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ABSTRACT

All plant cdls produce fatty adds from acetyl-CoA by a common pahway
localized in plastds. Althowgh the biochemistry of this pahway is now well
undestood, mud lessis known about how plants cortrol the very different
amounts and types of lipids prodwced in different tissues. Thus, a central
chdlengefor plantlipid reeachisto provideamoleaular undestarding of how
plantsreguate the major differencesin lipid metabolismfound, for examge, in
meophyll, epidemal, or developing seedcdls. Acetyl-CoA carboxylase(AC-
Case@ is onecortrol point tha reguates raesof fatty add synthesis. Howe\er,
the biochemical moduktors that ad on ACCaseard the factors tha in turn
cortrol thesemoduatorsarepoaly undestood.In addition, littleis known about
how theexpresson of geresinvolved in fatty add syntesisis controlled. This
review evduates current knowledgeof regulation of plantfatty metatolismand
attenptsto idenify themgor unansvered questions
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INTRODUCTION

All cellsin a plantmustproducefatty acids,andthis synthesisnustbetightly
controlledto balancesupplyanddemandor acyl chains.For mostplantcells,
this meansmatchingthe level of fatty acid synthesigo membranediogenesis
andrepair.Dependingon the stageof developmenttime of the day, or rateof
growth, theseneedscan be highly variable,and thereforeratesof fatty acid
biosynthess must be closely regulatedto meetthesechangesin somecell
types,the demanddor fatty acid synthess are substantlly greater.Obvious
examplesareoil seedswhich duringdevelopmentanaccumulatesmuchas
60% of their weight as triacylglycerol. Another exampleis epidermalcells,
which traffic substarial amouns of fatty acidsinto surfacewax andcuticular
lipid biosyrthesis.In leek, eventhoughthe epidermisis lessthan 4% of the
total freshweight of the leaf, asmuchas 15% of the leaf lipid is foundin a
single wax componenta C31 ketone(52). How do cells regulatefatty acid
synthesisto meetthesediverseand changeablalemandsfor their essential
lipid components®We are only beginningto understandhe answerto this
guestion.

In this review, we focuson questisms aboutregulationof fatty acid synthe
sis. Severalreviewsin recentyearsprovide excellentoverviewsof fatty acid
synthesisand we do not duplicatethoseefforts exceptwhere necessaryor
clarity. An excellentandcomprehensiveeview of plantfatty acidmetabolisn
hasrecentlybeenpublished(33), and severalother recentreviews covering
plant lipid metabolism molecularbiology and biotechnologial aspectsof
plantfatty acidshavealsoappeared10,44,57,64,97,105). Becausehereis
muchyet to be learnedaboutregulationof this essentiabind ubiquitaus path
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way, we oftendwell on whatis unknown. Thisapproachs intendedo provide
thereademwith aclearersenseof the major questionsof fatty acid metabolisn
thatremainto be answeredeforea reasonableinderstandingf this regula
tion is achieved.

Compartmentalizaton antthe Needfor Interorganelle
Communication

Overall fatty acid synthesis,and consequentlyits regulation may be more
complicatedin plantsthanin any otherorganism(Figure 1). Unlike in other
organisms plant fatty acid synthesisis not localizedwithin the cytosol but
occursin anorganelletheplastid Althougha portionof thenewly synthesized
acyl chainsis thenusedfor lipid synthess within the plastd (the prokaryotic
pathway),a major portionis exportedinto the cytosolfor glycerolipidassem
bly at the endoplasmigeticulum(ER) or othersites(the eukaryoticpathway)
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Figure 1 Simgified schemat of overall flow of carba through fatty acid andipid metabésm
in agereralzedplantcell. Becausecyl chansareused ineverysulzelluar commartmentbut are
producedalmastexclusively in the plastid interagarellarcomnunicationmustbalancethe produc-
tionanduseof these acythans.
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(82, 100). In addition,someof the extraplastidialglycerolipidsreturnto the
plastid,which resultsin considerablentermixing betweenthe plastidandER

lipid pools.Both the compartmerdlizationof lipid metabolismandtheinter-

mixing of lipid intermediatesn thesepools presentspecialrequirementgor

theregulationof plantfatty acidsynthess. Foremosis the needfor regulatory
signalsto crossorganellatboundariesBecausdatty acidsareproducedn the
plastid,but areprincipally esterifiedoutsidethis organelle a systemfor com-

municatingbetweerthe sourceandthe sinksfor fatty acid utilization is essen
tial. The nature of this communicatn and the signal moleculesinvolved
remain arunsolvedmystery.

In addition to having regulatorymechanismshat control overall levels of
individual lipids, plantsmustalsoregulateratesof fatty acid synthess under
circumstances in which theagelargeshifts inthedemandoy majorpathways
of lipid metabolismlocated both in and out of the plastid.For example,
considerthe consequencef the Arabidopsismutantactl, which hasa muta
tion in the plastidialacyl transferase¢hat directsnewly synthestedfatty acid
into thylakoid glycerolipids (49). This mutanthasthe remarkableability to
compensatéor lossof the prokaryoticpathwayby divertingnearlyall thefatty
acidsinto the phospholpids of the eukaryoticpathway It thenfunnelsunsatu
rateddiacylglycerolfrom the ER phosphabids backinto the plastidal lipids,
with only minor changein the overall composiion of either of thesemem
branes.

OVERVIEW OFFATTY ACID SYNTHESIS: THE ENZYME
SYSTEMS

The simplestdescription of the plastidial pathwayof fatty acid biosynttesis
consistsof two enzymesystemsacetyl-CoAcarboxylasg ACCase)andfatty
acid synthasgFAS). ACCasecatalyzeghe formation of malonytCoA from
acetyl-CoA, and FAS transfersthe malonyl moiety to acyl carrier protein
(ACP) and catalyzesthe extensionof the growing acyl chainwith malonyl-
ACP.In nature ACCaseoccursin two structurally distinct formsa multifunc-
tional homodimeric proteinwith subunis >200 kDa, anda multisubunitAC-
Caseconsistng of four easilydissociategroteins.ldeas abouthe structuref
plant ACCaseshaveundergoneconsiderablesvolution in the pastfew years.
Until 1992, most researcheréiad concludedthat plant ACCasewas a large
(>200 kDa) multifunctional protein similar to that of animalandyeast.This
type ofenzyme had begpurified fromseveral dicoand monocospecies, and
partial cONAclones wereavailable. Howevein 1993, Sasalkandco-workers
demonstratedhat the chloroplastgenomeof peaencodesa subunitof an
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ACCasewith structurerelatedto the 3 subunit of the carboxyltransferase
foundin themultisuounit ACCase oEscherichiacoli (88).A flurry of interest
in this topic hasresultedin rapid extensionof theseinitial studies.It hasnow
beenclarified that dicots and mostmonocos haveboth forms of ACCase,a
>200-kDa homodmeric ACCase (probably localized in the cytosol) and a
heteromericACCasewith at leastfour subunitsin the plastid(2, 48, 80). It is
the heteromerigplastid form of the ACCasethat providesmalonyl-CA for
fatty acidsynthesis.

