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Abstract. Cell-free systems from the bacteria Escherichia coli and Klebsiella planticola that were 
incubated with 13C labeled pyruvate and D-glyceraldehyde synthesized 5-hydroxypentane-2,3-dione 
(laurencione) along with l-deoxy-D-threo-pentulose (l-deoxy-D-xylulose). Both compounds showed 
identical labeling patterns, indicating that the C5 skeletons were derived from the condensation of 
(hydroxyethyl)thiamin on D-glyceraldehyde. Conversion of [5,5-2H2]deoxyxylulose into laurencione 
by a cell-free system from E. coli showed that the o~-dione is obtained from the pentulose by water 
elimination. © 1998 Published by Elsevier Science Ltd. All rights reserved. 

A mevalonate-independent pathway for the biosynthesis of isopentenyl diphosphate 5, the universal 
isoprenoid precursor, starting from pyruvate 1 and D-glyceraldehyde 3-phosphate 2 (Fig. 1)J is found in 
bacteria, algae and higher plants. 2 1-Deoxy-D-threo-pentulose 5-phosphate 3 (1-deoxy-D-xylulose 5- 
phosphate) is the first C5 precursor 3a and was already known as a precursor of thiamin 4 and pyridoxol. 5 The 
gene of the thiamin diphosphate dependent synthase which catalyzes the formation of deoxyxylulose 5- 
phosphate was cloned from Escherichia coli and peppermint and overexpressed in E. coli, 6 allowing the 
preparative scale production deoxyxylulose with multiple ~3C labeling. 3c A rearrangement, first detected by 
incorporation of  glucose isotopomers with multiple J3C labeling, l.2b yields from the straight-chain pentulose the 
branched skeleton of  2-C-methyl-D-erythritol 4-phosphate 4. The branched carbon skeleton of 2-C-methyl-D- 
erythritol is formed in Corynebacterium ammoniagenes from pyruvate and glyceraldehyde by the same 
condensation and rearrangement as those involved in the formation of  the isoprenic units of  the 
d ihydromenaquinone.  7a Furthermore, deuterium labeled 2-C-methyl-D-erythritol  was incorporated into 
ubiquinone and menaquinone of  E. coli. 7b Apparently, no degradation of the carbon skeleton and no changes 
of the oxidation state of carbon atoms C-1 and C-4 occurred. This suggested that 2-C-methyl-D-erythritol or 
rather its 4-phosphate are possible isoprenoid precursors or at least closely related to isoprenoids. If these 
compounds are not involved in other metabolic pathways, then the reaction catalyzed by the recently reported 
reducto-isomerase, converting deoxyxylulose 5-phosphate into methylerythritol 4-phosphate, 8 would represent 
the first committed step of  this biosynthetic route. 7 No other intermediates are known. 
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Fig. 1. Mevalonate-independent route for isoprenoid biosynthesis: a) rearrangement; b) reduction by NADPH. 
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Formation of laurencione from pyruvate and D-glyceraldehyde 

When unlabeled pyruvate 1 and D-glyceraldehyde 6 were incubated with crude or partially purified 
cell-free systems prepared from a wild type strain of E. coli, from the transformed E. coli strain pTAC-DXS, 
where deoxyxylulose 5-phosphate synthase was overexpressed, 6b and from Klebsiella planticola, the main 
product deoxyxylulose 7 was always accompanied by another compound which was identified here as 
laurencione 8 (Fig. 2). 9-ll Separation of free deoxyxylulose 7 and laurencione 8 resulted often in 
unsatisfactory yields and was only attempted when purified samples of deoxyxylulose were required? ~ 
Furthermore, according to the literature, significant losses by dimerization were expected for laurencione from 
silica gel chromatography of free laurencione. 9J2 Laurencione was therefore analyzed as the diacetylated 
derivative 9. A pure sample of 9 obtained from theK. planticola cell-free system was isolated by TLC. ~ Its 
NMR 0H and 13C) and mass spectra and its GC retention time were identical with those of a reference sample 
obtained by NalO4/RuO2 oxidation 13 of the acetate of commercial 3-pentyn-1-ol followed by acetylation or with 
those reported in the literature. 9,12 All characteristic features were also found in the spectra of the samples 
obtained from E. coli strains for which the deoxyxylulose triacetate and the diacetylated derivative 9 of 
laurencione were not separated. 

