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ABSTRACT

Sinceplant phosphoenolpyruvatecarboxylase(PEPC)waslast reviewed in the
Annual Review ofPlant Physiology over adecadeago (O’Leary 1982), signifi -
cant advances have beenmade in our knowledgeof this oligomeric, cytosolic
enzyme. This review highlights this exciting progress in plantPEPCresearch
by focusingonthethreemajor areasof recent investigation: theenzymology of
theprotein; itsposttranslationalregulationbyreversibleproteinphosphorylation
andopposingmetaboliteeffectors;andthestructure, expression,andmolecular
evolution of thenuclear PEPC genes. It is hoped that the next ten yearswil l be
equally enlightening, especially with respect to the three-dimensional structure
of the plant enzyme, the molecular analysis of its highly regulated protein-
Ser/Thr kinase, andthe elucidation of its associated signal-transduction path-
waysin variousplant cell types.
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INTRODUCTION

Phosphoenolpyruvatecarboxylase(PEPC;EC 4.1.1.31)is a ubiquitous cy-
tosolic enzymein higher plants and is also widely distributed in bacteria,
cyanobacteria,and greenalgae(68, 114). It catalyzesthe irreversibleβ-car-
boxylation ofphosphoenolpyruvate(PEP)in thepresenceof HCO3

− andMe2+

to yield oxaloacetate(OAA) andPi andthusis involved intimately in C4-di-
carboxylicacid metabolism in plants.Besidesits cardinalroles in the initial
fixation of atmosphericCO2 duringC4 photosynthesisandCrassulaceanacid
metabolism(CAM), PEPCfunctionsanapleroticallyin a varietyof nonphoto-
syntheticsystems suchasC/N partitioning in C3 leaves,seedformationand
germination,andfruit ripening(66,68).Nonphotosyntheticisoformsof PEPC
alsoplayspecializedrolesin guard-cellC metabolismduringstomatalopening
(90) andplant host–cellC4-acid formation in N2-fixing legumeroot nodules
(19, 115).

Since1982,whenPEPCwasreviewedlast in theAnnualReviewof Plant
Physiology(87), many new and significant findings about this oligomeric
enzymehavebeenmade.In additionto the furtherelucidationof its catalytic
reactionmechanismandtheinitiation of structure-function analysesby site-di-
rectedmutagenesis, there has beenan explosion in researchrelatedto the
posttranslational regulationof the enzyme’s activity andallosteric properties
by reversibleproteinphosphorylation andto PEPCgene(Ppc) structure,ex-
pression, and molecular evolution. Theseexciting new advances  inplant
PEPCresearcharetheprimary focusof this review,while only limi tedrefer-
encewill be madeto the microbial enzyme.The interestedreadershould
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consultearlierreviewson PEPCfor additional breadthanddetail (3, 19, 35,
54, 68,84,87, 90,96,104,114, 117).

ENZYMOLOGY OF PEPCARBOXYLASE

Commentson Isolationof PEPC

It is now amplydocumentedthatnativeleaf andrecombinantformsof PEPC
arehighly susceptibleto limi tedproteolysisneartheN-terminusduringextrac-
tion andsubsequentpurification(6, 9, 23, 77,82, 121).While suchmodifica-
tion hasno major influenceon the enzyme’s electrophoreticmobility, Vmax,
andcarbon-isotopeeffects,removalof this plant-invariantN-terminaldomain
markedlydecreasesthein vitro phosphorylatability andsensitivity of PEPCto
its negativeallostericeffectorL-malate.Thus,it is our view thatmanyearlier
kinetic analysesof purified or commercialplant PEPChaveprobablybeen
compromisedby this N-terminal truncation(seecommentsin 23, 54, 68).
More recentstudieshavepreservedtheenzyme’s integrity duringisolation by
the inclusion of glycerol, L-malate,andproteinaseinhibitors (especiallychy-
mostatin) andby the useof rapid purification protocolsthat exploit fast-pro-
tein liquid chromatography,HPLC, or immunochromatography(4, 7, 9, 23,
58, 77, 82, 119, 121, 136). With suchstrategies,preparationsof intact, N-
blockedleaf (C4, CAM, C3), nodule,andrecombinantPEPCarereadily ob-
tained.

CarboxylationandHydrolysisof PEPAnalogs

A varietyof PEPanalogshavebeenexaminedassubstratesfor C4 PEPC(see
35 and Table 1). Although a numberof compoundsare processedby the
enzyme,most are not carboxylatedbut insteadare hydrolyzedto pyruvate

Table 1 Activity of PEPanalogs with PEPCa

Compound Vmax (rel)b % Carboxylation % Hydrolysis References

PEP 100 97 3 6

(E)-3-fluoro-PEP 5 86 14 32, 50

(Z)-3-fluoro-PEP 5 3 97 32, 50

(Z)-3-chloro-PEP 25 25 75 71

All eno-PEP 90 0 100 126

Thio-PEP 9 0 100 103

(Z)-3-methyl-PEP 4 0 100 31, 33, 34, 86

(Z)-3-bromo-PEP 25 0 100 21

3,3-dimethyl-PEP 2 0 100 31
aValues givenarefor the maizeleafenzyme inthe presence ofMg2+.
bCarboxylationplushydrolysis.
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derivatives(Equation1) by a mechanismthatsharesseveralstepswith cataly-
sis (seesectionon CatalyticMechanismof PEPC).This phosphataseactivity
is probablynot relatedto themuchslowerbicarbonate-independenthydrolysis
of phosphoglycolateandphospholactatethat is alsocatalyzedby theenzyme
(48, 50).

1.

PEP itself also undergoesa few percentof an HCO3
−-dependentpyruvate

formation.This hydrolysisis a minor componentof the overall reactionflux
with Mg2+ underin vivo conditions(<5%), but it increaseswith othermetal
ionsandconstitutesover50%of thetotal reactionflux whenNi2+ is used(6).
Interestingly,the PEPanalogin which the phosphatehasbeenreplacedby a
sulfateis not a substratefor theenzymeand,in fact, this compounddoesnot
bind to theactive site[but it is a substratefor pyruvatekinase(93)].