In addition to the B-carboxyltransferassubunitcharacterizedy Sasaki,
clonesarenow availablefor thebiotin carboxylas€94), biotin carboxylcarrier
protein(BCCP)(17), anda-subunitof the carboxyltransferas€5). The four
subunitsareassembledhto a complexby gelfiltration with a sizeof 650-700
kDa. However, theubunitseasily disso@te such that ACCase activis lost,
which accountdor thefailure to identify the multsubunitform of ACCasedor
many years.Becausethe —carboxyltransferas€3-CT) subunitis plastome
encodedwhereaghe otherthreesubunitsare nuclearencodedassemblyof a
completecomplexrequirescoordinaton of cytosolicandplastd productionof
the subunts. Little is know aboutthis coordinationand assembly However,
several-foldoverexpressiorand antisenseof the biotin carboxylasesubunit
does notalter the expressionof BCCP, whichsuggests thaa strict stor
chiometricproductionof subunitsmay notbe essentig92).

The structureof ACCasein Gramineaespeciesis differentin that these
speciedacktheheteromeridorm of ACCaseandinsteachavetwo typesof the
homodineric enzyme(89). An herbicide-sensitie form is localizedin plas
tids, andaresistanform is extraplastidialBecauséoth Gramineaenddicot
plastidFAS areregulatecby light anddependentn ACCaseactivity, it will be
of considerablénterestto discoverwhetherthe two structurallyvery different
forms of ACCasearesubjectto the samer different modesf regulation.

The structureof FAS hasmany analogieso ACCasestructure.ln nature,
bothmultifunctionalandmultisubunit formsf the FAS arefound.In addition,
asin the caseof ACCase theplastidial FAS foundin plantsis very similar to
theE. coli FAS andis the easilydissociatednultisubunitform of theenzyme.
It is now well establishedn both plants and bacteriathat the initial FAS
reactionis catalyzedby 3-ketoacyl-ACPIIl (KAS 1), which resultsin the
condensatiof acetyl-CoAandmalonyl-ACP (37, 106). Subsequentonden
sationsarecatalyzedoy KAS | andKAS II. Beforea subsequertycle of fatty
acid synthess begins,the 3-ketoacyl-ACPintermediatés reducedo the satu
ratedacyl-ACPin the remainingFAS reactionscatalyzedsequentiallyby the
3-ketoacyl-ACP raluctase 3-hydroxyacyl-ACP delydrase, and the enoyl-
ACP reductase.
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In additionto ACCaseand FAS, discussiorof the regulationof fatty acid
synthesisnmustalsoconsiderthosereactionghatprecedeandfollow thesetwo
enzymesystemsilt is not fully understoodvhich reactionsareresponsita for
providing acetyl-CoAto ACCase but extensiveexperimentswvith leaf tissue
indicatethatacetyl-CoAsynthetaseanrapidly convertacetateo acetyl-CoA,
andthereforefree acetatemay be animportantcarbonsource(83—-85).Other
possiblesourceof acetyl-CoAincludesynthesidrom pyruvateby a plastichl
or mitochandrial pyruvatedehydrogenasél4, 51) or citrate lyase (61). Be-
causeacetyl-CoAis a centralmetabolie requiredfor synthesif isoprenoils,
amino acids, anchany other structures, it is likelgat morethan one pathway
providesacetyl-CoAfor fatty acid synthesisandthe sourcemay dependon
tissueand developmeat stagg40).

The final productsof FAS are usually 16:0- and 18:0-ACP,andthe final
fatty acidcompositon of aplant cellis in largepartdeterminedy activitiesof
severaknzymeghatusetheseacyl-ACPsattheterminaton phaseof fatty acid
synthesisTherelativeactivitiesof theseenzymeshereforeregulatethe prod
uctsof fatty acid synthesisStearoyl-ACPdesaturasenodifiesthe final prod
uct of FAS by insertian of a cis doublebond at the 9 position of the C18:0-
ACP. Reactionsf fatty acidsynthesisare terminatety hydrolysisor transfer
of the acyl chainfrom the ACP. Hydrolysis is catalyzedby acyl-ACPthioes
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Figure 2 Overexresson of the Calfornia Bay medum-chain thioesteras€MCTE) resuts in
activation of 3-oxidation aswell asincreaseaxpressionof the enzymesof fatty acidbiosynthesis.
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terasesof which therearetwo maintypes:onethioesteraseelatively specific
for 18:1-ACP and a secondmore specificfor saturatedacyl-ACPs(24, 39).

Fatty acids that have beenreleasedfrom ACPs by thioesteraseseave the

plastid ancenterinto the eukaryotidipid pathway(82), wheretheyareprimar

ily esterifiedto glycerolipids on the ER. In someplants,thioeseraseswith

specificity for shorter chaitength acyl-ACPs arecapableof prematurely
terminatingfatty acid synthesis therebyregulatingthe chain length of the

productsincorporatednto lipids. For example thioeserasespecificfor me-

dium-chainfatty acidsare responsiblefor high levelsof C10 and C12 fatty

acidsin triacylglycerolsof California Bay, Cupheaandotherspecieq19, 23,

71).Acyl transferasem the plastid, incontrasto thioesteraseserminatefatty

acid synthess by transesterifyingacyl moietiesfrom ACP to glycerol, and
they are an essentiapart of the prokaryoticlipid pathwayleadingto plastid
glycerolipidassembly82, 100).

BIOCHEMICAL CONTROLS WHICH ENZYMES
REGULATE FATTY ACID SYNTHESIS?

Contol in metabdic pahways is not a dictatorship, nor is it an Athenian
demoaagy; rather, it is a hdfway housein which (to quote Orwell) “all pigs
are equal butsomeare moreequal thanothers (101).

A numberof approachesave beenusedby biochemiss to identify where
regulationoccursin a pathway.Oneapproactdependn examinatbn of the
in vitro propertiesof enzymesof a pathway.Enzymesthat havelow activity

relativeto othermembersof the pathwayare frequentlyconsideredaspoten

tially ratelimiting. Otherpropertiessuchaschangingactivitiesduring devet

opmentalregulationof the pathway,or influence(activationor inhibition) on

the enzymeby intermedatesof the pathwaycan provide additional evidence
toward identifcation ofcontrolpoints.

Analysis of Rate-Limiting Steps

ACCaseis frequently consideredthe first commited stepin the fatty acid
biosyntheic pathway.In animals(30) andin yeast(111),thereis evidencefor
ACCaseasa majorregulatoryenzymein fatty acid production Therefore for
some time this enzynwasalsoproposedo beratedetermining foplant fatty
acidbiosyntlesis.Severalinesof evidencesupportedhis suggestionAcetate
or pyruvatewereincorporatednto acetyl-CoAin the dark by isolated chloro
plasts,but malonytCoA and fatty acidswere formedonly in the light (58).
Thus, the light-dependenstep of fatty acid synthesisappearedo be at the
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ACCasereaction.Eastwell& Stumpf(26) found that chloroplastand wheat
germ ACCasewere inhibited by ADP and suggestedhis may accountfor
light-dark regulationof the enzyme Nikolau & Hawke (63) characterizedhe
pH, Mg, ATP, andADP dependencef maizeACCaseactivity andconcluded
that changesin theseparametersetweendark and light conditions could
accountfor increasedACCaseactivity uponillumination of chloroplastsFi-
nally, ACCaseactivity and protein levels are coincidentwith increasesand
decreasem oil biosyntesis indevelopingseeds (e.g. 8Q,07;butsee 40a).

