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Incorporation of 2-C-Methyl-D-erythritol,
a Putative Isoprenoid Precursor in the Mevalonate-IndependentPathway,

into Ubiquinoneand Menaquinoneof Escherichia di
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Abstract: Incorporationofdeutenum labelled2-C-metbyl-D-erytbritOlinto isoprenoidside-chains
of ubiquinoneandmenaquinonefromEscherichiocoli.stronglysupportstheproposedintermediaterole
of this branchedsugar derivativein the mevalonateindependentpathwayfor isoprenoidbiosynthesis
via glycemfdehyde3-phosphate~d Pmvak. @ 1997publishedby Elsevier ScienceLtd.

It is generallyacceptedthat isopentenyldiphosphate(IPP),theuniversalprecursorof isoprenoids,derives
fromrscetyl-CoAandmevalonate.Thediscoveryofa mevalonate-independentrouteinbacteriawasthereforea
greatsurprise.laTheoperationof thisroutewasalsolaterfoundin greenalgaelcandin higherplants,but only
for thebiosynthesisof chloroplast-linkedisoprenoidsld,diterpenoidsle,fandmonoterpenoids.lsTheroleof 1-
deoxyxyluloseor its 5-phosphate,resultingfroma condensationof hydroxethylthiamineon glyceraldehyde
3-phosphate(GAP),lbas a Cs precursorfor IPP was shownby the successfulincorporationof deuterium-
labelled I-deoxyxyluloseinto the isoprenoidsof Eschericlziacoli,z and more recentlyof the mixtureof
deuterium-labelledmethyla- and13-1-deoxy-D-xyhdosidesintoisopreneemittedby leavesof higherplants.3
However,the remainingstepsbetweenl-deoxyxyhdose5-phosphateandIPPremainedobscure.2-C-Methyl-
D-erythritolderivativeshavebeendetectedin severalbacteriaandplantsundernormalgrowthconditionsas
well as in responsetowardsstress.4,5This branchedpolyolfits perfectlyinto our biogeneticscheme:2-C-
methylerythritol4-phosphatecouldderivefromI-deoxyxyhdose5-phosphateby a rearrangementfollowedby
reduction,muchlike the reactionsinvolvedin the formationof thecarbonskeletonof valine(Fig. 1).l~bOur
recentresultson thebiosynthesisof 2-C-methylerythritolsupportthishypothesis.cFeedingexperimentswith
Corynebacteriwnammo?siagenesusing[1-13C]-,[6-13C]-and [U-13C,5]ghIcosesrevealedidenticallabelling
patterns in the isoprenoid side-chains of dihydromenaquinonesand the carbon skeleton of 2-C-
methylerytbritol,in fullaccordancewiththeGAP/pyntvatepathway.
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Fig. 1. Hypotheticalbiogeneticschemefor theGAP/pyruvatepathway.

In orderto confii thisproposedintermediaterole,incorporationof deuterium-labelledracerrtic,D- or L- 2-
C-methylerythritolintoisoprenoidsof bacteriapossessingthemevalonateindependentroutewereattempted.
No incorporationoccurredintothe isoprenoidsof C.ammoniagenesorMethylobacteriumorganophilum,but
positiveresultswereobtainedwithE. coli. Thefmt incoqmrationexperimentswerecarriedoutusingracernic
[1,1-zH2]methyl-DL-erythritolwhich was synthesizedby using a related strategyto those describedby
AnthonsenetaL70s04mediateddihydroxylationof 3-methylfuran-2(5H)-one1 followedbyLiALDl
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reductionyielded [1,1-2H2]methyl-DL-erytbritol.Culturesof E. coli (DSM30083),grownon a synthetic
mediumas previouslydescribedlawithglucoseas solecarbonsource(1 gll),weresupplementedwith [1,1-
2H2]-2-C-methyl-DL-erythritol(600mg/1).Ubiquinone-86 (Fig. 3) was isolatedaccordingto established
procedures.1’Themassspectrumof ubiquinoneshoweddeuteriumincorporationmonitoredby the increased
relativeintensitiesof ions correspondingto M+2andM+4of ubiquinonein comparisonwithnon-labelled
compound.AlsotheZHNMRspectrumof ubiquinonegaveevidencefordeuteriumlabellingoncarbonatoms
correspondingto C-4of IPP,in accordancewiththeproposedbiogeneticscheme.

