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AAABBBSSSTTTRRRAAACCCTTT

Carotenoidssuchas β-caroteneandastaxanthinareusedasfood
colorants,animalfeed supplements and fornutritionaland cosmetic
purposes.Recently,carotenoidshavereceivedagreatattentionfortheir
significantantioxidantactivitiesandforplaying an importantrolein
inhibitingtheonsetofchronicdiseases.Inadditiontoitsantioxidative
activity,astaxanthin hasbeen shown togavebiologicalfunctionsas
diverseasservingasavitaminA precursor,enhancinggapjunction
communications,andmodulatingtheimmunesystem.
A carotenoid biosynthesis gene cluster for the production of

astaxanthin was isolated from the marine bacterium Paracoccus
haeundaensis.Earlystepsinthebiosynthesisofcarotenoidincludethe
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formation oftheC20 compound geranylgeranylpyrophosphate(GGPP)
from farnesylpyrophosphate (FPP)by GGPP synthase,an enzyme
encodedbythecrtE gene.Geranylgeranyl(GGPP)synthaseisthought
tobeakeyenzymeinthecarotenoidbiosynthesispathway.Inorderto
obtainalargequantityofthepurifiedGGPPsynthase,thecrtE gene
wassubclonedintopET-44a(+)expressionvector,transformedintothe
E.coliBL21(DE)codon plus cell,and the expressed protein was
purifiedtohomogeneitybyaffinitychromatographicmethod.Finally,the
biochemicalproperties of the purified GGPP synthase have been
characterized
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IIINNNTTTRRROOODDDUUUCCCTTTIIIOOONNN

Carotenoids are naturallipid-soluble pigments produced primarily
withinbacteria,algae,fungi,andplants.Thesepigmentsareresponsible
forthewidevarietyofcolorsseeninnature(LeeandKim,2006a).The
majorityofthe600knownstructuresofcarotenoidsareC40-carotenoids,
whileafew bacterialcarotenoidsexistwith30,45or50carbonatoms
(ChemlerJ.A.,2006).Carotenoidssuchas β-caroteneandastaxanthin
arecommerciallyusedasfoodcolorants,animalfeedsupplementsand
fornutritionalandcosmeticpurposes(ChemlerJ.A.,2006).Carotenoids
have numerous biological functions including being a vitamin A
precursor,enhancing gap junction communications,modulating the
immune system,and possessing antitumor activities (Akyon,2002;
Amaretal.,2004;Bertram,1999;Jyonoucheetal.,1994).Morerecently,
carotenoids have received a great attention for their significant
antioxidantactivitiesandforplayinganimportantroleininhibitingthe
onsetofchronicdiseases(Amaretal.,2004;EdgeR.etal.,1998).
Allcarotenoids are derived from the isoprenoid (or terpenoid)

pathwayasshowninFigure1.Twopathways,themevalonateandthe
non-mevalonate (or pyruvate/glyceraldehyde-3-phosphate) pathways,
lead to the formation of the first isoprene unit,an isopentenyl
pyrophosphate (IPP).In archaea,fungi,animals,and plants,IPP is
synthesized from mevalonic acid with acetyl-CoA as a starting
precursor. In eubacteria, IPP synthesis proceeds via an initial
condensationreactionbetweenpyruvateandglyceraldehyde-3-phosphate
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FFFiiiggguuurrreee111...SSSuuummmmmmaaarrryyyooofffiiisssoooppprrreeennnoooiiidddbbbiiiooosssyyynnnttthhheeetttiiicccpppaaattthhhwwwaaayyy...
Mevalonatepathway from acetyl-CoA toIPP viaHMG-CoA iswell
known to exist in the eukaryotes from yeasts to animals.
Non-mevalonate pathway, which is shown by dotted arrow, is
suggestedtobepresentinbacteriaandplantchlorlplasts(Lichtenthaler
etal.,1997;Panidanetal.,1981).Abbreviationsused:CoA,coenzyme
A; HMG-CoA, 3-hydrosy-3-methylglutaryl-coenzyme A; GAP,
glyceraldehyde-3-phosphate;IPP,isopentenylpyrophosphate;DMAPP,
dimethylallypyrophosphate;GPP,dimethylpyrophosphate;FPP,farnesyl
pyrophosphate;GGPP,geranylgeranylpyrophosphate.
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followedbyseveraladditionalreactionsteps,someofwhichareyetto
be discovered (Eisenreich etal.,2001).After IPP synthesized the
variousterpenoidsaresynthesizedwiththereactionofchainelongation
bysuccessivehead-to-tailcondensationofdimethylallylpyrophosphate
(DMAPP),thereactiveIPPisomer.ThereactionofIPPtoDMAPPis
catalyzedbyisopentenyl야phosphateisomerase(idi).Chainelongation
is catalyzed by prenyl transferases with different chain length
specificities(OguraandKoyama,1998).Theshort-chainlengthprenyl
transferasessynthesize geranylPP(GPP,C10),farnesylPP(FPP,C15)
orgeranylgeranylPP(GGPP,C20),whicharetheprecursorsofmono-,
di-,andtri-terpenesandcarotenoids.Medium and long-chain prenyl
transferasessynthesizethetailsofquinones.FPP(C15)andGGPP(C20)
are the immediate precursors ofC30 and C40 carotenoids.FPP is
synthesizedby an FPP synthase(ispA in Escherichiacoli),whereas
GGPPformationiscatalyzedbyaGGPPsynthase(LeeandKim,2004).
MostcarotenoidsareC40derivativesoriginatingfrom phytoenewhich