However,in vitro approachesrelimited becausehey show only thatthe
enzymehasin vitro propertiesconsisentwith control,notthatit actuallydoes
controlin vivo metabolsm. Therearenumerousxamplesof enzymesvhose
biochemicalpropertiesmply controlbut which havesubsequentiypeenfound
to havelittl e role in controlling flux in vivo (96). Thus,thereis no obligatory
link betweenenzymecharacteristicebservedn vitro andregulatoryproper
tiesin vivo.

The sitesof metabolc control of a pathwaycanbe morereliably identified
by examinationof in vivo propertiesof enzymesAlthoughit is oftentechni
cally difficult, examiningthe concentration®f the substratesnd productsof
eachenzymaticstepin a pathwayprovidesinformationon which reactionsare
at equilibrium andwhich aredisplacedrom equilibrium. This information is
importantbecausean essentiafeatureof almostall regulatoryenzymesgs that
the reaction that they catalygedisplaced fafrom its thermodynanaiequilib-
rium. Thisis arequirementor regulationbecauséf anenzymehassufficient
activity in vivo to bring its reactionto or nearequilibrium, thenchangesn the
activity of the enzymewill leadto no netchangen flux throughthe pathway
(81). On the basisof this criterion, it is possibleto classifyenzymeswithin a
pathwayas eithernonregulatoryor potentelly regulatorybasedsimply on an
examinatiorof the poolsof substratesindproductsfor eachreaction.Further
evidenceof actualcontrolcanbe obtainedby examiningchangesn pool sizes
whenflux throughthe pathwayis altered.Ilt canbe shownboth theoretically
and experimentallythat when flux through the pathwayis reducedat the
regulatoryreactionthe substratgpool for the regulatorystepwill increaseand
theproduct poolill usually decreas@hus,animportant experimentgroce
durefor identifying regulatorystepsis to examinechangesn the pool sizesof
intermediatesvhenflux throughthe pathways altered.

How canthese principles be applied to evaluating control of fétytacid
biosynthess? Most of the substratesand intermedatesof plant FAS are at
tachedto acyl carrierprotein (ACP). Analysis of acyl-ACPsis aidedbecause
the chain length of fatty acids attachedto ACP alters the mobility of the
proteinin nativeor ureaPAGE gels.Becausef thesealterationan mobility,
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most of the acyl-ACP intermediag¢s of fatty acid synthesiscan be resolved,
andwhentransferredo nitrocellulose,antibodiesto ACP can provide sensi

tive detectiomatnanogramevels.Although theacyl-ACPintermedateshavea
half life in vivo of only afew secondg37, 99), by rapidly freezingtissuesn

liquid nitrogenit hasbeenpossibleto determinethe relativeconcentrationsf

free, nonacylatedACPs and of the individual acyl-ACPs.Analysis of acyl-
ACP poolshasbeenusedto studyregulationof FAS in spinachleaf andseed
(72) in chloroplass$ (74) in developirg castorseedy73) andin tobaccosus

pensioncultures(93).

Theinitial examinatiorof the compositon of theacyl-ACPpoolsprovided
informationaboutthe potental regulatoryreactiondn plantfatty acid biosyn
thesis. The various saturatedacyl-ACP intermediateetween4:0 and 14:0
occurin approximatelyequal concentrationsBecausehe 3-ketoacyl-ACPs,
enoyl-ACPsor 3-hydroxyacyl-AQs,which aresubstrate$or the two redue
tasesand dehydraseeactionswere not detectedijt is likely thatthesereace
tions are closeto equilibriumandthatthein vivo activitiesof theseenzymes
are in excess.Thus it is notlikely that theseenzymesare regulatory.In
contrast,the concentrationof acetyl-ACPwas considerablyabove thatof
malonyl-ACP. This resultsuggestghat the acetyl-CoAcarboxylasereaction,
which hasan equilibrium constantslightly favoring malonyl-C formation,
is significantlydisplaced from equilibriurand therefor@otentialy regulatory
(37,72, 74). The condensingenzymescanalsobe consideredlisplacedfrom
equilibrium becauseof the concentratiorof malonytACP and the saturated
acyl-ACPs.

Is Acetyl-CoACarboxylaseRate-Limiting?

To obtainmore information on sitesof regulation,the changesn pool sizes
when flux throughthe fatty acid biosyrthetic pathwaychangeswere exam
ined. The rate of spinachleaf fatty acid biosyntesisin the dark is approxt
mately one sixtltherateobservedn thelight (9).In thelight, thepredominant
form of ACP wasthefree,nonacylatedorm, whereasacetyl-ACPrepresented
about 5-6% of the total ACP (72).In the dark, the level of acetyl-ACP
increasedsubstanially with a correspondinglecreasén free ACP, suchthat
acetyl-ACPwas now the predominanform of ACP. In similar experiments,
when chloroplastsare shifted to the dark, malony-ACP and malonytCoA
disappeawithin afew secondsandacetyl-ACPlevelsincreaseover a period
of severalminutes. The rapid decreasén malonyl-ACP and malonytCoA
whenfatty acid synthesisslows,togetherwith the increasen acetyl-ACPand
lack of changean otherintermedia¢ acyl-ACPpoolsall leadto the conclusion
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that ACCaseactivity is the major determinanof light/dark controlover FAS
rates inleaves.

The aboveexperiment®n acyl-ACPandacyl-CoApoolshavebeencarried
out with dicot plants. Gramineaespeciessuch as maize and wheathave a
substantidy different(homodimeric)structureof ACCase(describedabove).
Is thishomonericenzymealsoinvolvedin regulatingleaffatty acidsynthesis?
This questionwasaddressedy a differentapproachtowardevaluatingmeta
bolic control. Pageet al (69) took advantagef the susceptibity of maizeand
barleyplastidACCaseto the herbicidedluaxifop andsethoxdim. Whenchlo-
roplastsor leaveswere incubatedwith herbicidesandradiolabeledacetatea
flux control coefficientof 0.5 to 0.6 was calculatedfor acetatancorporation
into lipids. Flux control coefficientsof this magnitude indicatestrongcontrol
by the ACCasereactionover fatty acid synthess (18, 41). Thus, in a wide
variety of speciesandtisstes,both in vivo andin vitro experimentgoint to
ACCaseas a majoregulatorypointfor plantfatty acid synthesis.