Functionalanalogsfor CO2 andHCO3
− arerarein enzymaticreactions.In

thecaseof PEPC,HCO2
− canreplaceHCO3

−, forming formyl-P and pyruvate
at a rate thatis about 1%of thatfor PEPcarboxylation (48).

Kineticand Isotopic Studies

Early thinking aboutthe catalyticmechanismwasdominatedby the seminal
observationof Maruyamaetal (72) [recentlyconfirmedby O’Leary & Hermes
(88)] that18O-labeled HCO3− givesproductscontainingone equivalent of18O
in Pi andtwo in the γ-carboxylof OAA. This isotopetransferpersistswith a
numberof othersubstrates, including thosethatundergohydrolysis ratherthan
carboxylation.(Z)-3-methyl-PEPgivesmorethanoneequivalentof 18O in Pi
andalsogives18O incorporationinto reisolatedstartingmaterialafter partial
reaction(29, 86). A similar phenomenon is observedwith 3-fluoro-PEP;ex-
changeis eight timesfasterthansubstrateconsumption (50). Theseobserva-
tions indicatethat the initial stepsin thecarboxylationmechanismarerevers-
ible (seesectionon Catalytic Mechanismof PEPC).

PEPChasbeensubjectedto a varietyof kinetic studiesover theyears,but
thesehavegenerallybeenqualitative in naturebecauseinvestigators failed to
rigorously control HCO3

− concentrationsand to accountfor the presenceof
PEP-metalcomplexes.Recentstudiesof initial velocity patternsvarying the
two substratesandMe2+ indicatethat thereis a high level of synergismin the
bindingof substrates(49).Mg2+ bindsfirst, andthis bindingis atequilibrium;
PEPbindssecond;HCO3

− bindsthird; andall threehaveto bepresentbefore
the reactionbegins.

O PO O O

R CH C CO HCO O C CHR C CO R CH C CO Pi3

−

− = − + → − − − + − − − +

−
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The small carbon-isotopeeffect (k12/k13 = 1.003) that accompaniesthe
carboxylationof PEPby PEPChasbeenof interestin connectionwith studies
of isotopefractionationin plants (28). The carbon-isotopefractionationby
PEPC is independentof the phosphorylation stateof the enzymeand the
presenceor absenceof the N-terminal phosphorylation domain,and nearly
independentof pH (50, 89, 124; P Paneth& S Madhavan,unpublisheddata).
This fractionationis small comparedto what would beexpectedif C-C bond
formationweresimply ratedetermining. Instead,somestepprior to C-C bond
formationmustberate limiting.

Theoxygen-isotopeeffectfor thebridgingoxygenof PEPis large(k16/k18

= 1.0056)when the HCO3
− concentrationis low, but the valuedecreasesto

0.994at high[HCO3
−], consistent withtheordered stepwisemechanismgiven

below (30). Deuterium-isotopeeffectsfor PEP-3,3-d2 are0.94on V and0.95
on V/K, also consistent with the stepwisemechanism(D  Arnelle &  MH
O’Leary, unpublished data).

Carbon-isotopeeffectson the(E) and(Z) isomersof 3-fluoro-PEPprovide
an interestingcontrast(50). The (E) isomerhasa small carbon-isotopeeffect
(1.009),consistentwith rate-determination phosphatetransfer.However,the
(Z) isomer[which mostly giveshydrolysis ratherthancarboxylation(Table1)]
showsa largeisotope effect (1.049),which is apparentlyassociatedwith the
lossof CO2 from thecomplexduringcatalysis.

Severalstereochemicalprobeshavebeenusedto define PEPCcatalysis.
Early work by Roseet al (97) demonstratedthatcarboxylationof PEPoccurs
on the si face of the substrate,and carboxylationof the two isomersof 3-
fluoro-PEPoccurson the sameface(50). When(Z)-3-methyl-PEPis hydro-
lyzed by PEPCin D2O, the 3-D-α-ketobutyrate that is producedis racemic,
which indicatesthat protonationof the enolateoccursin solution ratherthan
on the surfaceof the enzyme(33). The stereochemistry of substitution at
phosphoruscan be determinedby using PEPcontaining S, 16O, and 17O in
nonbridgingpositions of the phosphateester.Carboxylation in H2

18O pro-
ducesa chiral thiophosphatewith inversionof configurationat phosphorus
(39). Thus,substitutionat phosphorus occurs byan in-linemechanism.

Active-SiteStructure

Mn-EPRstudiesof PEPCwith PEPandvarioussubstrateanalogssuggestthat
PEP itself is bidentatecoordinatedto the metal. Metal coordinationin the
enolateintermediateis to the enolateoxygen, the carboxyl oxygen,and a
phosphateoxygen(5).

Results of  chemical  modification  studies  onvarious  plantPEPCswith
group-selective reagents havesuggested that Cys,His, Arg,andLys areessen-
tial for activity (3, 96,104).To date,only one such residuehas been identified
in theplantprimarystructure—Lys-606in maize PEPC(57). Furthermore,the
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completeabsenceof Cys in PEPCfrom Thermussp., a thermophilic bacte-
rium, excludesthe direct involvement of theseresiduesin catalysis(79a).
Site-directedmutagenesisstudiesof theactive-sitedomainof PEPChavethus
far beenperformedonly with theenzymefrom Escherichiacoli. His-138(E.
coli numbering)is required for carboxylation,but themutantH138Nis ableto
catalyzePEPhydrolysis to pyruvatein the presenceof HCO3

− (109, 112).
His-579 is not obligatory for catalysis,in spite of the fact that it is species-
invariant (111). Replacementof conserved  Arg-587  by  Seralso  gives  an
enzymethat catalyzeshydrolysis, but not carboxylation(112,134). Figure1
indicatesthesetargeted,species-invariantLys, His, and Arg residuesin the
deduced primarystructureof SorghumC4 PEPC.