is formed by condensation of two molecules of geranylgeranyl
pyrophosphate (GGPP). This part of the carotenoid biosynthesis
pathwayproceedsintwosteps.Althoughphytoenesynthaseisthefirst
specificenzymeincarotenogenesis,mostorganismssynthesizetheC20
substrate forthe enzyme in two distinctstages.The firstis the
synthesisofFPPfrom thefundamentalC5buildingblocksisopentenyl
diphosphate(IPP)and dimethylallylpyrophosphate(DMAPP)by FPP
synthase(Poulteretal.,1978).GGPPsynthasecatalyzesanadditional
FPP branching reaction with the condensation ofFPP and IPP to
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providetheC20precursorneededforbiosynthesisofcarotenoids.Early
steps in the biosynthesis of carotenoids include the formation of
geranylgeranyl pyrophosphate (GGPP) from farnesyl pyrophosphate
(FPP)byGGPPsynthase,anenzymeencodedbythecrtE gene(Lee
and Kim, 2006b). The enzymes and reactions catalyzed in the
isoprenoidbiosyntheticpathwaysaresummarizedinTable1.
Astaxanthin (3,3-dihydroxy-β-carotene-4,4-dione) is an unique

carotenoid widely distributed in nature providing coloration
characteristicstosomebirds,crustacean,andsalmons(Johnson,1991).
Organismsthatproduceastaxanthinincludethebasidiomycetousyeast
Phaffiarhodozyma(Milleretal.,1976),thegreenalgaHaematococcus
pluvialis (Bubrick,1991),the Gram-negative bacteria Agrobacterium
aurantiacum (Yokoyamaetal.,1994),Paracoccusmarcusii(Harkeret
al.,1998),andParacoccushaeundaensis(Leeetal.,2004).Sinceanimals
cannotsynthesizeastaxanthin,itmustbeincluded in theirfeed for
them toobtaintheirappealingcolor.
Significantadvanceshavebeenmadein ourunderstanding ofthe

genes coding for the enzymes involved in carotenoid biosynthesis
(Misawaetal.,1995).Manycarotenoidbiosynthesisgeneshavebeen
cloned from various organisms, and their functions have been
determined(Armstron,1994;Sandmann,1994;Wielandetal.,1994).
GGPP synthaseisoneoftheimportantenzymesinthecarotenoid

biosynthesis pathway. GGPP synthase catalyses the consecutive
condensationofanallylicdiphosphatewiththreemoleculesofIPP to
produceGGPP,anessentiallinearprecursorforbiosynthesisof
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TTTaaabbbllleee111...IIIsssoooppprrreeennnoooiiidddbbbiiiooosssyyynnnttthhheeetttiiiccceeennnzzzyyymmmeeesssaaannndddrrreeeaaaccctttiiiooonnncccaaatttaaalllyyyssseeeddd...

EnzymeEnzymeEnzymeEnzyme Reaction Reaction Reaction Reaction catalysedcatalysedcatalysedcatalysed

Acetly-CoA acetyltransferase (atoB, phoA) Acetoacetyl-CoA biosynthesis

HMG-CoA synthase (hcs)
Hydroxymethyl-glutanyl-CoA 

(HMG-CoA) biosynthesis

HMG-CoA reductase (mvaA) L-mevalonic acid biosynthesis

Mevalonate kinase (muk)
M e v a l o n i c - 5 - p h o s p h a t e 

biosynthesis

Phosphomevalonate kinase (pmk)
Meva lon ic-5-diphosphate 

biosynthesis

Diphosphomevalonate decarboxylase (mvd)
Isopentenyl diphosphate (IPP) 

biosynthesis

Isopentenyl disphosphate isomerase (idi)
Dimethylallyl diphosphate 

(DMAPP) biosynthesis

Farnesyl diphosphate synthase (ispA)
Geranyl diphosphate (GPP) 

biosynthesis
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carotenoid.GGPP synthaseis generally thoughtto be an important
branch pointenzymeforisoprenoidbiosynthesis,sinceitcatalyzesa
FPP branching reaction with the condensation ofFPP and IPP to
produce C20 GGPP,which contains 4 isoprene units (Wang and
Ohnuma,1999).