OtherPotential Rate-Limiting Steps

Although the bestevidenceavailableso far implicatesACCaseactivity asa
primary determinanbf fatty acid synthesis rate#)e conceptof a single
rate-determiningeaction is clearlan over-simplificaton. Control over flux is
frequentlysharecby morethanoneenzymen a pathway andfurthermorethe
relative contributons of enzymego control are variable.For example,under
low irradience,only ADP-glucosepyrophospbrylaseexertedstrongcontrol
over CO, incorporationinto starch,whereasunderhigh irradience phosphe
glucoisonerase and phospplucomutasalsoexerted contro{101).A similar
situation may apply to fatty acid synthesis.For example,chloroplastsincu-
batedin thelight havehigh ratesof fatty acid biosynhesis,but theseratescan
be further stimuated by addition of Triton-X-100. Under theseconditions,
malonyl-@A and malonyl-ACP levels increasefivefold or greater,but the
increasan fatty acid synthesigs only 30—80%(74). Onepossibleimplication
of this observationis that underhigh flux conditions,biochemicalregulation
of ACCasemay be mosteffectivein decreasindatty acid synthesisates,and
alarge increase in ACCasetivity mayyield a relativelysmallincrease irthe
overallflux throughthe pathway.Theseresultsfurther suggeshatunder high
flux conditions through ACCasthe condensinggnzymeor otherfactorsmay
beginto limit FAS rates All thesaturatedcyl-ACPintermediatesf fatty acid
synthesisfrom 4:0 to 14:0 are detectedn approximatelyequalquantitesin
extracts fromeaf orseed. This suggests that actaswof all the KASisoforms
areapproximatelyequal.Furthermorejt suggestshatif therateof anyoneof
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the KAS isoformswasto increasethe effectwould besmall,becaus¢he other
KAS isoformswould be limiting. Evidenceto supportthis hascomefrom the
increasecexpressiorof spinachKAS Il in tobaccounderthe control of the
CaMV 35S promoter(104). KAS Il activity was increased20- to 40-fold,
with no effecton either thejuantily or compositon of thefatty acids.Analysis
of the ACP andacyl-ACPintermediatesevealedhatthe majorform of ACP
in the transgenideaveswas4:0-ACP,which suggestedhat KAS | wasnow
the limiting condensingenzymein this tissue,and preventedany significant
change irthe overalfflux throughthe pathway.

FEEDBACK REGULATION

Most biochemicalpathwaysare controlledin part by a feedbackmechanism
which fine-tunesthe flux of metaboliesthroughthe pathway.Wheneverthe
productof a pathwaybuildsupin thecell to levelsin excesof needstheend
product inhibits the activity of the pathway.In most casesthis inhibition
occursat a regulatoryenzymewhich is often the first commitied stepof the
pathway.When the activity of the regulatoryenzymeis reduced,all sub
sequentreactionsare also slowed as theirsubstratesbecomedepletedby
mass-actionBecauseenzymeactivity can be rapidly changedby allosteric
modulators, feedbadhhibition of regulatoryenzymegprovidesalmostinstan
taneougontrolof the fluxthroughthe pathway.

Evidencefrom leaves,isolatedchloroplasts and suspensio culture cells
stronglyimplicatesACCaseasa major point of flux control.If ACCaseis the
valvethatdeterminedlow of carbontowardfatty acids,the key questionnow
becomes'How is this enzymés activity regulated?In animalsandyeast,it
has long beenconsidered that fatty acisiynthess is partly controlled by
feedbackon ACCaseby long-chainacyl-CoAs.Sinceacyl-CoAsareoneend
productof the FAS pathway,they weretestedin vitro andfoundto strongly
inhibit ACCaseat submicromdar concentration§29). Althoughthisinhibition
seemslogical, it hasbeencalled into question by the discoverythat acyl-
CoA-bindng proteinsexist at high concentrationsn the cytosol of animals
(76), yeast(46), and plants (28, 34). Becauseheseproteinshave extremely
high affinity for acyl-CoAs,the concentratiorof free acyl-CoA in the cyto-
plasm may be only nanomodar, a level unlikely to inhibit ACCase.These
studiesfurtheremphasizehe difficulty in extrapolatirg in vitro enzymestud
ies toin vivo conditions.

The in vitro analysesof plant ACCasehaveindicatedthat pH, Mg, and
ATP/ADP canexplainmuchof thelight-dark modificationsof ACCaseactiw
ity observedin leaves(63). However, other modifications in the enzymés
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activity are apparentlyinvolved. For example,light activation of fatty acid
synthesidn chloroplass doesnot requireATP synthess by light (58) andhas
beenreportedto be stimulaed by photosysten(PS)| but not PSII activity

(70).1n addition,Sauer& Heise (90)eportedhat ACCaseactivity washigher
after rapid lysis and assayof light-incubatedchloroplaststhan after similar
treatmentof dark-incubatedchloroplass. The initial ACCaseactivity from

chloroplastsncubatedn thelight is three-to fourfold higherthanfrom either
chloroplastsncubateds min in darkor from chloroplass incubatedn thelight

followed by 2 min in dark (K Nakahira& JB Ohlrogge,unpublshedinforma

tion). After lysis, ACCaseactivity from the dark-incubated:hloroplass in-

creaseduntil it reachedight levels within 3—4 min. Thus, ACCaseactivity

appearsto be transientlyinactivaed or inhibited in dark-incubatedchloro-

plasts Becausehelysis of chloroplass into assaybufferwould resultin overa
100-fold dilution of stromalcontentsany differencesin the ACCaseactivity

cannot be attributedto contributons by the stromacontents(suchas ATP)

during the assay.At presentthere is not an explanationfor this transient
inactivation Animal ACCaseis known to be inactivatedby phosphorylatn

(43). However,additionof proteinkinaseandphosphadseinhibitorsto chlo-

roplastlysatesdid not substaially alter thepatterns.

In an effort to examineunderin vivo conditionswhetherfeedbackinhibi-
tion of fatty acid synthess occursin plants,Shintani& Ohlrogge(93) added
exogenoudipids to tobaccosuspensio cultures.The incorporatian of 4.
acetatanto fatty acids(but not sterols)wasrapidly decreasedy the addition
of lipids to the cultures.Thus, the cells apparentlyhave a mechanisnthat
sensesthe supply of fatty acids and responds bydecreasingthe de novo
productionof morefatty acid. Furthermoregxaminatio of the poolsof acyl-
ACP intermedatesindicatedincreasesn acetyl-ACP decreases long-chain
acyl-ACPs,andno changein mediumchainacyl-ACPs.Theseresponsegare
identicalto thoseobservedvhenfatty acid synthess is decreasetby shifting
leavesor chloroplaststo the dark and are expectedif ACCaseactivity is
decreasedlherefore ACCaseregulationcanalsoaccountfor the decreasef
fatty acid productian in responseio exogenoudipids. Immunobld analysis
indicated that ACCase protein levels did not changeduring the feedback
inhibition, indicating that biochemicalcontrolsare primarily responsikg for
the reduced ACCasmndfatty acidsynthesisactivity.

What Is the~eedbaclkSystem?

The first end productsof plastid fatty acid synthesisare the long-chainacyl-
ACPs,andthereforetheseseemlogical candidatesor feedbackregulatorsof
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fatty acidsynthess. However,whenfatty acidsynthess slows inthedarkor in
responseto exogenoudipids, the long-chainacyl-ACP pools drop signifi-
cantly. Therefore ,thesemoleculeshave the opposie concentratiorresponse
expectedrom afeedbacknhibitor. Furthermorein vitro assay$ave failedo
reveal substantiahhibition of ACCaseby acyl-ACPH80).