Along with site-directedmutagenesis,X-ray crystallographyhasbecome
the sine qua non of enzymology. Alas, PEPCdoesnot yet seemto have
yielded to the efforts of crystallographers.The E. coli enzymehasbeenre-
portedto give crystalsthatdiffract X-rays(46).We arealsoawareof attempts
in other laboratories to obtain diff raction-quality crystals of recombinant
PEPCfrom variousplant sources,but no substantial progressin this areahas
been reported.

CatalyticMechanismof PEPC

The information cited abovepermitspresentationof a relatively convincing
mechanismfor action of PEPC(Figure 2). Substratesand Me2+ bind in the
preferredorder  metal,  PEP,HCO3

−. The  first  chemicalstep  isphosphate
transferto formcarboxyphosphateandthe enolate ofpyruvate, as perhapsfirst
suggestedby Walsh (118). Stereochemicalstudiesrequirethat the transition
statefor this step is linear at phosphorus;thus, the carbonyl carbonin the
intermediatecarboxyphosphatefollowing transferis quitefar from carbon-3of
theenolate,anda conformationalchangeis requiredto placethetwo carbons
neareachother.Themostparsimoniousway to accomplishthis is to havean
enzymebasedeprotonatethecarboxylgroupof carboxyphosphate,afterwhich
carboxyphosphatedecomposesto form enzyme-boundCO2 and Pi. Earlier
mechanisms (87)did not recognizethis aspect.This stepbringsCO2 abovethe
planeof the enolateandwithin bonding distanceof its carbon-3.CO2 in this
intermediateis sequesteredso that underoptimum catalyticconditionsit sel-
dom escapes[3% (6)], but underother circumstancesCO2 is lost easily,as
whenthemetalion is changedin sucha way asto lower the reactivityof the
enolate.In thecaseof a varietyof PEPanalogs,lossof CO2 competeseffec-
tively with carboxylation (cf Table 1). In somecases,the formation of en-
zyme-boundCO2 must be reversible.Isotope exchangestudies on (Z)-3-
methyl-PEP(29,86) and 3-fluoro-PEP (50) requirethat CO2 is formed revers-
ibly andcanscrambleisotopesandreturn to startingmaterial.It is not clear
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whetherCO2 formationis reversiblein thecaseof PEP.Isotope-effectresults
suggestthatit is not.

In the final chemicalstepof the overall reaction,CO2 combineswith the
metal-stabilizedenolate.It is interestingto notethat thereis no evidencethat

Figure  1 Deducedamino-acid sequence of the C4-PEPC isoform from Sorghum (67). The
plant-invariant phosphorylation domain, with its target Ser(* ), is underlined twice, whereasthe
species-invariantfunctional regions identifi edto dateare underlined singly. The specific His, Lys,
and Arg residuestargetedby site-directedmutagenesisor chemical modif ication (seetext) are
indicatedwithin these three domains (•). C (1–5), plant-invariant Cys residues.
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this step is reversible,eventhoughthe reversereaction(decarboxylationof
metal-chelated OAA)is well known in othersystems.Finally, Pi andOAA are
released.

POSTTRANSLATIONAL REGULATION OF
PEP-CARBOXYLASEACTIVIT Y

It is well documentedthat the activity of thevariousisoformsof plant PEPC
aresubjectto allostericcontrolby avarietyof positive[e.g.glucose6-P(G6P),
triose-P] and negative(e.g. L-malate,Asp) metabolite effectors,especially
when assayedat suboptimal pH valuesthat approximate that of the cytosol
(e.g. 3,23, 65,66,68, 90,100,101,104). For example, theKi(L-malate) of the
intact recombinant C4 enzymefrom Sorghumis decreased about 25-foldatpH
7.3 comparedwith pH 8.0 (23). Although changesin the cytosolic levelsof
theseopposingallosteric effectorsand H+ likely contribute to the overall
regulationof PEPCactivity in vivo (22,26,54,66,90), researchoverthepast
decadehasfocused primarily onthereversiblephosphorylationof theenzyme.
In fact, cytosolic PEPCand sucrose-Psynthasepresentlyrepresentthe two
best-definedexamplesof in vivo regulatoryenzymephosphorylationin plants
(40a, 41).

Figure 2 Mechanismof carboxylation andhydrolysisof PEPby PEPC. PYR,pyruvate.
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Regulatory Phosphorylation ofPhotosyntheticPEPC

The regulatoryphosphorylation of photosyntheticPEPChasbeenintensively
studiedandrecentlyreviewed(41, 54,68,84,96,117)sincetheinitial obser-
vationswerepublishedabouttenyearsagoon theCAM andC4 isoforms(10,
38, 51, 80–82).  Asan important  preludeto  theseprotein-phosphorylation
studies,severalreportshad appearedthat indicatedthat both photosynthetic
PEPCisoformsweresubjectto a striking diel regulationin vivo that altered
the enzyme’s activity and/orsensitivity to L-malateundernear-physiological
assayconditions, without accompanyingchangesin Vmax or PEPCamount
(e.g. 42, 60, 81, 125). It thus becameevident that the CAM enzymewas
upregulatedatnightand downregulatedduringthe day,thereby parallelingthe
classicalchangesin CAM physiology (e.g.leaf atmospheric CO2 fixation and
titratableacidity) (66). Relatedinvestigationsof severalCAM plantsunder
continuousnight or dayconditionsindicatedthatCAM physiology,aswell as
the L-malatesensitivity of PEPC,wascontrolledby anendogenouscircadian
rhythmratherthanby light or darksignalsperse(83,125).In markedcontrast,
C4 PEPCwasshownto be reversiblylight activatedin vivo by a mechanism
thatwasdependent,eitherdirectly or indirectly, on photosynthesisandmodu-
lated by the incident photosynthetic photon flux densityabovea minimum
thresholdof about300µmol m−2 s−1 (7, 36,55, 60,78,98).

