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Abstract: Incorporation of!3C-labeled glycerol or pyruvate into the ubiquinone Q8Esfcherichia colimutants
lacking enzymes of the triose phosphate metabolism and dfCk}glucose into the triterpenoids of the hopane
series ofZymomonas mobilishowed that glyceraldehyde 3-phosphate (or eventually glyceraldehyde) anehit C
derived from pyruvate decarboxylation were the only precursors of thek€leton of isoprenic units in a novel
non-mevalonate pathway for isoprenoid biosynthesis in these bacteria.

Introduction

o}
. - . . L. H,C CH;
Isoprenoids are ubiquitous metabolites found in all living
organisms. They include for instance essential metabolites such HeCO N "
. . . 3
as the sterols acting as membrane stabilizers in eukaryotes or A
1

precursors for steroid hormones, the acyclic polyprenols found
in the side chain of the prenylquinones, in phytol from

chlorophylls or via their phosphodiesters as sugar carriers for
polysaccharide biosynthesis, and the carotenoids in photosyn-
thesizing organisms as well as a large variety of compounds
(about 22 000 structures known) with a less evident physiologi-
cal rolel The formation of the common isoprene-derived

subunit has been extensively studied over the last 50 years,
leading to a generally accepted pathway from acetate activated
as acetyl-coenzyme A, via acetoacetyl-coenzyme A, 3-hydroxy-

3-methylglutaryl-coenzyme A, and mevalonate to isopentenyl oH oH NH,
diphosphate, the first precursor possessing the branched C _/; ~ H
isoprenic skeletof:> A few years ago, however, incorporation &n ,

of 13C-labeled acetate and glucose into triterpenoids of the “OH
hopane series and the prenyl chain of ubiquinone from several 3 oH

bacteria (Figure 1) proved unambiguously that the classical
acetate/mevalonate pathway was not operating in all living

organisms, and that the isoprenic skeleton can be formed from OH OH NH;
triose phosphate derivatives via a non-mevalonate patfvfay. f: H
A hypothesis was put forward: thissGkeleton is formed from &u

the condensation of a;Gubunit derived from pyruvate decar- ud On oH
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Table 1. Incorporation oft3C-Labeled Pyruvate (Isotopic Abundance 10%) or Glycerol (Isotopic Abundance 10%) into UbiquinoneEQ8 of
coli Mutants Lacking Enzymes of the Triose Phosphate Metabolism
isotopic abundance (%) of carbon atoms from isopentenyl diphosphate

[2-13C]pyruvate+ unlabeled pyruvate-
E. coli unlabeled glycerol [2-13C]glycerol
mutant C-1 C-2 C-3 C-4 C-5 C-1 C-2 C-3 C-4 C-5
DF 261 enolase 15 1.6 10.4 11 14 1.2 7.7 15 1.1 1.2
DF 263  phosphoglycerate kinase 13 25 7.5 11 1.0 12 7.0 11 11 11
W3CG  glyceraldehyde phosphate dehydrogenase 1.3 1.2 11.0 1.1 1.2 1.1 7.8 15 1.1 1.1
DF 502 triose phosphate isomerase 1.2 6.0 6.6 1.1 1.0 1.2 2.4 2.0 1.1 1.0
isotopic abundance (%) of carbon atoms from isopentenyl diphosphate
[3-1C]pyruvate+ unlabeled pyruvate-
E. coli unlabeled glycerol [2-*3C]glycerol
mutant C-1 C-2 C-3 C-4 C-5 C-1 C-2 C-3 C-4 C-5
Lin201  glycerol phosphate dehydrogenase 6.6 1.3 1.8 11 7.2 12 15 14 11 1.2
Lin 61 glycerol kinase 7.4 1.2 1.4 1.1 8.1 1.0 1.3 0.8 1.1 1.1
CT), W3CG was obtained from Professor A."&tthun (Universita Lin 201 Lin 61
Zirich, Switzerland), and DF 502 was obtained from D. Fraenkel CH,0H CHZ0H GHzOH

— OH — OH

(Harvard Medical School). Cultures were grown on a rotatory shaker
at 37°C for 24 h in a synthetic minimal medium (pH 7.0) containing dihvdroxyacetone-

NaHPQ:7H0 (5.3 gL "), KHPOs (12 gL, (NHi:SQ; (2.6 phosphate glycerel
g-L™), MgSQ7H,0O (74 mgL™%), CaCh (1.5 mgL %), ZnCl, (0.13