Acyl-ACPs may play arole in the regulationof KAS IIl, however.When
KAS Il in seedhomogenatesf Cupheawas challengedwith acyl-ACPs,as
little as 0.5 uM 10:0-ACP was able to cause50% inhibition (12). Similar
resultswere obtainedusing 1 uM 10:0-ACP with homogenats of Brassica
seedor spinachleaf. In eachcase maximum inhibition wasobservedvith the
10:0-ACP,compared withonger-chairacyl-ACPs,and thesource othe ACP
waskE. coli. We haveincubateda purified preparatiorof spinachKAS Il with
10:0-ACP(ACP source:spinach)at concentrationsip to 0.6 uM andfailed to
observeany inhibition (B Hinneberg-Wolf& J Jaworski,unpublisked infor-
mation).This suggestshatinhibition of KAS Il activity observedn the plant
homogenatesvasindirect. A correspondingstudy carried out using purified
preparation®f E. coli KAS Ill and1004M 16:0-or 18:1-ACPresultedin a
50% inhibition (77). Becausetheselevels far exceedthe intracellularlevels
observedn E. coli, the physiobgical significanceof this inhibition remainsto
be demonstrated.

Severalother potental feedbackinhibitors such as acyl-CoA, free fatty
acids,andglycerolipds alsofail to stronglyinhibit the plantACCaseat physt
ological concentrationg80). Because-AS occursinside the plastid but the
major utilization of the productsof fatty acid synthesisis at the ER mem
branesit is likely thatfeedbackregulationmustallow communcationacross
theplastidenvelopeAt this time we do not haveany clearindicatiors of what
moleculesareinvolved in feedbackregulationof plastd fatty acid synthess,
and theirdiscoveryremains a majochallengefor plantbiochemiss.

Control of Substrate and Cofactor Supply

Another way to control flux through a pathwayis to regulatedelivery of
substrategnd cofactorsto the pathway.In animals(30) andsomeoleaginous
yeast (7), there is evidencethat the accumulaibn of acetyl-CoA via the
ATP:citratelyasereactionis a major determinanbf fatty acid synthess rates.
Although conclusiveevidenceis not yet availablefor plants,indicationsare
thatacetyl-CoAsupplydoesnot usuallylimit plastidfatty acid production.If
acetyl-CoAlevels were limiting ratesof fatty acid production a decreasén
acetyl-CoAlevel would be expectedduring high ratesof fatty acid synthess.
However,almostall CoA foundin chloroplass is in the form of acetyl-CoA,
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and despitevery large differencesin ratesof fatty acid synthess in light or

dark, acetyl-CoA levels in chloroplastsremain almost unchanged(74). In

developingseeds|evelsof acetyl-ACParehigherthanin light-grown leaves,
and the level doesnot changesubstantlly throughait seeddevelopnent,
despitemajor changesn ratesof FAS (73). Again, theseresultssuggesthat
acetyl-CoAconcentrationin seedplastics arehigh anddo not changeduring
development.

Although we tentativey concludethat carbonsupply doesnot limit fatty
acid productionin leavesandmostseedsn normalplants,thereareexamples
of transgenicplantsthat may give someindication of what is requiredfor
carbonlimitationto occur. The targetingof the enzymesof the polyhydroxy
butyrate(PHB) pathwayinto the chloroplass of Arabidopsisthalianaresulted
in anaccumulatiorof PHB of up to 14%dry weightof the plant(59). Synthe
sis of this large carbonsink alsorequiresthe plastidialacetyl-CoApool, and
yettherewasno detectablaleleteriouseffecton fatty acid biosyrthesis.Thus,
it wasconcluded that mechanismmust existhat allows thelastidto synthe
sizethe requiredacetyl-CoAin responseo additional metabolicdemandfor
PHB productian. In anotherexample over-expressionf the E. coli ADP:glu-
cosepyrophospbrylasein developirg Brassicanapusseeddeadsto a large
increasan starchcontentof seedsanda 50% decreasén oil content(6). One
interpretationof this result is that in this case,diverting carbonto starch
storagewas sufficient to “starve” the fatty acid pathwayfor availablecarbon
precursors.

As in the caseof substratesgonsideratiorshouldbe givento cofactorsor
energyaspotentally limiting undercertainconditions.Fatty acid synthesigs
an energy-demandingathwaythatrequiresat least7 ATP and 14 NAD(P)H
to assemblean 18-carborfatty acid. However,energyis usually not a limita-
tion in overallplantgrowth.In chloroplass, ATP andNADPH canbederived
from photophospbrylation andelectrontransport.In the dark or in nongreen
tissues glycolysis and the oxidative pentosephosphat pathwaycan provide
the ATP andeductant (121).

WHAT DETERMINES HOWMUCH OIL IS PRODUCEDBY
A SEED?

Theoil contentof seedof differentplantspecies/ariesfrom under4% of dry
weight (e.g. Triticum sativun) to over 60% (e.g.Ricinuscommunik Further
more,whereadeaves roots,and othervegetativetissuesusually containless
than 10% lipid by dry weight, mostof which is polar membrandipids, seed
lipids usually containover 95% neutralstoragelipids in the form of triacyl-
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glycerol (TAG). An understandingf how plantsregulatefatty acid metabe
lism to achievethesemajordifferencedn lipid contentandcompaosiion is not
yet available.

The only enzymeuniqueto TAG biosynhesisis diacylglycerol acyltrans
ferase(DAGAT). Severalinesof evidencesuggesthat tissue-specific expres
sionof DAGAT is notsufficientto explaineitherthe high proportionof TAG
in seedor the highevel of oil in someseeds. 1IDAGAT activity is foundnot
only in seedsbut alsoin leaves(15, 55). 2. Certaintypesof stresssuchas
ozonecausedeavesto producehigh proportilms of TAG (87). Evendetaching
leavesandfloating themin buffer plus 0.5 M sorbitolis sufficientto increase
the accumulatiorof neutrallipids severalfold (11). 3. Addition of fatty acids
to the surfaceof spinachleavesresultsin a substantl proportionbeingincor-
poratedinto TAG (86). Clearly, leavesaswell asseedshavethe capacityfor
TAG synthesisandthereforespecific expressiorof DAGAT seemsnsuffi-
cient to explain abundantTAG synthess in seeds.To understandhe high
proportionof TAG in seedsit maybeusefulto considemwhetheroil synthesis
is controled by thesupply(source) of fattyacids or fattyacid precursorer by
the demandsink) for fatty acids.