Motivatedby these preliminaryresults, we decidedto synthesizeboth methyl-D-and L-erythritoIfor
separatefeding experiments(Fig.2).s3-Methylfuran-2(5f-1)-one1 wasreducedwithLiAlD4at O“Cyielding
thedesiredunsaturateddiolin 85%yieldsaccompaniedwiththesaturateddiolin only6-890yields.Sha2pless
enantioselectivedihydroxylationof the correspondingdiacetate3 using commercialAD-mixreagentsg
afforded2-C-methylerytbritoldiacetate4a or 4b withsatisfactoryenantiomericexcess (80%e.e.), much
better than thoseobtainedwith the diol (31%e.e.) or the dibenzoate(60%e.e.), and in almostquantitative
chemicalyields.Partialintramoleculartransesterificationof theacetategroupsin thedihydroxylationproduct
4a or 4b led to a mixtureof diacetateswhichwereisolatedtogetherandquantitativelydeacetylatedwithbasic
ion exchangeresinyielding[1,1-2H2]-2-C-methyl-D-erytbritol(fromAD-mix-B)or [1,1-2H2]-2-C-methyl-L-
erythritol(fromAD-mix-(x).Enantiomericexcessesof 2-C-methylerythritolsamplesweremonitoredby IH
NMRspectroscopyof the triacetatessupplementedwithEu(bfc)3cbiralshiftreagent(1 eq.).Thecomplexes
withthetentiaryhydmxygroupwerecharacterisedbydifferentchemicalshiftsfortheC-2methylgroupsfrom
the twoenantiomers.IHNMRandGC amdysisof thediastereomencestersobtainedby esterificationof the
secondaryhydroxygroupin bothenantiomersof themajor2-C-metbylerythritoldiacetates4a or 4b with(R)
or (S)-ct-methoxy-u-trifluorometbylphenylacetylchloride10confiid theabovementioned80Y0e.e. In order
to compare the absolute configurationof synthetic2-C-methylerythritolsand the naturally occurring
compoundwith the supposedD-erytbroconfigurationisolatedfromC. ammoniagenes,cEu(hfc)3andminor
quantitiesof the syntheticallypreparedcompoundwiththe supposedL-erythroconilgurationwereaddedto
the triacetateof the naturalcompound.The syntheticcompoundwiththe supposedL-erythroconfiguration
gaveriseto an additionalmethylpeakin the IHNMRspectrumwithuptieldchemicalshificomparedwiththe
methyl group of the natural compoundsupportingthe supposedD-erythroconfigurationof the natural
compound.Opticalrotationmeasurementsof thefreetetrolrevealeda positivesignforthesupposedD-erythro
isomeranda negativesignforthesupposedL-erythroisomer,in accordancewithliteraturereports.sb,ll
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Fig.2. Synthesisof deuteriumlabelled2-C-methyl-D-andL-erythritolfrom3-methylfuran-2(5~-oneor
cit&onic anhydride.Deuteriumatomsinparenthe-sesoriginated-hornthereductionofcitraconicanhychide.