It is now establishedunequivocallyby a wealthof in vivo andin vitro data
that this striking diel regulationis causedby changesin the phosphorylation
stateof a singleserineresiduenearthe ∼110-kDasubunit’s N-terminus(e.g.
Ser-8and Ser-15in the Sorghumand maizeC4 enzymes,respectively,and
Ser-11in PEPCfrom thefacultativeCAM plantMesembryanthemumcrystal-
linum) (9, 23, 53, 58, 110, 121). Upregulation/phosphorylationof the target
enzymeis catalyzedby a highly regulated(seebelow) protein kinaseand
downregulation/dephosphorylationby atypicalmammalian-typeproteinphos-
phatase2A (7, 11,12,12a,27,52,53,55,56,78). It is notablethatthis target
Serresidesin a plant-invariantmotif [E/DR/KxxSIDAQL/MR (seeFigure1)]
thatis absentin thebacterialandcyanobacterialprimarystructuresdeducedto
date(67,68,79a,96a,114).Moreover,in vitro studieswith theintact,recom-
binant SorghumC4 enzymehave  establishedthat phosphorylation  of this
N-terminaldomainnot only rendersPEPCconsiderablylesssensitive to inhi-
bition by L-malateundernear-physiological assayconditions(∼sevenfoldin-
creasein Ki) but, conversely, bothmoreactiveandmoresensitiveto activation
by G6P (∼fivefold decreasein Ka) (23,26). Thus,this reversiblemeans offine
tuning the activity and allostericpropertiesof PEPCis uniqueto the plant
enzyme.

The molecularmechanismby which proteinphosphorylation regulatesC4
PEPChasrecentlybeenaddressedby site-directedmutagenesisandchemical
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modification. The introduction of a monoanionic residueat position 8 in the
recombinantSorghumenzymeby directedmutagenesis(S8D) or sequential
mutagenesis (S8C)andS-carboxymethylation functionallymimicsthespecific
effectsof regulatoryphosphorylation on the targetenzyme.In contrast,vari-
ousneutralsubstitutions(S8T,S8Y,S8C,S-carboxamidomethylatedS8C)are
without major influence(23, 25, 121; GB Maralihalli, V Pacquit,B Li, JA
Jiao, G Sarath,et al, unpublisheddata).Consequently, addition of negative
chargeto this N-terminaldomainby reversiblephosphorylation appearscru-
cial to this regulatorymechanism,but the exactdetailsmustawait the high-
resolutioncrystalstructuresof thedephosphoandphospho(or S8D)enzyme-
forms.

Recentresearchon thephosphorylation of C4 andCAM PEPChasfocused
on thephysiologically relevantprotein kinaseandits requisitesignal-transduc-
tion chain.This work took on specialsignificancewith thenear-simultaneous
discoveries that the C4 andCAM PEPC kinaseswerebothactivatedreversibly
in vivo by some mechanisminvolving cytosolic protein turnover, thereby
resultingin the upregulation of the kinaseand,thus,its targetenzymein the
light (C4) or at night (CAM) (7, 12, 27, 55, 56, 78). Not only is the CAM
kinaseactivatedat night underthecontrolof a circadianrhythm,but it is also
coinducedwith its protein-substrateduringC3 to CAM switchingin thefacul-
tativeCAM speciesM. crystallinum(12,12a,70).In contrast,theactivity state
of the type 2A PEPC-phosphatasecatalytic subunitappearsto be relatively
constantduring light-dark (C4) or day-night(CAM) transitions(12, 56, 78),
further underscoringthe critical role of the kinasein the PEPC-phosphoryla-
tion cycle.

Following theinitial reportby Jiao& Chollet(52),theextremelylow-abun-
dancePEPCkinasehasbeenpartially purified about4000-fold.It is likely to
be a monomer of ∼37/30-kDa(C4) or ∼39/32-kDa(CAM) polypeptides(69,
70,120).As isolated,thisproteinkinasecatalyzesneitherautophosphorylation
nor the phosphorylation of heterologoussubstrates(e.g.casein,histoneIII-S,
BSA, leaf sucrose-Psynthase).Similarly, position-8 SorghumC4-PEPCmu-
tants(e.g.S8Y,S8D,S8C)are notphosphorylatedexceptfor theThr substitu-
tion (70, 120,121; GB Maralihalli, V Pacquit,B Li, JA Jiao,G Sarath,et al,
unpublisheddata).In contrast,all plantPEPCisoformsexaminedto date(C4,
CAM, C3-leaf,rootnodule)serveassubstratesin vitro (70,119,120),butwith
adistinctpreferencefor the corresponding PEPC kinase (BLi, XQ Zhang& R
Chollet, unpublished data).Considerableeffort hasbeenexpendedto (re)in-
vestigatethe Ca2+-dependencyof this protein kinase.It is our view that al-
though a variety of other protein-Ser/Thr kinases, including C4-leaf cal-
modulin-like domainprotein kinase(CDPK) and mammalianproteinkinase
A, specificallyphosphorylatethe singletargetSer in plant PEPCin vitro (7,
53, 69, 85, 110),only theCa2+-independent,30- to 39-kDaPEPCkinasehas
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beenshownto be light-dark (C4) or day-night(CAM) regulatedin vivo (69,
70). Notably, thesedifferential activity statesof the kinaseare maintained
throughoutchromatographyon various matricesand even following SDS-
PAGEandsubsequentrenaturation(69; B Li & R Chollet,unpublisheddata).
Thus,PEPCkinaseis likely up/downregulatedin vivo by somemechanism
that modulatesits amount(7, 12, 56, 69) or elseby covalentmodification
ratherthanby somenoncovalentmeans(e.g.regulatorysubunit,tight-binding
effector).Repeatedattemptsto demonstrateaneffectof in vitro dephosphory-
lation by alkalinephosphataseon the activity statesof the light (active)and
dark (inactive) C4 kinaseand its component∼37/30-kDapolypeptideshave
proven unsuccessful(B Li & R Chollet,unpublished data).