Inthisthesis,wehavedescribedtheoverexpression,purification
and characterization of GGPP synthase from marine bacterium,
Paracoccushaeundaensis.Overexpression ofGGPP synthasefrom P.
haeundaensis was achieved by introducing crtE gene into the
prokaryoticexpressionvector.Therecombinantproteinwasproducedin
thecytoplasm ofthetransformedE.colicells.Also,wehavedescribed
thepurificationproceduresofexpressedproteinsfrom thetransformed
cells.Andthen,wehavecharacterizedthebiochemicalandenzymatic
propertiesofthepurifiedGGPPsynthase.Theseresultswillprovidea
widerknowledge ofthe primary structures ofCrtE enzyme atthe
molecularleveland facilitatethe biotechnologicalapplications ofthe
carotenoidbiosynthesisenzymes.
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MMMAAATTTEEERRRIIIAAALLLSSSAAANNNDDD MMMEEETTTHHHOOODDDSSS

CCCooonnnssstttrrruuuccctttiiiooonnnooofffcccrrrtttEEEeeexxxppprrreeessssssiiiooonnnvvveeeccctttooorrr

InordertoexpresscrtE genefrom thecarotenoidbiosynthesisgene
clusterofParacoccushaeundaensis,thecrtE expressionplasmidwas
constructed as follows.The coding region ofthe crtE gene was
amplified by PCR using a pair of corresponding oligonucleotides
specificallydesignedforcloningcrtE geneandatemplate,whichwas
originally loaded onto the plasmid pCR-XL-TOPO-CrtE (Table 2).
Contained the carotenoid biosynthesis gene cluster (Lee and Kim,
2006a).TheamplifiedfragmentwassubclonedintothevectorpGEM-T
(Promega,USA)anditsnucleotidesequencewasconfirmedbyDNA
sequencing.ThesubclonedplasmidwasdigestedwithNdeIandXhoI
restriction enzymes.Theexcisedfragmentwasthen ligatedintothe
expression plasmid pET44-a(+) vector, and the resulting plasmid
carrying an crtE geneofthe carotenoid biosynthesis enzymes was
designated into pET-44a(+)-CrtE (Figure 2).The pET-44a(+)-CrtE
plasmidwasthentransformedintotheE.coliBL21(DE3)codonplus
cell.
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TTTaaabbbllleee222...OOOllliiigggooonnnuuucccllleeeoootttiiidddeeeppprrriiimmmeeerrrsssuuussseeedddfffooorrrttthhhiiisssssstttuuudddyyy...

PrimersPrimersPrimersPrimers SequencesSequencesSequencesSequences RemarksRemarksRemarksRemarks

CrtE- 1 5' CCATATGAGACGAGACGTCAA 3'
for crtE forward

(NdeI site)

CrtE-2 5' GCCGCCTCGCTAGGCGC 3'
for crtE reverse

(XhoI site)
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FFFiiiggguuurrreee...222 TTThhheeepppEEETTT444444aaa(((+++)))---CCCrrrtttEEEeeexxxppprrreeessssssiiiooonnnvvveeeccctttooorrr...
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OOOvvveeerrreeexxxppprrreeessssssiiiooonnnooofffcccrrrtttEEEgggeeennneeeiiinnnEEE...cccooollliii

ThecellharboringthepET-44a(+)-CrtE plasmidthatcontainsthe
crtE genewasculturedat37℃ inDYT medium containing 50㎍/ml
ampicillin. The cells were induced by adding isopropyl-β

-D-thiogalactopyranoside(IPTG)toafinalconcentrationof0.1mM at
acelldensitycorrespondingto OD600=0.5～1.0.Thenthecellswere
harvestedbycentrifugationafterdesignatedinductiontimes;1,2,3and
4hours,respectively.TheconditionsfortheoverexpressionoftheCrtE
proteinwereoptimized.

PPPuuurrriiifffiiicccaaatttiiiooonnnppprrroooccceeeddduuurrreeesssooofffCCCrrrtttEEEppprrrooottteeeiiinnn

Purification schemeoftheexpressedCrtE protein isdescribedin
Figure3.Thecellpellets(1g/wetweight)wereresuspendedwith20
mlofresuspension buffer(20mM Tris-HCl,pH 7.9)and sonicated
threetimesfor10secwithUltrasonicator,for30secto90-100%
powerandharvestedagainbycentrifugationat13,000rpm for10min.
Thesupernatantwassavedforthenextpurification.Thecellpellets
wereresuspendedbyaddingisolationbuffer(20mM Tris-HCl,0.5M
NaCl,5 mM imidazole,1 mM NaN,pH 7.9).Theresuspended cell
debriswasdiscardedandthesupernatant(20vol.)wasobtained.The
samplewasfiltratedwith0.45㎛ filter.Thesavedsamplewasdialyzed
againstthebufferA (20mM Tris-HCl,0.5M NaCl,1mM NaN3,pH
8.0)foraffinitychromatography.
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CCCeeellllllcccuuullltttuuurrreee