- -
CH,0P CH,0oP CH,0H

mg-L~Y), FeSQ-7H,0 (0.3 mgL~?), and thiamine (1 mg.~%). To }} DF 502

the medium of DF 502 were added histidine (20-tng), uracil (20

mg-L1), and cytosine (20 mg %), and to that of W3CG was added W3CG DF 263 DF 261

tetracycline (10 mg-~%). Carbon sources were added at the following CHO coop GOOH COOH GOOH COOH

concentrations: pyruvate (3g-%) and glycerol (0.6 ¢g-2) for Lin 61 |—°H = }—°" == [N E or IE or X

and Lin 201, pyruvate (5-¢¢ %) and glycerol (1 ¢.~2) for W3CG and CH,0P CH.0P CH.0P CHaOH CHz o
DF 263, and pyruvate (5-§~%) and glycerol (1.5 ¢.72) for DF 261 St pyrivate
and DF 502. The isotopic abundance 8€-labeled pyruvate or L

glycerol was 10%. For each mutaatl L culture afforded about 1 g ¢

of freeze-dried cells and ca. 1 mg of ubiquinone. The cells of all mutant

cultures were checked after each labeling experiment for their genetic

integrity and the absence of revertants. They were plated on Petri dished=igure 2. Triose phosphate metabolism mutants Ef coli. The
containing the same culture medium as that utilized for the incorporation reference number of each strain is given beside the enzymatic reaction
experiments with pyruvate and glycerol together as carbon sourcesWhich is not operative.

where they grew or pyruvate alone or glycerol alone where they did

not grow, with the exception of DF 502. This strain did not grow on 45 Hz; C-2/C-3, 40 Hz; C-3/C-4, 40 Hz; C-4/C-5, 45 Hz; C-8/C-
pyruvate alone but was able to grow slowly on glycerol as the sole & 45 Hz. Only on€J constant was measurable: C-17/C-19, 2.5 Hz.

carbon source. This mutant converts glycerol into dihydroxyacetone F0Ur®J constants could be directly measured: C-2/C-23, 3.5 Hz; C-12/

phosphate from which pyruvate and further glyceraldehyde phosphate €-15; 1.3 Hz; C-16/C-19, 3.0 Hz; C-20/C-29, 3.5 Hz. The presence
are formed via methylglyoxal. of weak?J and/or3J coupling yielded broad singlets for the signals of

Zymomonas mobiligtrain ZM 6, American Type Culture Collection ~ -1 and C-7.
29191, 0.75 g, dry weight) obtained froa 1 L culture was grown as
previously described on a synthetic medium containing¥Ciglucose
(iSClIhODiC ?bundsnce 99%) Og‘I'Ute|d ina 11? r?_tio ﬂ‘buglabeled glucose  For identification of the @ triose phosphate derivative, six
as the sole carbon source (final concentration 20°9. i i

Isoprenoid Isolation and 3C NMR Specrometry of Labeled muct,?,?;so%fs'e%c;l;xeer%fet?glct)r)ilggé ;ﬁggp\g:tr: riaeigbciﬁifser(r:lm;d
Metabolites. Isolation of ubiquinone Q8l) and acetylated hopanoids : .

2, 3, and4 and NMR spectroscopy were performed as described &rlier. COUl.d therefore nqt |nterc0.nvert glycerol and pyruvate: Lin 61
lacking glycerol kinase, Lin 201 glycerol 3-phosphate dehy-

Ubiguinone samples frofa. colimutants DF 502 and DF 263 contained . .
significant amounts of ubiquinol (up to 25%) and were therefore drogenase, DF 502 triose phosphate isomerase, W3CG glycer-

oxidized using FeGlin ethanol. Isotopic abundances of ubiquinone aldehyde 3-phosphate dehydrogenase, DF 263 3-phosphoglyc-
carbon atoms were evaluated using as internal reference the signal o€rate kinase, and DF 261 enolase (Figure 2, Table 1). For each
the carbon atoms of the prenyl chain corresponding to carbon C-4 of mutant the labeling pattern of the prenyl chain of ubiquinone
isopentenyl diphosphate which was not expected to be labeled. As all Q8 (Figure 1;1) was determined after two sets of experiments:
isoprenic units presented for &l coli mutants identical labeling, for ~ 13C-labeled pyruvate and unlabeled gycerol on the one hand,
the sake of clarity the labeling patterns are only indicated for the car- unlabeled pyruvate andC-labeled glycerol on the other hand
bpn skeleton of isopentenyl diphosphate whose numbering is given in (Table 1). In full accordance with the hypothes&;-labeled
Figure 3. _ ) pyruvate was directly incorporated by all mutants into the C