Becauseof theunavoidablereductionof ubiquinoneintoubiquinolbyrecordingmassspectra,12[2H4]-2-C-
methylerythritolshouldgive more accurateresults for mass spectrometricanalysis.2-C-Methylerytbritol
simultaneouslylabelledwith two deuterimnatomsat bothcarbonsC-1 and C-4 was thereforesynthesized.
Reductionof dimethylcitraconatewithLL’UD4affordedlowyieldsof a mixtureof diolsin whichthe saturated
diolwasthemajorcompound.Directdihydroxylationof dimethylcitraconatewasunsuccessfulwiththeAD-
mix reagentsemployed.Citraconicanhydride2 (fig.2) whichis somehowmore easily reduced,afforded

minantlytheunsaturateddioluponreductionwithLiAlD4at -15”C.EnantioseIativedihydroxylationofpredo
the diacetate 3 followedby deacetylationwas carriedout as usual to yield [1,1,4,4-2Hq]-2-C-methyl-D-
erytbritol5a or [1,1,4,4-2H4]-2-C-methyl-L-erytbritol5b.Lowyieldsin the reductionsteplimitedthe value
of thisstrategyona multigramscale.
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The D-and L-enantiomers,each labelledwith four deuteriumatoms,were supplemented(300mg/1)to
separateculturesof E. coli (200ml).A referenceculturewasgrownin absenceof 2-C-methylerythritolbut
otherwiseidenticalgrowthconditions.Ubiquinonesamplesfromthethreecultureswereisolatedandanalysed
fortheirdeuteriumlabellingby meansof fastatombombardmentmassspectroscopy(FABMS).lJThismilder
ionisationmethodinducedless fragmentationsand thereforeallowedmore accuratedetectionof eventual
additionalmolecularions resultingfromdeuteriumlabelling.TheFAB mass spectrumof the non-labelled
referencerevealedfurthermorehighdegreeof reductionof ubiquimoneto ubiquinol(ea.80%).Morereliable
data were thereforeobtainedby analysingthe molecsdarion of ubiquinoland its additionalheavier ions
resultingfromlabelling.Themassspectrumof ubiquinonefromtheculturesupplementedwiththeD-mytbro
isomerrevealedthe presenceof additionalionscorrespondingto MI-4andM+8of ubiquinolwith low,but
significantrelativeintensities(incorporationrateca. 10Yo).Theseheaviermolecularionswereconsistentwith
the incorporationof one and two moleculesof intact 2-C-methylerythritolper labelled ubiquinonewith
retention of all four deuterium atoms. No measurablelabelling of ubiquinoneoccured in the culture
supplementedwiththeL-enantiomer.

In orderto completethe resultsobtainedbyFABMS,a largescaleculture(61)ofE. coliwassupplemented
with [1,1-2H2]-2-C-methyl-D-erythritol(300 mgll). Sufficient quantities of ubiquinone (1.6 mg) and
menaquinone7 (0.7 mg) were obtainedfor ZHNMR analysis.]4The ZHNMR spectra of both quinones
clearlyconfined deuteriumlabellingonlyat thecarbonatomscorrespondingto C-4of IPP(Fig.3).

2 ~ -’L
*

B
o

Fig.3. 2HNMR(77MHz,CHC13)A of ubiquinone6 andB of menaquinone7 labelledfrom [l,l-zH2]-2-
C-methyl-D-erythritol.Thelocationsof deuteriumatomsin theisoprenoidside-chainareshownby * andO.

The successfulincorporationof 2-C-methyl-D-erythritolintothe isoprenoidside-chainsof ubiquinoneand
menaquinonefromE. colishowsthatthecarbonskeletonofIPPis directlyderivedfrom2-C-methylerythritol
or a 2-C-methylerythritolderivative.Theseresultsare in accordancewith our recent results from feeding
experimentswithC.ammoniageneswhichclearlyrevealedthe formationof 2-C-methyl-D-erythritolandIPP
via the GAP/pyruvatepathway.It cannotbe excludedthat2-C-methyle@uitolis not itself the precursorof
IPP,but can be readilyconvertedintoan IPP precursor.Indeed,the rearrangementstep (Fig. 1)occursmost
likelyon l-deoxyxylulose5-phosphate,yielding2-C-methylerythritol4-phosphate.Noincorporationintothe
isoprenoidsof M. organophilumand C. ammoniagenes,anda rather modest incorporation into those of E.
coli,couldbe dueto the absenceof an eftlcientkinaserequiredfor the formationof 2-C-methylerythritol4-
phosphate,the acturdprecursor.
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