Medium :DYT broth,Culturetemperature:37℃

Inductionagent:IPTG0.1mM (finalconcentration)

Inductiontime:3hours

CCCeeelllllllllyyysssiiisss&&& pppuuurrriiifffiiicccaaatttiiiooonnn

Centrifugation(3000rpm,20min.4℃)

Pelletsresuspended(cellof1gaddition20mlresuspensionbuffer)

Sonication(for30secat90-100% power,threetimesfor10sec)

Centrifuge(13,000rpm,20min.4℃)

Supernatantobtained

AffinitychromatographyusingaHis-TrapChelatingHPcolumn

Analysisofthepurifiedprotein
(SDS-PAGE,WesternBlot)

FFFiiiggguuurrreee333...PPPuuurrriiifffiiicccaaatttiiiooonnnSSSccchhheeemmmeeeooofffCCCrrrtttEEEppprrrooottteeeiiinnn...
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ThesamplewasloadedontotheHis-Trapchelating HP-column (GE
healthcare,USA).ThecolumnwaswashedwithbufferA containing40
mM Imidazoleandtheboundproteinswereelutedbytheelutionbuffer
(BufferAcontaining500mM Imidazole).

AAAnnnaaalllyyysssiiisssooofffeeexxxppprrreeesssssseeedddppprrrooottteeeiiinnnooonnnSSSDDDSSS---PPPAAAGGGEEE

ThecellsinducedproteinsbytheadditionofIPTGwerecentrifuged
andthepelletwasmixedwith2×sampleloadingbufferandheatedat
100℃ for3min.Thesamplewascentrifuged13,000rpm for2minand
storedonice.Twentymicrolitersofeachsamplewasloadedona12%
SDS-polyacrylamidegel,andelectrophoresedundertheconstantcurrent
of200mA for2hours.Thegelwasstainedwithcoomassiebrilliant
blueandthendestainedwith destaining buffer(7% aceticacid,15%
methanol).

WWWeeesssttteeerrrnnnbbbllloootttaaannnaaalllyyysssiiisss

AftertotalproteinscontainingCrtE-Hisproteinwereseparatedona
12% SDS-polyacrylamidegel,thegelwastransferredtonitrocellulose
membraneat100mA for16hoursintransferbuffer(25mM Tris,120
mM glycine,20% methanol).Thenitrocellulosemembranewasthen
washedwithPBS buffer(20mM Tris-HCl,pH 7.4,0.5M NaCl,2.5
mM KCl,0.1% Tween-20)andblockedwithPBSbuffercontaining5%
skim milkfor1hour.Themembranewaswashedoutthreetimesfor
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10min ateach timewith PBS bufferandtreated for1hourwith
His-tag primary antibody which was diluted to 1:10,000 in PBS
containing5% skim milk.Afterwashingthreetimesfor10minateach
time,themembranewastreatedfor1hourwithalkalinephosphatase
conjugated anti-goat IgG in PBS containing 5% skim milk.The
membranewaswashedoutthreetimesfor10minateachtimeinPBS
buffer and developed with NBT and BCIP solution in alkaline
phosphatasebuffer(0.1M Tris-HCl,pH 9.5,0.1M NaCl,1M MgCl2).

EEEnnnzzzyyymmmeeeaaassssssaaayyy

Theenzymaticactivity oftheCrtE protein wasmea녁ed with a
slightmodificationofthemethodasdescribedin(Mathetal.,1992).
Fourhundredmicrolitersofincubationmixturewasmadewith0.1M
Tris-HClbuffer(pH 8.0),containingthesubstrateinaconcentration50
µM IPP and100µM FPP,10mM ATP,1mM dithiothreitol,6mM
MnCl2,4mM MgCl2 and1µg proteinofpurifiedCrtE protein.The
assayswerecarriedoutat37℃ for15houratconstantshaking in
dark.Afterterminationoftheenzymaticreactionbyadditionof2.5ml
of methanol,the synthesized carotenoid was partitioned into 10%
diethylether in petrol,evaporated,redissolved in acetone,and then
separated and quatified by HPLC analysis.For HPLC separation,
chromatography wasperformedusing an WatersHPLC system.The
columnusedwasInertsilODS-3column(5micron,steel,150mm long
x4.6mm I.d.,GLSciences).Thereversephasewasamethanol/water



- 14 -

(85/15,v/v)with the following parameters.The flow rate was 0.5
ml/min.Theinjectionvolumeandcolumntemperaturewere20㎕ and
room temperature,respectively.Theproductsoffarnesylpyrophosphate
(FPP)andisopentenylpyrophosphate(IPP)weredetectedbyabsorbance
at214nm.TheFPP andIPP standardswerepurchasedfrom Sigma
(Germany)asanauthenticsamples.
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RRREEESSSUUULLLTTTSSS