In Z. mobilisafter incorporation of [UCg]glucose, all carbo_n atoms subunit, whereas none of the mutants incorpor&t€dabeled
of tlhel hOp?r;]e skeleton t‘;"ers labeled anorI] mc:ft of the sulgnalz "(‘;erleglycerol into these two carbon atoms of the isoprenic skeleton.
multiplets. The isotopic abundances were therefore not evaluated. Only . . . .
the3C/A3C coupling constants are given. As they were nearly identical From pyruvate, _|ncorporat|on_ dfC Iapel into the & subunit

occurred only with mutants Lin 61, Lin 201, and DF 502, and

for all three examined hopanoids, only those concerning the major .
compound3 were reported: 10) C-2/C-3, 33.2 Hz; C-5/C-6, 34.6 Hz; from glycerol Only with mutants DF 261, DF 263, and W3CG.

C-9/C-11, 34.6 Hz; C-12/C-13, 34.2 Hz; C-16/C-17, 34.6 Hz; C-20/ These results point to the unique position of glyceraldehyde
C-21, 33.2 Hz; C-24/C-4, 35.1 Hz; C-10/C-25, 35.4 Hz; C-8/C-26, 36.8 3-phosphate which remains as the only precursor for the C
Hz; C-14/C-27, 36.8 Hz; C-18/C-28, 35.1 Hz; C-22/C-30, 34.9 Hz; subunit and exclude any otheg €ompound derived from the
C-31/C-32, 37 Hz; C-32/C-33, 40 Hz; C-34/C-35, 43 Hz; '0G12, triose phosphate pathway as precursor.

Results and Discussion
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Figure 3. Hypothetical biogenetic non-mevalonate pathway for the early steps of isoprenoid biosynthesis from glyceraldehyde 3-phosphate and

pyruvate.
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aldehyde has been rarely reported as a metabolite) are the

Cs subunits was however observed with the triose phosphateprecursors (Figure 3). This implies that the first @ecursor

defective mutant DF 502. In this mutant, small amounts of
[2-12C]glycerol were most probably converted into B&G]-
dihydroxyacetone 3-phosphate. Two indirect ways of formation

of glyceraldehyde phosphate and pyruvate from dihydroxyac-

has an unbranched carbon skeleton and should be most probably
a 1-deoxypentulose 5-phosphate. Such compounds are already
known. 1-Deoxyxylulose is formed from pyruvate and glyc-
eraldehyde by cell-free systems frddacillus subtilisand E.

etone phosphate are conceivable: one is the chemical equilibra-coli'! and is known as a precursor of thiamine diphospiiaté
tion between dihydroxyacetone phosphate and glyceraldehydeand pyridoxal phosphaté. Further, deuterium-labeled 1-deox-

phosphate, the latter of which could be incorporated into
isoprenoid<; the second is the conversion of dihydroxyacetone
phosphate via methylglyoxal into pyruvate, and further into
glyceraldehyde phosphat&.The second alternative is the most
likely one since this mutant did not incorporate any label from
13C-labeled pyruvate into the glycerol isolated from its phos-
pholipids after acid hydrolysis and analysis 8¢ NMR of its
triacetate. This excludes any significant participation of the
chemical equilibration betweed®C-labeled glyceraldehyde

yxylulose has been efficiently incorporated into the ubiquinone
of E. coli, and the labeling pattern was as expeéfed.

The glyceraldehyde phosphate/pyruvate pathway for iso-
prenoid biosynthesis has been overlooked during the past years.
Its presence was clearly identified in several bacfétand more
recently for the biosynthesis of diterpenoids in two higher plants,
Gingko bilobaand Sabia miltiorrhiza,'” as well as for the
formation of all isoprenoids.€., sterols, prenylquinones, phytol,
carotenoids) of the unicellular green al§aenedesmus oblig-

phosphate and dihydroxyacetone phosphate for the formationuus!® Most probably this pathway is more widespread among
of the glycerol phosphate pool. [P€]Glycerol was likewise bacteria and higher plants. This is suggested by the numerous
slightly incorporated by this mutant into the fatty acids. Their negative or ambiguous results obtained on the biosynthesis of
uneven-numbered carbon atoms were weakly labeled with theisoprenoids obtained from labeling experiments and which can
same isotopic abundance (about 2%) as the labeled carbon atomsow be satisfactorily explained by the existence of a different,
of isoprenic units. Pyruvate incorporation into isoprenic units non-mevalonate pathwdy.

of mutant DF502 was in contrast 3 times higher as compared

to that of glycerol.

Final confirmation for the insertion of intact,Cand G
subunits was obtained by incorporation of uniformly labeled
[U-13Cg]glucose into the hopanoids @&f mobilis(Figure 1;2—4)
and examination of thé3C/3C coupling constants (see the
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