clearwhy a homologos
form of C4-PEPCis not found in dicots becauseas mentioned abovea
primordial PEPCform could havearisenbeforethe divergenceof monocos
anddicots(68). Furtherinvestigatonsinvolving PEPCsequencefom differ-

entgenerarerequiredto refinethe phylogeneticrelationshipsf themicrobial
and plant enzymes,including sequencenalysisof greenalgal PEPCsand
additionalgymnospernspeciegPicea abie} (96a).

CONCLUSIONSAND FUTUREPROSPETS

While the past decadehas seena numberof truly impressiverevelations
concerningPEPC, future researchawaits the results of three-dimensioal
structurestudiesthat will provideanotherimportantchapterin PEPCmecha
nism, regulation,allostericeffects,and otherareasIn addition, the emerging
picturesof thehighly regulated®EPCkinase togethewvith its requisitesignal-
transductioncascadesmust be completed.Relatedwork on the heteromeric
intracellularform of the type 2A protein phosphatas¢hat dephosphorytes
plant PEPCin the cytosolwill alsobe important (cf 122a).With the recent
generationof the first C4 PEPC-deficientmutantin the dicot Amaranthis
edulis (20) and the developmentof an efficient, Agrobacterum-mediated
transformatiorsystemfor C4 dicots(14), thestage idinally setfor the genetic
manipulaton of C4 photoynthesisin vivo by engineeringheregulatoryprop-
ertiesandamountof PEPCin the leaf cytosol. We anticipatethat theseand
otherfertile avenuedor future researcton PEPCwill continueto deeperour
understandingf this “multifaceted”enzymein plants.Finally, we hopethat
this surveyhasremindedthe readerthat thereis, indeed,anotherCO,-fixing
enzyme implantsbesidesRubiscothatis worthy of detailedstudy.
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