The signal-transduction chains  that impinge  uponthe highly regulated
PEPCkinasesare also a focus of current research.Initial studies using a
chemicalinhibitor-basedapproachwith detachedleaves(7, 12,55,56,69,78)
havebeensupplantedby in situ analyseswith isolatedC4 mesophyllcellsand
protoplastsand cell biology techniques(24a,30a,94, 117). It is now estab-
lishedthat the light-inducedC4 transductioncascadeis initiated in the illumi-
natedchloroplastby photosynthesisand likely involves some“signal” from
the light-activated Calvin cycle in the neighboringbundle sheath,possibly
3-P-glycerate (Figure 3). In addition, there ismounting in situ evidencefor the
involvementof increasesin mesophyll-cytosol pH and[Ca2+], the latter per-
hapsmodulating anupstreamproteinkinase(24a,30a,94,117),togetherwith
theinhibitor-baseddatathatimplicateakeyrolefor acytosolic protein-synthe-
sisevent(7, 8, 30a,56,69,94).In contrast,notmuchis knownabouttheCAM
PEPCkinasesignal-transduction pathwayother than its light independency
and the involvementof a circadianrhythm and cytosolic protein turnover
(Figure3) (12, 12a,83, 84). Clearly, this areawould benefitfrom detailedin
situ analysesof  intact mesophyll protoplastsisolated  from  nightand  day
leaves performingCAM.

Finally, the resultsfrom leaf CO2-exchangestudieshaveunderscoredthe
impact of the PEPCregulatory-phosphorylation cycle on C4 photosynthesis
and dark CO2 fixation during CAM (8, 12, 12a). For example,when the
activity statesof PEPCkinaseand,thus,its targetenzymeweredownregulated
in vivo by short-termpretreatmentwith cytosolicprotein-synthesisinhibitors
in the light (C4) or prior to thenight period(CAM), net leaf CO2 uptakewas
diminishedmarkedly.In contrast,no effectswereobservedon the activation
states of other nuclear-encoded, photosynthesis-related enzymes,  stomatal
conductance,or CO2 uptakeby a C3 leaf (7, 8, 56).Thus,thephosphorylation
of photosyntheticPEPCis a cardinalregulatoryeventthat influencesatmos-
phericCO2 fixation; this mechanism enables this primary carboxylase to func-
tion in theleafcytosol evenin thepresenceof themill imolar levelsof C4 acids
(e.g.L-malate) required for C4 photosynthesisand CAM.
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Regulatory Phosphorylation ofNonphotosyntheticPEPC
Isoforms

Thereis now convincingevidencethat the reversiblephosphorylation of the
N-terminal domainof plant PEPCis widespread,if not ubiquitous. In vivo
studieswith 32Pi havedemonstratedthereversiblephosphorylationof nonpho-
tosynthetic PEPCin soybeanroot nodules(136) andin wheatleavesexcised
from N-deficient seedlings(24, 116). Complementarymeasurementsof in
vivo changesin PEPCactivity and/or malatesensitivity under near-physi-
ologicalassayconditions(i.e. low pH, low [PEP] relativeto Km) haveunder-
scoredthe regulatorynatureof this covalentmodification in nodules(136),
illuminatedC3 leaves(24, 116; B Li, XQ Zhang& R Chollet, unpublished
data),andVicia fabaguardcellsmicrodissectedfrom openingstomata(135).

Figure 3 Proposedmolecular mechanism for the light-dark (C4) or night-day(CAM) regulation
of theeffector sensitivity [L-malate(negative),G6P(positive)] andactivity of photosynthetic PEPC
in the leaf mesophyll cell by reversible phosphorylationof a single targetserine nearthe subunit’s
N-terminus[e.g.Ser-8in Sorghum(seeFigure1)].Chlpt.*, il luminatedchloroplast;pHc and[Ca2+]c,
mesophyll cytosolic pH and[Ca2+], respectively; 3-PGA,3-P-glycerate; PP,protein phosphatase.
[Updatedfrom Jiao& Chollet (54).]
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Furthermore,relatedin vitro studieshaveestablishedthatPEPCkinaseactiv-
ity is presentin soybeanand alfalfa root nodules(102, 115), wheat and
tobaccoleaves(24,119),andSorghumroots(91),andhavedemonstratedthis
kinase’s similarity to the C4 and CAM enzymeswith respectto its Ca2+

independency,chromatographic properties,and catalytic subunit(s) (24, 91,
119).Theactivity state ofthis PEPC kinaseis modulated reversiblyin vivo by
a complexinteractionbetweenphotosynthesisandN (C3 leaves)or photosyn-
thatesupply to N2-fixing root nodules(24; B Li, XQ Zhang& R Chollet,
unpublished data).Thus,the phosphorylation of cytosolic PEPCby a highly
regulatedprotein-Ser/Thrkinaseis likely the major posttranslationalmecha-
nism for altering the allostericpropertiesand activity of this “multifaceted”
plantenzyme invivo.

OtherProposedRegulatory Mechanisms

Two othermechanismshavebeenproposedfor the diel regulationof C4 and
CAM PEPCactivity and/orsensitivity to L-malatebasedwholly on in vitro
observations.