OOOvvveeerrreeexxxppprrreeessssssiiiooonnnooofffcccrrrtttEEEgggeeennneeeiiinnnEEE...cccooollliii

InordertoexpresstheGGPPsynthasegene(crtE)inaprokaryotic
system,thecrtE genewassubclonedintothepET44-a(+)expression
vectorwhich allowstheexpression oftherecombinantprotein with
C-terminalfusion His-tag and designated pET-44a(+)-CrtE plasmid
(Figure2).TheplasmidwastransformedintoE.colistrainBL21(DE3)
CodonpluscellsandtheexpressionoftherecombinantCrtE protein
wasinducedbytheadditionofIPTG atafinalconcentrationof0.1
mM.
TheexpressionoftherecombinantCrtE proteinwasanalyzedby

12% SDS-PAGE (Figure4).Theconditionsfortheexpressionofthe
recombinantCrtE protein was measured after designated induction
times;1,2,3and 4hoursafteraddition ofIPTG,respectively.As
shown in Figure4,theoptimalinduction timeofrecombinantCrtE
proteinwasachievedat3hoursafterIPTG induction.Thepredicted
sizeofrecombinantCrtE proteinisapproximately30kDa,includinga
C-terminalHis-Tagfusion.
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FFFiiiggguuurrreee...444TTThhheeeeeexxxppprrreeessssssiiiooonnnpppaaatttttteeerrrnnnsssooofffrrreeecccooommmbbbiiinnnaaannntttCCCrrrtttEEEppprrrooottteeeiiinnnbbbyyy
SSSDDDSSS---PPPAAAGGGEEE...
Theexpressedproteinswereanalyzedby12% SDS-PAGE.
LaneM,standardprotein molecularweightmarkers;lane1,proteins
from uninducedcellextracts(control);lanes2-5,proteinsfrom induced
cellextracts1,2,3and4hoursafterIPTGinduction,respectively.
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PPPuuurrriiifffiiicccaaatttiiiooonnnooofffrrreeecccooommmbbbiiinnnaaannntttCCCrrrtttEEEppprrrooottteeeiiinnn

ThecrtEgenewassubclonedintothepET-44a(+)expressionvector
which produces a recombinant CrtE protein tagged with histidine
residuesin thecarboxylterminus.TheplamidpET-44a(+)-CrtE was
cultureduptocelldensityreachedtoO.D600=0.5andtheCrtEprotein
wasoverexpressedbytheadditionofIPTG.After3hoursinduction,
thecellswereharvestedbycentrifugation,andsonicatedthreetimesfor
10secwithUltrasonicator,andprecipitatedbycentrifugationat13,000
rpm for10min.Thesupernatantwasdiscarded.Thecellpelletswere
resuspended with isolation buffer and then centrifuged again.The
precipitatedcelldebriswasdiscardedandthesupernatantwassaved.
ThesavedsamplewasdialyzedagainstthebufferA (20mM Tris-HCl,
0.5M NaCl,1mM NaN3,pH 8.0)foraffinity chromatography.The
dialyzedsamplewasloadedontotheHis-TrapchelatingHP-column.The
columnwaswashedwithbufferA containing40mM Imidazoleandthe
boundproteinswereelutedbytheelutionbuffer(BufferA containing
500mM Imidazole).
A typicalelutionprofilefrom affinitycolumnwasshowninFigure

5.ThemajorityofthetotalproteinswaswashedoutwithbufferA
containing40mM ImidazoleandtheboundCrtEproteinwaselutedat
bufferA containing500mM Imidazole.Thefractionscollectedfrom the
affinitycolumnwereanalyzedon12% SDS-PAGEasshowninFigure
6.ThepurifiedCrtE proteinappearstobepureanditsestimateda
molecularweightwasapproximately30kDaatasingleband.
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FFFiiiggguuurrreee...555CCChhhrrrooommmaaatttooogggrrraaammm ooofffHHHiiisss---tttrrraaapppaaaffffffiiinnniiitttyyyccchhhrrrooommmaaatttooogggrrrppphhhyyy...
PurificationofGGPPsynthasebychromatographyonHis-tagcolumn.
ThecolumnwaswashedwithbufferA containing40mM Imidazole.
AndtheboundCrtE proteinwaselutedwith500mM elutionbuffer
(bufferA containing 500 mM Imidazole).Each fraction (1ml)was
collected.
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FFFiiiggguuurrreee666...SSSDDDSSS---PPPAAAGGGEEEPPPaaatttttteeerrrnnnsssooofffaaaffffffiiinnniiitttyyyccchhhrrrooommmaaatttooogggrrraaammm
ThelaneM indicatesmolecularweightmarker;lane1,proteinsfrom
inducedcellextracts;lane2,proteinsbyaffinitychromatography;lane
3,purifiedCrtEproteinbyaffinitychromatography.
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CCCooonnnfffooorrrmmmaaatttiiiooonnnooofffpppuuurrriiifffiiieeedddGGGGGGPPPPPPsssyyynnnttthhhaaassseeebbbyyyWWWeeesssttteeerrrnnnbbbllloootttaaannnaaalllyyysssiiisss