Control byFatty Acid Supply (Source)

Control of oil productionin seedsmay reflecta responseo the high rate of
fatty acidsynthesisn thistissue.lf DAGAT is presengatsimilarlevelsin most
tissuesthen high levelsof TAG synthess may occurin seedsbecauseéhigh
levelsof fatty acid are produced Datathat supportthis conceptareavailable
for CupheaandChlamydomonasAddition of excess exogenodistty acid and
glycerol to developingCupheacotyledonsrapidly resultedin ratesof TAG
accumulatiorseveral-folchigherthan observednthe plant (5). IrChlamyde
monas additionof exogenoudipids (PCliposomnes)to culturesresultedin up
to 10-fold increasesn TAG accumulatior(32). Thusjt appears tbe thefatty
acidsubstratesjot theutilization enzymeghatlimit TAG synthessin Cuphea
and Chlamydanonas,and thecapacity for TAG synthess is greater than
actually used.Furtherexamplessupporting this theory comefrom compart
sonsof oleaginougoil-accumulatiiy) versusnonoleagious yeast.Extensive
studiesby Ratledgeandcoworkershaveled to the conclusionthatdifferences
betweerthesewo typesof speciearecontrolledby the productionratherthan
utilization of fatty acids (7). In particular, the production of acetyl-CoA
throughthe action of ATP:citratelyaseis consideredo control the flux of
carbon intostoragdipids.
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Control byDemand (Sink)

Evidence that utilizatioof fatty acids caincreaseaates offatty acidsynthesis
is availablefrom experimentswith E. coli (38, 65, 108). Whena plant[2:0-
ACP thioesterasas overexpressedn E. coli cells, fatty acid synthess is
increasedsubstantiall. Suchculturesaccumulateat least10-fold more total
fatty acid (mostin the form of free lauric acid) thancontrol cultures.In these
experimentsthe removalof the productsof fatty acid synthesigo a metabe
lically inert endproduct(free fatty acid) appearedo releasdieedbackinhibi-
tion on acetyl-CoA carboxylaseresultingin higher malony-CoA and fatty
acid production(65). In a completey different type of experimentmassive
overexpressiorof cloned membraneproteinsresultedin no changeof the
membran&s phosphabid to protein ratio,but rathermore fatty acid was
producedto accommodat¢he excessproteins(110, 112). Therefore the rate
of fatty acid synthess can apparentlybe regulatedby the demandfor fatty
acids neededor membranesynthesis.Extrapolatig this concept to plant
seedsPerhapdatty acid synthesisncreasesn responseo the high demand
for acyl chainsbroughton by the depletion(or increase)f a key metabolic
intermediateA hypotheticalexampleto illustrateonepossiblity might bethat
high expressiorof DAGAT (or someotheracyl transferaseleadsto a deple
tion of acyl-CoAs.This could in turn leadto releaseof feedbackinhibition
(probablyindirectly) of ACCaseby acyl-CoA andthusprovidea mechanism
wherebyremoval of acyl-CoA by the acyltransferasesould stimulate fatty
acid production.

Additional recentevidencesuggestshat both of the mechanisma above
may be involved in determiningseedoil content.When a transit peptideis
addedto the cytosolic ACCaseof Arabidopsisand this chimeric geneis
expressedn B. napusundercontrol of the napinpromoter,the oil contentof
the seedds increasedapproximately5% (79). Thus,increasingthe supply of
fatty acidsat thefirst stepin the pathwayleadsto increaseil content.Even
largerincreaseq>20%) in Arabidopsisand B. napusseedoil contentwere
achievedwhen a yeastlysophasphatidicacid acyltransferas€LPAAT) was
expressedn developig seedq114). Becauseverexpressionf coconut(60)
or Limnantheg50) LPAAT did not alter oil content,the ability of the yeast
enzyme tdncrease oimayinvolveits lack of regulatiorin theplanthost.

Analysis of developingB. napusseedsxpressingigh levelsof the Cali-
fornia Bay 12:0-ACPthioeserasg MCTE) providedintriguing andsurprising
resultsthat emphasizehow much we needto learn before we have a good
understandingf what determineghe amountof oil in a seed(seeFigure2).
Voelker et al (109) found that increasedexpressionof the MCTE in seeds
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resultedn linear increasesf lauricacid (12:0) in TAGup to[135%.However,
for quantites beyond35%, the correlationwith MCTE beganto reach a
plateauTo achieve60 mol% 12:0,afurther10-foldincreasen MCTE expres
sionwasrequired.At high levelsof MCTE, expressiorof fatty acid -oxida-
tion aswell asenzymeof theglyoxylate cycle were induced (68)hus,these
seedsappearto producemore 12:0 than can be metaboized to TAG by the
Brassicaacyltransferasesr otherenzymesvhosenormalsubstratesare C16
andC18fatty acids,andthe excessl2:0 signalsthe induction of the catabolic
pathway.Thus,a portion of the fatty acid synthesisn theseseedss involved
in a futile cycle of synthesisand breakdownof 12:0. Surprisingy, despite
inductionof fatty acid -oxidation, the total amountof TAG in theseMCTE-
expressingeedss not substantlly reducedHow is oil contentmaintainedf
asignificantamountof the lauric acid producedoy FAS isbeingbrokendown
in afutile cycle?Analysisof the fatty acid biosynheticenzymegsevealedhat
the levelsof ACP andseveralof the fatty acid biosynttetic enzymegqacetyl-
CoA carboxylase;18:0-ACPdesaturaselAS lll, etc)hadincreasedwo- to
threefold at midstage developnent of high MCTE-expressingseeds.These
resultshaveseveraimportantimplications. First, @oordinate inductin of the
enzymeof thefatty acidpathwayhadoccurred presumablyto compensatéor
the lauric acid lost through B-oxidation or the shortageof long-chainfatty
acidsin theseseedsThis suggestghat the enzymedor the entire FAS path
way may be subjectto a systemof global regulationperhapssimilar to lipid
biosynthess genesof yeast(16, 91). Second,theseresultsindicate that al-
thoughB. napusseedsarerelatively high in oil content(ca40%)the expres
sion of the FAS enzymess not at a maximumand can be induceda further
two- to threefold over the levels found at midstageof seeddevelopnent.
Finally, the resultssuggesthat theseseedsmight be preprogrammedo pro-
ducea particularamountof oil, and the levels of expressiorthe fatty acid
pathway maydjustto meetthe prescribed demaiffiolr TAG synthesis.

What determineghe level of TAG in thesecells andwhat arethe signals
thatresultin increasedexpressiorof the FAS pathway?0ne major difficulty
with interpretingthe abovedataoccursif we attemptto fit it to the minimal
model comprisedof the currently understoodoles of the pathwayenzymes.
However,recentresultsclearly indicatethat thereare still major gapsin our
understandingof lipid and TAG biosynhesis.Analysis of the pathwayfor
petroselinicacid (18:1A6) from 16:0in corianderindicatedthat this planthas
evolved a specialized3-ketoacyl-ACPsynthase(KAS), not found in other
plants,that hashigh activity with 16:1A*ACP (13). Similarly, a KAS from
Cupheawrightii thathashomolgy to plantKAS Il wascoexpressedith the
C. wrightii MCTE in Arabidopsisandthis resultedn dramaticincreasen the
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levels of 10:0 and 12:0 in the seedscomparedwith seedsexpressingthe
MCTE alone.Both studiessuggestthat there are additional specializeden
zymesfor seed lipidmetabolismthat were not predicted on the basis of
previoushiochemicalunderstandingAt this time thereis no clearideahow
theseenzymesnteractor whatadditional specializedunctionsthey may have
in oil synthesisPresumablytherenzymeor regulatoryinteractiors areyetto
bediscoveredhathavearole in determiningthe quantityaswell asquality of
the oil.

WHAT HAVE WE LEARNED FROM TRANSGENIC
PLANTSAND MUTANTS?