DIMER-TETRAMER INTERCONVERSION The Wedding laboratory found that
CAM PEPCpurified from day- andnight-adaptedCrassula argentealeaves
exists as kinetically distinct but interconvertible oligomers (128). The day
enzymewasmainly a malate-sensitive homodimer (α2) andthe night form a
malate-“insensitive” homotetramer(α4), with abouta twofold higherKi. PEP,
G6P,Mg2+, orahigher[PEPC]favorsconversionof α2 to α4, whereasL-malate
oralower[PEPC]shiftstheequilibriumtowardthedimericform(79,128,129).
Similar in vitro association/dissociation propertieshavebeenreportedfor the
activeC4 homotetramerfrom maize(123,127).Thereis noevidence,however,
to  support  the  involvement  of these  aggregation-statechangesin  the  diel
regulationof theCAM andC4 isoformsin vivo. Onthecontrary,severalreports
documentthat the phosphoand dephosphoC4 and CAM enzymeforms are
isolatedin thesameaggregationstatewhile retainingthecharacteristicdiffer-
ential sensitivity to L-malate(4, 63, 77, 82, 122).Thus,it is our opinion that
thereis notasignificant regulationof photosyntheticPEPCin vivo by changes
in its aggregationstate.

REDOX REGULATION Evenmorespeculativein our view is theproposalthat
theregulationof cytosolic C4 PEPCmaybeprimarily underthecontrolof the
redoxstateof certaincritical cysteines(13, 45). While thereare,indeed,five
plant-invariantCysresiduesin thevariousPEPCisoformsthatareabsentin the
microbialenzymes(Figure1) (67,68,79a,114),noneof themhavebeenshown
specificallyto beinvolvedin regulationof activity or L-malatesensitivity. On
thecontrary,relatedobservationswith the dephosphomaizeenzymeindicate
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no effect of reducedcytosolic thioredoxinh on the propertiesof C4 PEPCin
vitro (52).

PEPCGENESTRUCTURE, EXPRESSION,AND
MOLECULAR EVOLUTION

MultigeneFamilies

PEPCisoformshavebeencharacterizedin bothphotosyntheticandnonphoto-
synthetictissuesof variousplants(reviewedin 68, 114).Consistentwith the
enzyme’s functionaldiversity,smallmultigenefamilieshavebeenfound.For
example,threePEPCnucleargenes—SvC3,SvC3RI, and SvC4—havebeen
characterizedin SorghumthatencodetheC3-like housekeeping androot forms
andthe C4-photosynthetic isoform, respectively(67). The maizefamily pos-
sessesat leastfive genes(37) that canbe classifiedinto threedistinct groups
(99). The C4-PEPCgene is unique and is locatednear the centromereof
chromosome9. Three other geneshave beenmappedto different loci on
chromosomes4L, 5, and7 (37, 47, 61). Both C3 andC4 speciesin the dicot
genusFlaveria containvery similar families of distinct Ppc subgroups(40,
95).TheC4 isoformin Flaveria trinervia is encodedby thePpcAsubgroupof
the family. Homologous PpcA genesare found in the C3 speciesFlaveria
pringlei; however,they are weakly expressed,and their transcriptsdo not
show  the  strictleaf-specificaccumulation  patternfound in the relatedC4
species(40). In the facultative CAM plant M. crystallinum, two isogenes
(Ppc1, Ppc2) havebeendescribed,andanotherdistinct membermight exist
(17, 18); the transcriptionalactivity of Ppc1 is strongly and selectivelyen-
hancedduringC3 to CAM switchinginducedby saltstress(18).TheBrassica
napusgenomecontainsmorethanfour highly similar PEPCgenes,but some
of themlack specificintrons(133).PEPCgenefamilieshavealsobeenfound
or suggestedto exist in sugarcane,Amaranthus,tobacco,alfalfa, rice, wheat
(reviewed in 68),andArabidopsis(79b).

Ppc and PEPC SequenceComparisons

The plant PEPCgenescontainnine introns (with the exceptionreportedin
133) of variablelength but identical location with respectto the coding re-
gions.Consensusintron/exonsplicesites(aGGTaag—tgcAGg) areconserved.
Generally, a classicalgene organizationis observed,althoughin someC4- and
C3-type Ppc genesthereis no typical TATA box, andmultiple polyadenyla-
tion sitesare found inthe 3′-untranslatedregion(15, 43,74, 132).

In alignments of all the deducedPEPCamino acid sequencesreported,
severalhighly conservedresiduesandmotifs 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).Figure1 exemplifiesthesestructuralfeaturesin
thededucedsequenceof theC4-isoformfrom Sorghum(SvC4).Thephospho-
rylation motif near the N-terminus(E/DR/KxxSIDAQL/MR), including the
target Ser, and fivecysteine residues,someof which have beenproposed to be
involved in redoxregulationand/orstabilizationof the tetramericstructureof
the holoenzyme(13, 45), arespecific to plant PEPC(68, 79a,114). In addi-
tion, thereareseveralspecies-invariantmotifs in all PEPCsexaminedto date
(TAHPT, VMxGYSDSxKDxG, FHGRGxxxxRGxxP) that contain specific
His, Lys, andArg residuesimplicatedin theactive-site domain (seesection on
Active-SiteStructure;3, 57,79a,96,96a,112).In general,theC-terminalhalf
of the ∼110-kDaPEPCpolypeptide containsmostof thesepresumedactive-
site determinants, whereasthe N-terminalhalf appearsto include the motifs
thatareregulatoryin nature(53, 57, 110,114).Furtherinsight into thestruc-
ture/function relationships of  PEPC  mustawait  continued  mutagenesisof
theseandother(114)highly conserveddomainsand,mostimportantly, high-
resolutioncrystallographic analysisof theplantand microbialproteins.