ThepurifiedrecombinantCrtE proteinwasconfirmedby Western
blotanalysisandtheresultwasshowninFigure7.InWesternblot
analysis, proteins were electrophoretically transferred from a
SDS-PAGE gelto a nitrocellulose membrane,probed with mouse
antiserum against6-Histag,andincubatedwithalkalinephosphatase
coupled to mouse antibody against mouse IgG.The nitrocellulose
membranewasdevelopedusingNBT/BCIP.AsshowninFigure7,the
recombinantCrtE protein was recognized as a His-tag protein by
Westernblot.
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FFFiiiggguuurrreee...777SSSDDDSSS---PPPAAAGGGEEE (((AAA)))aaannndddWWWeeesssttteeerrrnnnbbblllooottt(((BBB)))aaannnaaalllyyysssiiisssooofffttthhheee
pppuuurrriiifffiiieeedddCCCrrrtttEEEppprrrooottteeeiiinnnsss...ThelaneM indicatesmolecularweightmarker;
lane1,proteinsfrom uninducedcellextracts(control);lane2,proteins
from induced cellextracts;lane3,purified CrtE protein by affinity
chromatography.
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GGGGGGPPPPPPsssyyynnnttthhhaaassseeeaaaccctttiiivvviiitttyyyaaassssssaaayyy

In order to determine the enzymatic activity ofpurified GGPP
synthase,theproductofthereactionmixturewasincubatedwithGGPP
synthaseanditssubstrates,andanalyzedbyHPLC.Theenzymeassay
wasperformedthereactionmixtureinatotalvolumeof400㎕ in0.1
M Tris-HClbuffer,pH 8.0,containingthesubstratesinaconcentration
of50µM IPPand100µM FPP,10mM ATP,1mM dithiothreitol,6
mM MnCl2,4mM MgCl2,and1µg proteinofpurifiedCrtE protein.
Theassayswerecarried outat37℃ for15hoursincubation with
constantshakinginthedark.
Theproductsfrom thereactionmixturewereanalyzedbytheHPLC

analysismonitoredat214nm.TheresultofHPLCanalysiswasshown
in Figure 8.The standard samples ofIPP,FPP and GGPP were
injectedontotheInertsilODS-3column(Figure8A).GGPPsynthesized
from incubationmixturewasanalyzedontothesamecolumn(Figure
8B). AsshowninFigure8,Theactivitycouldbedemonstratedwith
theexpressedenzyme.Afterincubation,threepeaksappearedhaving
retentiontimesof4.0,4.6and5.5min(Figure8A).Theelutionpeaks
(peak 1and2)oftheHPLC analysisfrom theincubation mixtures
were found to be two pigments corresponding to IPP and FPP,
respectively.Themainpeak(peak3)oftheHPLCanalysiswasfound
tobeGGPP bycomparingittothestandardGGPP.Thispeakwas
elutedatretentiontimeat5.5minandabsorbedatmaximalwavelength
at214nm.
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FFFiiiggguuurrreee888...HHHPPPLLLCCCpppaaatttttteeerrrnnnsssooofffttthhheeeppprrroooddduuuccctttsssfffrrrooommm ttthhheeeGGGGGGPPPPPPsssyyynnnttthhhaaassseee
aaassssssaaayyysss...(A)Standard samples ofIPP (peak 1),FPP (peak 2)and
GGPP (peak3)wereneedforthecontrol.(B)Samplesisolatedfrom
incubation mixtures were coinjected with authentic samples ofIPP
(peak1),FPP(peak2)andGGPP(peak3)onInertsilODS-3column
(GLScience,USA)andelutedwithH2O/methanol,15:85(vol/vol).The
productsfrom theenzymaticassay mixturesweremonitered at214
mM.
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DDDIIISSSCCCUUUSSSSSSIIIOOONNN