Fatty Acid Compositiorof Seed€an Be MoreRadcally
AlteredThanOtherTissues

The composiion of fatty acidsproducedn plantsis primarily determinedoy
thioesterasegondensinggnzymesanddesaturaseddanipulaton of thethio-
esteraseaind desaturases transgenicplantshasbeenhighly successfuin
producingmajor modificationsof the chainlengthandlevel of unsaturatiorof
plant seedoils (for reviews,seed4, 57, 66, 105). An additioral new insight
into regulation ofatty acidmetabolisn wasrecentlyobtainedrom expression
of enzymegproducingunusualfatty acidsin othernonseedissuesFor exam
ple, transgenicexpressionof the 12:0-ACP thioesterasén B. napusunder
control of the constiutive 35S promoterresultedin lauric acid productionin
theseeds but ndh leavesor othertissues (27)However,chloroplasts isolated
from the B. napusleavesproduced upto 35% lauricacid. These results
indicatethat sometissuesexpressinglCTE producelauric acid but thatit is
subsequentlylegradedin supportof this hypothesisthe activity of isocitrate
lyaseof the glyoxylate cycle wasinducedin leavesexpressinghe California
Bay thioeserase A similar mechanismmay apply to the productionof hy-
droxy fatty acidswhich accumulatein seedsbut not leavesof Arabidopsis
transformedwith the castoroleatehydroxylaseundercontrol of the 35S pro-
moter(8). Togethertheseresultsimply thatnonseedisstesmayhavegeneral
mechanismso degradeunusualor excesdatty acidsandtherebypreventtheir
incorporationnto membranes.

Manipulationof Oil Quantity

Plant breeding and mutation studies have demonstrated that the amount of
oil in aseedcanbevariedoverawiderange A classicexampleis theselection
for high andlow oil maizethatover a periodof almost100 yearsresultedin
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lines ranging from 0.5% to 20% lipid (25). Arabidopsismutans with both
increasedeedoil (36) andreducedriacylglycerol(42) havebeenreportedlin

the latter example,not only was oil contentreducedbut 18:3 levels were
doubled,18:1 and 20:1 levels were reduced,and severalenzymesof lipid

metabolismhad altered activity. Thesepleiotropic effects of a single gene
mutationillustratethe complexites and inter-relatiaghips oflipid metabolisn
which aredifficult to explainbasedon our currentmodelsof seedoil biosyn

thesis.

Many Enzymesf Fatty AcidSynthesig\re Presenin Excess

Although therehasbeenmuch successn manipulathg chainlengthand un-
saturationof plant seedoils in transgenicplants, directedalterationsin oil
guantity arejust beginningto be achieved A numberof the coreenzymesof
fatty acid synthesishavebeenoverexpressedr underexpresseith transgenic
soybeanor B. napusseeds(45). Overexpressiorof ACP, KAS I, KAS I,
KAS I, oleoyl-ACP thiosterase(FatA), or saturate-preferringcyl-ACP thio-
esteraséFatB)individually hasnotresultedin increasedgeedoil contentlt is
not known whetheincreased expression edmbinatons ofthese components
might be more effective.As discussedibove,increasedA\CCaseanda yeast
acyltransferase have been reporteih¢oease oiln B. napusseeds.
Convplete suppressio of any of the core enzymesof FAS would be ex-
pectedto reducefatty acid synthesisand seedoil content.In supportof this,
cosuppressiof FatA or KAS | in soybearresultedin reducedembryooil
content(45),andantisense®f enoyl-reductasi B. napusgaveshrunkerseeds
(113) Antisenseof the tobaccobiotin carboxylaseundercontrol of the 35S
promoterwas found to resultin stuntedplantswith a 26% reductionin leaf
fatty acid content(92). However,theseeffectswere only observedvhenthe
reductionin BC level was 80% or greater.At 50% reductionsin BC, no
phenotypecould be detected Similar resultswere obtainedwith antisenseof
stearoyl-ACPdesaturasef47). Many other experimentson antisenseof en
zymesof plant carbohydratenetabolismhavealsofound that phenotypegif
observedatall) only occurwhenenzymelevelis reduced80% or more(102).
Furthermore the impact of an enzymés reductionis usually dependenbn
growth conditions. Theseresultssuggesthat undermostconditions, many of
the enzymesf plant metabolismare presentin functionalexcessAdditional
evidenceahatenzymef lipid metabolisn areexpresseth excescomesrom
crosse®f mutans. For severalimutantsof Arabidopsisfatty acid desaturation
(fad2,fad5,andfad6), crossesvith wild-type give a nearwild-type phenotype
ratherthan a fatty acid compositon intermediatebetweenparents.Thus, for
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severaldesaturaseandotherenzymesgenedosagds not the primary deter
minantof the enzymesactivity, and more complexcontrolsmust operatein
vivo. In the caseof highly regulatedenzymessuchas ACCase,a variety of
mechanismssuchasincreaseagnzymeactivation maycompensatéor redue
tionsin expressiorbroughton byantisenser mutaton.

CONTROLOF GENEEXPRESSION

MultigeneFamilies

A puzzlingaspecbf the molecularbiology of plantfatty acid synthess is the
role of multiple genesEvenwithin Arabidopsiswith its smallgenomethereis
considerableangein the numberof genesencodingthe different proteinsof
plant fatty acid synthess. Acyl carrierproteinandthe 18:0-ACPdesaturases
are eachencodedby at leastfive genes,whereasmany other enzymesare
encodeddy a singlegene.The expressiorof the ACP geneshasbeenstudied
in somedetail,andboth constiutive andtissue-specifipatternsof expression
havebeenobserved (3, 35)n severabtherplant speciesyith genomesarger
thanArabidopsis tissue-specifidesaturaseand otherenzymesareknown to
control seedfatty acid composiion (67). Although it might be considered
advantageouso have multiple genesto allow fine tuning of expressionin
differenttissuesit is clearthatthis is not essentiafor many of the genesof
fatty acidmetabolsmasseverabf the proteinsin the pathwayareencodedy
a singlegene.In the caseof the glycerolipid desaturasegmnegeneencodes
plastidisozyme,whereasa secondgeneencodesa presumablyER localized
isozyme.However,two genesencodethe 18:2 desaturasef plastids,one of
which istemperatureegulated (10).

Promoter Analysis

Currently,the promoterof acyl carrierproteingeneshasbeenexaminedn the
greatestdetalil. de Silva et al (22) fused 1.4 kB of a B. napusACP gene
(ACPO5)to B-glucuronidas€GUS) and determineekpressiodevelsin trans
genic tobacco.GUS activity increasedduring seeddevelopmentgconcurrent
with lipid synthesisand at its maximum was 100-fold higherthanin leaves.
Surprisingly, although ACP is not an abundantprotein, the activity of the
ACP/GUS constructwas comparableto that obtainedfrom the strong 35S
promoter.Severalconstructsof a promoterfrom anotherArabidopsisACP
gene,Acll.2,havebeenfusedto GUS andexaminedaftertransformaibn into
tobacco(4). Fluorometricanalysisindicatedstrongesexpressiorin develop
ing seeds.Howeverthe promoterwas active at lower levels in all organs
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(approx.50 fold lower in leaves).Histochemicalanalysisindicated highest
Acll.2 expressionin the apical/merisimatic regions of/egetativetissues.
Duringinitial flower developmentAcll.2promoteractivity wasdetectedn all
cell types, but as the flower matured,GUS stainingwas lost in the sepals,
epidermisof the style,andmostcells of the anther.Intensestainingremained
in the ovary, stigma, stylar transmiting tissue,and tapetaland pollen of the
anther.Thus,the expressiorpatternof this particulargeneappearscomplex.
Similar analysisof otherpromotersis neededo determinewhethercommon
signalsare responsiblfor suchpatterns.