Ppc Promoter Analysis andTranscription

TheC4-PEPCgeneis expressedin photosynthetic tissuesduringgreeningvia
a phytochrome-mediatedresponse(113).Expressionof this geneis not neces-
sarily coupledto thedevelopmentof Kranzleaf anatomybecause,in maize,it
alsooccursin suchtissuesastheinnerleafsheathsandtassels(43).In addition
to light, cytokinins upregulate thetranscriptionalactivity of theC4-PEPCgene
in maize leavesrecoveringfrom N deficiency (106), whereasin Sorghum
abscisicacid (ABA) stimulatesspecificPpc mRNA accumulation(2). In M.
crystallinum, CAM-PEPC geneexpressionis inducedby salt stressand/or
ABA during C3 to CAM switching, andtheseeffectsaremoderatedby light
(76). In theCAM plantKalanchoëblossfeldiana, changesin photoperiodand
ABA are also involved in the induction of the photosynthetic PEPCgene
(108).Lastly,C3-typePEPC mRNAs areaccumulated during thedevelopment
of alfalfa root nodules(92, 115) and in recoveringrootsof N-deficientSor-
ghum(P Gadal,L Lepiniec& S Santi,unpublished data).

Light-responsiveelementscorrespondingto thosein thenucleargenesen-
coding the small subunitof Rubisco are lacking in the C4-Ppc promotersof
maizeandSorghum. Otherconserved,directrepeatedsequences(TTACCAC-
TAGCTA), or thelight-responsiveelement(CCTTATCCT)characterizedpre-
viously in thepromoterof light-inducible phytochrome genes, could playsuch
arole,at leastin part(15,68,74).Themaizenuclearfactor(MNF) (seebelow;
131) and SV40Sp1 (15, 68, 74) binding sites—(AAGG) and (CCGCCC),
respectively—are also foundin C4-Ppcpromoters.In addition,thepresence of
CpGislands(68) is consistentwith thepossibleregulationof specificsitesin
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thepromotersof bothC4 andC3 PEPCgenesby changesin DNA methylation
status(64). In the SorghumSvC3 and SvC3RI Ppc promoters,sequences
homologous to the light-responsiveelementAT-1 (AATATTTTTATA) and
nod- (TCTACGTAGA) andG-boxes(CCACGTGG)arefound(68). Both C4
andC3 speciesof Flaveria haveorthologousC4 genes(PpcAsubgroup),the
5′-flanking regionsof which areessentially homologousandshareCCAAT,
AT-1, andGT-1 III/III α boxesandan octamericmotif known to confercell-
typespecificity(40). It hasbeensuggestedthatcertainspecificfeaturesof the
C4-PEPCgenepromoterin F. trinervia could accountfor the much higher
expressionlevel in thisC4 species,includingalight-responsiveboxII element,
the microheterogeneityof the sequencearoundthe TATA box, andthe pres-
enceof a putativescaffoldattachmentregionnearthe promoter that is often
associatedwith highly expressedgenes(40). Recentexperimentsusingtrans-
genic tobaccoplantshaveshownthat the sequencesresponsiblefor the en-
hanced,leaf-specificexpressionof C4 Ppc in F. trinervia arelocatedbetween
positions −2118 and −500 relative to the transcriptionstart site in the PpcA
promoter(105);whetherthesesequencesinvolve theabove-mentionedproxi-
malelementsis notknown.

Threeleaf-specificDNA-binding proteins(MNF1, MNF2a,MNF2b) have
beenshownto interactspecificallywith the promoterof the maizeC4-PEPC
gene(130,131).Amongthesenuclearfactors,MNF2ais presumedto actasa
negativetranscriptionaleffector(130).Two cDNA clones(MNB1a, MNB1b)
encodingproteinsthat bind to an AAGG motif at the MNF1 site havebeen
identified(131).Two otherclones(designated281,282)mayencodePEP1,a
light-dependentfactor interactingwith the promoterof the maizeC4-PEPC
gene(59). InM. crystallinum, salt stress causes threeprotein factors(PCAT-1,
-2, and -3) to differentially recognizetwo AT-rich regionsin the Ppc1 pro-
moter (16). Recently,severalsalt-responsiveenhancerregionsand one si-
lencer region havebeen identifiedin this promoter(98a).

Fromtheabove,it is clearthatdataon nucleartrans-actingfactorsandthe
correspondingregulatorycis-actingDNA sequencesof thePpcpromotersare
still relatively scarce.  Thus,no clear  picturehas  emergedconcerning  the
regulatory mechanisms that control the transcription rate of  the different
classes of PEPCgenes inplants.

Transgenic Plants

In transgenictobaccotransformedwith maizeC4-Ppc1genescontainingthe
upstreamregulatoryregion(about2 kb), a low level of PEPCtranscriptswas
produced;althoughtheir sizewasaberrantlylarge,accumulation still required
light (44). Thesetransformantspossesseda twofold increasein PEPCactivity
that was correlatedwith the appearanceof a high-Km(PEP)C4 form of the
enzymeand an elevatedlevel of leaf malate.However, thesebiochemical
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changesdid not result in any detectablephysiological effectswith respectto
therateof leaf netphotosynthesisin air andto theCO2 compensation concen-
tration. In a relatedstudy, the maize C4-PEPCgenewas placedunder the
controlof a CaMV 35Spromoter(62).Althoughthetransgenictobaccoplants
containedPpc transcriptsof the correctsizeandabouttwice asmuchPEPC
protein,their growth ratewasretardedrelativeto that of the nontransformed
plants.Transgenictobaccoplantstransformedwith eitherthe C4-PEPCgene
from Sorghumor chimericconstructscontainingthepromoterof theC4 gene
from maize fused to the gusA reportergeneshoweda high expressionof
transcriptsaswell asleaf mesophyll-cell specificity (75, 107).Similar results
havebeenreportedrecently in transgenicrice using the sameexperimental
strategy(73). Transgenictobaccoplantsalsoexpressedconstructscontaining
variousparts ofthe 5′-flanking regionof thePpcA1(C4-type) genes fromboth
C4 and C3 speciesof Flaveria (105). In this heterologous system,only the
C4-Ppc promoter from the C4 speciesconferreda high level of reportergene
expression,thusshowingthat it containsregulatorycis-elementsresponsible
for abundantexpression.In addition,a leafpalisademesophyll-cell specificity
waspartially maintainedin thesetransgenictobaccoplants.Hence,it appears
thatmostof theregulatoryelementsthatcontrolthe light-inducibleexpression
of Ppc in C4 leavesarealsopresentin C3 plants.On theotherhand,although
theCAM-specificPpcpromoterfrom theM. crystallinumgeneis highly active
in transgenictobacco,it directstranscriptsynthesisin mostcell typesandlacks
the salt inducibility found in its naturalcellular environment(17). Finally, in
homologous transient-expressionsystemsusingleaf-, stem-,androot-derived
protoplastsfrom maize,a cell-specificexpressionpatternis largelydependent
on thespecificPpcpromoter used (99).In thissystem, transcriptaccumulation
is not immediate but rather is related to light-dependentdevelopmental
changes,in contrastwith otherphotosynthetic genes.This latter observation
hasled to the suggestion that distinct transductionpathwaysoperatefor the
coordinationof light-dependentgenes encodingphotosynthetic enzymes(99).