The origin of carbon atoms of laurencione was determined from labeling experiments performed with 
cell-free systems obtained from E. coli pTAC-DXS, using either [2-J3C]pyruvate and [1-13C]-DL - 
glyceraldehyde, jaa [2-13C]pyruvate TM or [3-13C]pyruvate 14b and unlabeled D-glyceraldehyde, or unlabeled 
pyruvate and [2-~3C]-DL-glyceraldehyde.14d Carbon atoms C-1 and C-2 of laurencione 8 respectively 
corresponded to C-3 and C-2 of pyruvate 1, and C-3 and C-4 of laurencione 8 to C-1 and C-2 of D- 
glyceraldehyde 6 (Fig. 2). 
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Fig. 2. Biosynthesis of laurencione 8 from pyruvate 1 and glyceraldehyde 6 
and from 1-deoxy-D-xylulose 7 by bacterial cell-free systems. 

Conversion of l-deoxy-D-xylulose into laurencione 

The labeling patterns obtained from the incorporation of 13C labeled pyruvate and D-glyceraldehyde 
were identical with those observed for deoxyxylulose in the same feeding experiments, indicating that both C5 
carbon skeletons most probably resulted from the same condensation reaction (Fig. 2). Synthetic [5,5- 
2H2]deoxyxylulosetS was converted into [5,5-2H2]laurencione 14e (identified by IH- and 13C-NMR 
spectroscopy) by a cell-free system from E. coli. In the deuterium labeled 9, the signal at 4.75 ppm of the two 
C-5 protons replaced by deuteriums was missing, and the signal of the C-4 proton appeared as a singlet at 6.45 
ppm instead of a triplet. The presence of two deuterium atoms at C-5 was further corroborated by the absence 
in the 13C-NMR spectrum of the signal of the C-5 carbon atom due the presence of deuterium in the a position 
and by an upfield shift (~x~=-0.3 ppm) of the signal of C-4 due to the deuteriums in the B-position. The 
incorporation of labeled deoxyxylulose into laurencione proved a precursor-to-product relationship between the 
two compounds and shed light on a novel dehydrase activity catalyzing the elimination of water from 
deoxyxylulose (Fig. 2). A similar diol/ketone conversion by elimination of a proton in s-position of a carbonyl 
group is for instance found in the conversion of 2-keto-3-deoxygluconate 6-phosphate from gluconate 6- 
phosphate, a key reaction in glucose catabolism via the Entner-Doudoroff pathway in bacteria. 
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On the putative role of laurencione 

Free laurencione is a natural product accumulated in the red alga Laurenc ia  spectabi l is ,  9 and its dimer 
was isolated from L aurenc i a  pennat i f ida .  16 Laurencione was proposed as a potential isoprenoid precursor via 
3,5-hydroxypentan-2-one.  ~5 The branched isoprenic skeleton could however  directly result from laurencione 
via a benzilic acid-type rearrangement resembling for instance that involved in the Cannizzaro reaction catalyzed 
by the glyoxalase I (EC 4.4.1.5), the hydride shift being replaced by the transfer of  an alkyl group (Fig. 3). 
This  hypothes is  cannot  be excluded,  but  is in contradict ion with our previous  results concern ing  the 
incorporation of deuterated 2-C-methyl-D-erythritol into isoprenoids, 7b as no evident biogenetic links can be 
found between laurencione and this tetrol. 

Laurenc ione  was proposed as a precursor  of  pyridoxol.  17 It fits perfectly into the hypothet ical  
biogenetic scheme proposed for thiamin biosynthesis in facultative anaerobic prokaryotes and in plants. J8 For 
the formation of the thiazole moiety, water elimination was proposed to occur on the Schiff base corresponding 
to the adduct between deoxyxylulose and L-tyrosine. The same Schiff base could be directly obtained from the 
formation of  L-tyrosine and lanrencione which results from deoxyxylulose by water elimination. Deuterium- 
labeled laurencione has been synthesized, and experiments are being performed with incorporation into bacteria 
and plants in order to investigate its possible role in the metabolism of isoprenoids and thiamin. 
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Fig. 3. Hypothetical biogenetic scheme for the formation of the isoprenic skeleton 
from laurencione (X = H or phosphate). 
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