Six deletionsof the Acl1.2 promoterrevealeddistinct regionsof the pro-
moter involved in vegetativeand reproductivedevelopment Expressionof
Acll.2in youngleavesdroppedto a basallevel whenan 85-bpdomainfrom
-320to —236 was removed,but expressionn seedswas not alteredby this
deletion. A protein factor was detectedin leavesand roots, but not seeds,
which bindsto the —-320to —236 domain.Seedexpressiorwasreduced1.00-
fold whenthe —235 to —55 regionwas removed.This sameregionwas also
essentiafor high expressionn the flower tissuedescribed above.

2.2kB of aB. napusstearoyl-ACPdesaturaspromoer wasfusedto GUS
(98). Expressionwas approximately2.5-fold higherin developirg seedghan
in youngleavesandthusdid notshowthedramaticdifferenceseportedor the
ACP promokrsabove However,similar to the ACP promogrs,strongactivity
wasalsoobservedn tissuesundergoingrapid developnent,includingimma
ture flowerstapetumand pollengrains.

Recentlythe enoyl-ACPreductasg@romoterof Arabidopss hasundergone
similar GUS fusion anddeletionanalysis(20). Unlike ACP andstearoyl-ACP
desaturasehereappeardo beonly asinglegenein Arabidopsisencodingthe
enoyl-ACP reductase High expressionof enoyl-ACP reductase promei-
GUSfusionswasagainobservedn youngesteaftissueswith vasculattissue
and shootor root apicalmeristens highest.As eachnew leaf matured, GUS
activity faded.Threedomainsof thepromoterwereidentified. Seedexpression
wasunchangedy deletionto =47 bp of the transcriptionstartsite,indicating
that all elementsneededfor high level seedexpressionare presentin this
relatively small region. Removalof an intron in the 5" untranslatedegion
resultedin increasedexpressiorn roots,suggestig the presencef negative
regulatoryelementsn thisregion.

Although the studiesdescribedabovesuggesthat quantititive differences
occur betweenrelative expressionlevels of ACP, stearoyl-ACPdesaturase,
andenoyl-ACPreductas@romotersin differenttisswes,all of the analyseof
FAS promotersso far havereachedsimilar conclusiams abouthighestexpres
sionin apicalmeristemsgdevelopingseedsandflowers. Sucha patternis not
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surprising because¢hesetissuesarethemost rapidlygrowing orareproducing
lipids in high amountsfor storage Furthermoregxpressiorof the mRNA for

mostcomponerg of FAS probablyis undercoordinantcontrol. For example,
in situ hybridizaton of the mRNA for biotin carboxylase BCCP, and car

boxyltransferassubunts of ArabidopsisACCaseindicatesclosecoordination
of thesethreesubunis, which is coincidentwith oil depositon (62). It should
alsobe emphasizedhat promotersof lipid biosyntheic proteinsarelikely not
unusualin theseexpressiompatterns.Highestexpressionn rapidly growing
cells and coordinantregulationwould be expectedor promotersinvolved in

mostprimary biosynttetic pathways.

What Controls Promer Activity of FASGenes?

A major challengefor the futureis to discoverhow the level of expressiorof
genef lipid synthesis igontrolled. Thenitial studiesof promotergeviewed
abovehaveidentified domainsinvolved in control of geneexpressiorievels.
Efforts areunderway to identify transcripton factorsthat may bind to these
elementsin addition, geneticapproacheso searchfor mutantswith altered
regulation of fatty acid metabolsm may allow identification of additional
controls.By analogyto the studyof otherorganismsthe controlof plantFAS
geness likely to involve a complexarrayof cis andtrans actingfactors.For
example promotersof animalfatty acid biosyntetic genesare controlled by
hormonessuchasinsulin (56), by dietary fatty acids(78), by glucoselevels
(75), and by differentiation [particularly to adipocytes(54)]. Repressiorof
transcriptionby negativeregulatory elementshas been suggestedor both
yeast(16) and animallipid biosynhetic genes(103),andin Saccharomyces,
commonDNA sequencebave been identifieth the promotersof many genes
involved in lipid metabolsm (16, 91). As with genesof the glyoxylate and
manyotherpathwaystranscriptionof plantFAS geness likely dependentn
both developmerdl and metabolicsignals(31). Becauseall indications are
that the enzymesof fatty acid synthesisare coordinatelyregulated,it seems
probablethatglobaltranscriptionakignalsmay controlexpressiorof manyor
all genesof the pathway[perhapssimilar to the R and C locus productsthat
control transcriptiorof theanthocyanin biosynthietpathway(53)]. Identifica:
tion of such global controls may provide the most effective meanstoward
manipulathg the amountof fatty acid producedn transgeniglants.If meta
bolic controloveroil synthess isshared amongeveral enzymethere willbe
limits to how much the flux through this pathway can be manipulatedin
transgenicplants using overexpressiorof one or a few genes.Thus, more
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completecontrol may come from identifying transcriptionfactors that can
increase expressiaf the entirgpathway.

SUMMARY AND PERSPECTVES

Fatty acid synthesids a primary metabolicpathwayessentiafor the function

of everyplantcell. Its productsserveasthe centralcoreof membranes every
plantcell, andin specializeccells, fatty acidsor fatty acid derivativesact as
signal or hormonemolecules as carbonand energystorageandasa surface
layer protectingthe plant from environmeral and biological stress.Despite
thesevery diversefunctions essential} all fatty acidsin a cell are produced
from a singlesetof enzymedocalizedin the plastd. Understandindnow cells
regulatethe production of these fattyacids andlirect themowardtheir differ

ent functionsis thus centralto understanding large rangeof fundamental
guestions irplantbiology. In addition, muchnteresthasrecentlydevelopedn

geneticengineeringof the fatty acid biosynhetic pathwayto producenew or

improved vegetableoils and industial chemicals.Therefore,knowledgeof

how cells control the amountof fatty acid they producemay be essentiafor

optimalcommercialproductionof fatty acids.

Our understandig of regulationof fatty acid metabolismis much less
developedhanthatof carbohydrater aminoacid biosynthett pathwaysWe
now haveconvincingevidencethat ACCaseis oneenzymethatis involvedin
regulatingfatty acid synthesigates,andthereareindicationsfor othercontrol
points.However,this is only the beginning. ACCasemight be consideredne
“slave” enzyme that controls flux into fathcidsbutwhoseactivity isdepend
entuponhigherlevel mastercontrol systemsn the cell. But what molecules
regulateACCaseby feedbaclor othermechanismandwhatmetabolicsignals
or mechanismscontrol those molecules?How is the globalregulation of
dozensof genedor lipid synthesisaccomplisked? As discussdd thisreview,
we have only fragmentaryinformation about the nature of thesecontrols.
Thus, understandingegulationof fatty acid synthesidgs a rich andrelatively
unexploredield with muchwork left to be done.
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