MolecularEvolution

Phylogenetictreeshavebeenconstructedusingunambiguously alignedsites
from the availablePEPCamino acid sequencesas well as on the basisof
parsimonyor distanceanalyses(1, 47, 61, 67, 68, 114). The cyanobacterial
and bacterialPEPCsconsistently group with prokaryoticphylogeneticrela-
tionships (68).As for theplantenzymes,phylogeneticrelationships havebeen
studied with particular emphasison the molecular mechanismsthat have
shapedthe expressioncharacteristicsand kinetic propertiesof PEPCduring
theevolutionarytransitionfrom C3 into CAM andC4 plants.Theacquisition
of thesenew photosynthetic strategies  bya wide variety of plant species
indicatesthat theyhaveoriginated independentlyandon manyseparateocca-
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sionsduring theevolutionof floweringplants,with CAM beingtheantecedent
of C4 (47, 61, 67). Thus, an obvious questionis how to accountfor the
polyphyletic evolution of C4 plants.From the variousindependently derived
treesit canbe inferredthat all plant PEPCsequencesdivergedfrom a single
commonancestralgene.On the other hand,the presenceof different genes
could have precededangiospermdiversification and perhapsalso that of
higherplants.C4-PEPCgenescouldhavearisenfrom a duplicationeventlong
beforethe monocot-dicotdivergenceand thus prior to the appearanceof C4
plants. In this manner,the  PEPCgene for  C4 photosynthesis  could  have

Figure 4 Consensusphylogenetic tree of 19microbial andplant PEPCs.Branch lengths have no
significance(see67and68for details).SvC4,SvC3RI, andSvC3 arethephotosynthetic, root, and
housekeeping isoformsof SorghumvulgarePEPC,respectively; ZeamaysC4,RC3,andC3arethe
correspondingisoformsin maize.[Redrawnfrom Lepiniecetal (68), withpermission from Elsevier
Science IrelandLtd.]
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evolvedin a limited numberof specieswhile disappearingin others(47, 61,
67). In theconsensustreedepictedin Figure4, C4-PEPCsfrom themonocots
Sorghumandmaizeareclearlydistinguishablefrom thevariousC3 andCAM
isoformsandalsofrom their indigenousC3 counterparts(e.g.SvC3RI,SvC3).
In contrast,the photosynthetic enzymein the C4-dicot F. trinervia is more
closelyrelatedto thevariousisoformsin C3 andCAM dicots(40,95) thanto
the two monocotC4-PEPCs(68). Furthermore,becausethe promotersof the
C4-PEPCgenein F. trinervia andtheorthologous genein F. pringlei (C3) are
verysimilar, it hasbeensuggestedthataC3 promotercould havebeen“tuned”
to meetthespecialdemandsof C4 photosynthesis(40).Thepossibility thatan
alternativeevolution hasled to the formation of C4 enzymesin the various
generacontaining C4 speciescould accountfor the observeddivergencebe-
tweenmonocotsand dicots (40). Finally, it is not clear why a homologous
form  of C4-PEPC is not found  in dicots because,as mentioned  above,a
primordial PEPCform could havearisenbeforethe divergenceof monocots
anddicots(68).Furtherinvestigationsinvolving PEPCsequencesfrom differ-
entgeneraarerequiredto refinethephylogeneticrelationshipsof themicrobial
and plant enzymes,including sequenceanalysisof greenalgal PEPCsand
additionalgymnospermspecies(Picea abies) (96a).

CONCLUSIONSAND FUTUREPROSPECTS

While  the past decadehas seena numberof truly impressiverevelations
concerningPEPC, future researchawaits the results of three-dimensional
structurestudiesthat will provideanotherimportantchapterin PEPCmecha-
nism, regulation,allostericeffects,andotherareas.In addition, the emerging
picturesof thehighly regulatedPEPCkinase,togetherwith its requisitesignal-
transductioncascades,must be completed.Relatedwork on the heteromeric
intracellularform of the type 2A protein phosphatasethat dephosphorylates
plant PEPCin the cytosol will also be important (cf 122a).With the recent
generationof the first C4 PEPC-deficientmutant in the dicot Amaranthus
edulis (20) and the developmentof an efficient, Agrobacterium-mediated
transformationsystemfor C4 dicots(14), thestage isfinally setfor the genetic
manipulationof C4 photosynthesisin vivo by engineeringtheregulatoryprop-
ertiesandamountof PEPCin the leaf cytosol.We anticipatethat theseand
otherfertile avenuesfor future researchon PEPCwill continueto deepenour
understandingof this “multi faceted”enzymein plants.Finally, we hopethat
this surveyhasremindedthe readerthat thereis, indeed,anotherCO2-fixing
enzyme inplantsbesidesRubiscothatis worthy of detailedstudy.
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