GGPP synthesis is the early steps ofthe biosynthesis ofthe
carotenoids,whichmediatetheformationofGGPPfrom FPPandIPP.
This pathway is catalyzed by a specific enzyme,GGPP synthase,
encodedbythecrtE gene.Wepreviouslyreportedthattheisolationof
a new marine bacterium,Paracoccus haeundaensis,which produces
carotenoids,mainlyintheform ofastaxanthin(Leeetal.,2004)and
described the cloning and sequence analysis ofgenes encoding the
astaxanthin biosyntheticenzymesfrom thisorganism (Leeand Kim,
2006a).AllsixgenesoftheastaxanthinbiosynthesisgeneclusterofP.
haeundaensis(crtW,crtZ,crtY,crtI,crtB,andcrtE,whichcontain726,
486,1158,1503,912,and879basepairs,respectively)arenecessaryfor
astaxanthinbiosynthesis,andthosegeneswereclonedandcharacterized
(Leeand Kim,2006a;Leeand Kim,2006b).Detailed studiesofthe
involvementofthe astaxanthin biosynthetic enzymes on carotenoid
biosynthesis,however,have not yet been conducted.In order to
elucidate the mechanism responsible for controlling the astaxanthin
biosyntheticpathway and theintracellularcarotenoidconcentration,it
wouldthereforebenecessarytoconductacomparativeanalysisofthe
structure,expression,andfunctionofthecarotenoidbiosynthesisgenes.
ThecrtE geneisolatedfrom P.haeundaensiswascomposedof879

bpencoding apolypeptideof293aminoacidresidues.Tocreatethe
expressionplasmidforthecrtE gene,crtE genewasamplifiedbyPCR
using a pair of gene-specific oligonucleotides (Table 2) with the
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plasmid pCR-XL-TOPO-Crt-fullas a template,which carries the
full-lengthastaxanthinbiosynthesisgenecluster(LeeandKim,2006a).
TheamplifiedfragmentwassubclonedintothevectorpET-44a(+)for
overexpressionoftheCrtE proteinTheresultingplasmidcarryingan
crtE gene ofthe carotenoid biosynthesis enzymes was designated
pET-44a(+)-CrtE (Figure 2).The plasmid,pET-44(a)-CrtEB,was
transformedintoE.coliBL21(DE3)CodonPlus.Thecellsharboringthe
crtE genewereculturedinLB medium (containing50g/mlampicillin)
andinducedbyaddingfinalconcentrationof0.1mM IPTG(isopropyl-β

-D-thiogalactopyranoside)atacelldensitycorrespondingtoOD600=0.5.
Inducedcellswereincubatedinarotaryshakingincubatorat37°Cand
150rpm for3hours.
Theexpression patternsofthecrtE genewereanalyzed on the

SDS-PAGE asshown in Figure4andthemolecularweightofthe
expressedCrtE protein turnedouttobeapproximately 30kDa.The
optimalinductiontimeofarecombinantCrtEproteinwasachievedat3
hoursafterinduction.TherecombinantCrtEproteinwaspurifiedusing
affinitychromatographyandconfirmedbyWesternblotanalysis(Figure
7).Thegoalofaffinitychromatographyistoseparateallthemolecules
ofaparticularspecificityfrom totalprotein.Affinitychromatographyis
designedtopurifyaparticularproteinfrom amixedsampleandcanbe
performed using a numberofdifferentprotein tags.Proteins sieve
throughmatrixofaffinitybeads.Proteinsinteractwithaffinityligand
withsomebindinglooselyandotherstightly.Washoffproteinsthatdo
notbindandbindloosely.Eluteproteinsthatbindtightlytoligandand
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collectpurifiedproteinofinterest.Thepreparedsamplewasloadedonto
theHis-Trap affinity column and eluted by theaddition ofeluting
buffer.TheCrtE proteinwaspurifiedtohomogeneityandthepurified
proteinshowsenzymaticallyactive.Thebiologicalactivityofpurified
GGPP synthase was tested by incubation with the substrates and
appearstobestrongenzymaticactivityafteranalysisoftheincubation
products.
Theproductsfrom theenzymaticassaymixtureincubatedwiththe

purifiedCrtE enzymeweredissolved in 2-propanolandsubjectedto
high-performanceliquidchromatography(HPLC).Chromatographywas
performed using an Inertsil ODS-3 column equipped with a
temperature-controlledautosamplerandadiodearraydetector.
TheresultoftheHPLC analysisfrom incubationmixtureassayed

withpurifiedCrtE proteinwasshowninFigure8.Themainpeakof
the HPLC analysis from the products ofthe assay mixture with
purifiedCrtE proteinwasfoundtobeGGPP bycomparingittothe
standard.Thispeak waseluted ataretention timeof5.5min and
absorbedatmaximalwavelengthof214nm [Figure8(B)].Theelution
peaksoftheHPLCanalysisfrom theincubationmixturewerefoundto
bethreepigmentscorrespondingtoIPP,FPP andGGPP whenthese
peakswerecomparedwithstandards.Thesepeakswereelutedata
retentiontimeof4.0,4.6,and5.5min,respectively[Figure8(B)].
In this study,we have conducted a comparative study ofthe

overexpression,purificationandcharacterizationoftheGGPP synthase
of crtE gene from P. haeundaensis using chromatographic and
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spectroscopic analyses.The observations and results ofthis study
provide a very usefulmodelin which to study the mechanism of
carotenoidbiosynthesis.In addition,theresultsofthisstudy can be
usedtoenhancetheproductionofastaxanthinthroughthemanipulation
ofcarotenoid biosynthesis genes in P.haeundaensis,an important
application since astaxanthin is a pigmentofhigh economic value.
Thesedatawillprovideawiderbaseofknowledgeon theprimary
structureoftheastaxanthinbiosynthesisgeneclusteratthemolecular
levelaswellasfurtherthebiotechnologicalapplicationsofcarotenoids.
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국국국문문문초초초록록록

GGPP synthase(CrtE)는 아스타잔틴을 비롯한 카로티노이드계 생리활성물질
을 생합성 하는 과정에 관여하는 중요한 핵심 효소이다.carotenoid는 식품색소,
동물사료 첨가제,건강보조식품과 화장용등의 산업적 응용을 위한 위하여 현재 활
발히 연구되고 있다.또한 carotenoid는 비타민 A의 전구물질로 작용하기 때문에
시력에 직접 관여하고 또한 세포 성장 및 분화 그리고 면역체계에도 관여하고 있
다.최근에는 carotenoid의 중요한 항산화 작용으로 인하여 암 예방과 치료 및 만
성질환 치료제로도 중요한 역할을 하는 것으로서 밝혀져 더욱 주목받고 있다.이
러한 carotenoid계 물질의 생합성은 FPP로부터 GGPP를 생합성하는 것으로부터
시작되며 이 과정은 GGPPsynthase(CrtEprotein)에 의한 효소반응을 통하여 이
루어진다.
해양 미생물 Paracoccushaeundaensis로부터 유래된 crtE gene의 생화학적,

효소학적 특징을 구명하기 위해서는 대량의 순수 분리된 GGPPsynthase가 필요
하다.따라서 GGPPsyunthase의 대량 발현을 위하여 P.haeundaensis로부터 분
리된 crtE gene을 pET-44a(+)발현 벡터에 subcloning 시킨 후,이를 대장균
BL21(DE3)codonplus에 형질전환 시켰다.0.1mM IPTG를 사용하여 3시간 동안
발현 유도를 시켰을 때 CrtEprotein의 발현이 최적으로 나타났다.대량 발현으로
시킨 GGPPsynthase를 순수 분리 정제하기 위하여 affinitychromatography를 실
시하여 GGPPsynthase만을 순수 분리할 수 있었다.실험에 His-tagcolumn을
사용하였다.분리해 낸 GGPPsynthase의 효소학적인 특징을 알아보기 위해서 기
질물질인 IPP와 FPP를 정제한 효소와 반응시켜 반응 산물을 HPLC를 이용하여
분석하여 GGPPsynthase의 효소활성을 동정하였다.
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AAACCCKKKNNNOOOWWWLLLEEEDDDGGGEEEMMMEEENNNTTT

논문이 나오기 까지 많이 부족한 저에게 항상 지도 말씀과 학문적 충고
를 아끼지 않으시고 세심하게 신경 써 주신 김영태 지도교수님께 진심으로
감사의 말씀 드립니다.그리고 부족한 논문을 검토해주시고,다듬어 주신
이원재 교수님과 김군도 교수님께도 감사의 말씀을 전합니다.그리고 항상
충고와 가르침을 아끼지 않으셨던 이명숙 교수님,김진상 교수님,이훈구
교수님,송영환 교수님,최태진 교수님께도 감사를 표합니다.
또한,실험실 생활하는 동안 많은 가르침과 격려를 해주셨던 이재형 박

사님께 감사드리고 실험실 생활에 잘 적응하고,실험하는 데 있어 많은 도
움을 주시고 충고를 아끼지 않았던 용배선배 감사합니다.그리고 항상 격
려와 칭찬의 말씀으로 힘을 주셨던 대성선배,윤숙언니,근호오빠에게도 감
사의 말씀을 전합니다.그리고 항상 함께 동고동락 하면서 도움과 위로가
되어주었던 실험실 동생 태혁이,성석이와 연주언니,그리고 잘 따라주었던
지원이,문영이,명신이,광현이 모두에게 고마운 마음을 전하고 싶습니다.
우리 실험실 식구들 앞으로 하는 모든 일에 무궁한 발전이 있기를 기원합
니다.또한 항상 힘내라고 응원해준 나의 친구들 리연언니,혜원이,정미에
게도 고마운 마음을 전하고 싶습니다.그리고 서로에게 의지가 되었던
2005학번 우리 동기들 모두 모두 고마웠고 수고 많았습니다.
마지막으로 힘들고 지쳐 포기하고 싶을 때 항상 위로가 되어주시고,믿

어주시고,용기를 북돋아 주신 나의 힘 사랑하는 우리 부모님과 아직은 어
리지만 든든한 나의 동생들에게 항상 사랑하고 감사하다는 말을 전하고 싶
습니다.그동안 고생 많으셨고,앞으로는 행복한 일들만 가득할거라 믿습니
다.
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