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Abstract: According to incorporations of 13C labelled glucose, 2-C-methyl-D-erythriml was most 
likely synthesized by Corynebacterium ammoniagenes from glyceraldehyde 3-phosphate and from 
pyruvate via a condensation and a rearrangement. The observed labelling patterns for methylerythritol 
were identical with those of the isoprenic units of dihydromenaquinones from the same bacterium, 
suggesting for this tetroi an intermediate role in the non-mevalonate pathway for isoprenoid 
biosynthesis. © 1997 Published by Elsevier Science Ltd. 

Isoprenoids are widespread in all living organisms, often as essential metabolites, t Isopentenyl diphosphate 
(IPP), the common precursor of all isoprenoids, was generally believed to arise from acetyl coenzyme A, 3- 
hydroxy-3-methylglutaryl-coenzyme A, and mevalonate. 2 Recent studies, however, revealed that this generally 
accepted pathway was not operating in all living organisms, and that isoprenoids could be formed via a 
mevalonate independent pathway in most investigated bacteria, in green algae and chloroplasts of higher plantsP 
Glyceraldehyde 3-phosphate (GAP) and pyruvate were recently identified as precursors for IPP in this metabolic 
route, yielding after condensation of (hydroxyethyl)thiamine on GAP, 1-deoxyxylulose 5-phosphate. 3f Cell free 
systems from many bacteria, including Escherichia coli, fungi and yeasts were known to produce 1- 
deoxyxylulose from D-glyceraldehyde and pyruvate, a In addition, Broers and Arigoni have shown that 
deuterium labelled l-deoxyxylulose was incorporated into the prenyl side-chain of ubiquinone and menaquinone 
from E. coli with a labelling in accordance with the non-mevalonate pathway, s 1-Deoxyxylulose 5-phosphate 
derived from a condensation of GAP and pyruvate is therefore most probably the fLrst Cs intermediate in this 
metabolic route. 
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Figure 1. Hypothetical biogenetic scheme for the formation 
of 2-C-methyl-D-erythritol and IPP in the mevalonate independent pathway for isoprenoid biosynthesis. 
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A cyclic diphosphate of 2-C-methyl-D-erythritol has been detected in Desulfovibrio desulfuricans in normal 
growth conditions as well as in several bacteria in very high concentrations in response to an oxidative stress 
induced by benzylviologen. 6 The free tetrol or the corresponding lactone were also found in higher plants, quite 
often in stress conditions (senescent leaves, water stress). 7 Nothing is known about this compound, neither on 
its biological role, nor on its biosynthesis: -s Methylerythritol fits however perfectly into the biogenetic scheme 
which we recently proposed for the isoprenoid biosynthesis via the GAP/pyruvate pathway. According to this 
scheme, methylerythritol 4-phosphate should derive directly from l-deoxyxylulose 5-phosphate upon a 
transposition reaction followed by a reduction (Fig. 1). 

Corynebacterium ammoniagenes, which is able to accumulate methylerythritol-2,4-cyclodiphosphate upon 
treatment with benzylviologen during the stationary growth phase, 6 seemed to be an ideal model for labelling 
experiments since it also produces dihydromenaquinone-8, MK-8 (H-H2), and dihydromenaquinone-9, MK-9 
(II-H2). 9 This allowed direct comparison between the labelling patterns of the methylerythritol skeleton with 
those of the isoprenic units of MK-8/9 (H-H2). 2-C-Methylerythritol tetraacetate and the dihydromenaquinones 
were isolated from C. ammoniagenes (DSM 20305) supplemented with benzylviologen hydrochloride (50 mg/1) 
during the stationary phase. ~'.H Feeding experiments using [1-13C] -, [6-13C] - and [U-laC6]glucose were carried 
out, and the labelling patterns of the isolated compounds were analysed by means of 13C NMR spectroscopy and 
1HP3C heteronuclear multiple bond coherence (HMBC) NMR spectroscopy. 
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Figure 2. Dihydromenaquinones from Corynebacterium ammoniagenes. 

Incorporations of [1-13C] - or [6-13C]glucose (isotopic abundance 15%) led to the same labelling patterns in 2- 
C-methylerythritol tetraacetate and in the isoprenic units of MK-8/9 (11-I-I2) (Fig. 2). Both series of compounds 
were labelled on corresponding carbon atoms: C-4 and C-5 of methylerythritol, carbon atoms derived from C-1 
and C-5 of IPP for the dihydromenaquinones. These data were in accordance with 1) glucose main catabolism 
via glycolysis, as expected for Corynebacteria, with some contribution of the oxidative pentose phosphate 
pathway which accounts for the more efficient incorporation of C-6 than C-1 of glucose that is lost by 
decarboxylation in the non-oxidative pentose phosphate pathway, 2) the formation of the branched C5 skeleton 
of methylerythritol and of the dihydromenaquinone isoprenic units via the GAP/pyruvate pathway and 3) finally 
the absence of the acetate/mevalonate route for isoprenoid biosynthesis. Similar incubation experiments afforded 
similar labelling patterns in the isoprenoids from E. coil and Alicyclobacillus acidoterrestris which utilise glucose 
by the same metabolic routes and were shown to synthesise their isoprenoids by the non-mevalonate pathway. ~ 

Evidence for the formation of methylerythritol from two distinct subunits (C2 and C3) was obtained by 
incorporation of [U-13Cdglucose (99% isotopic abundance, diluted in a 18:85 ratio with unlabelled glucose). 
The 13C NMR spectrum of 2-C-methylerythritol tetraacetate labelled from [U-13C6]glucose (Fig. 3) revealed one 
bond coupling between C-2 and C-5 (Uc.c=38.2 Hz) as well as C-3 and C-4 0Jc.c--44 Hz). Long range 
coupling was also observed between C-1 and C-4 (Uc.c=l.8 Hz) and proved the simultaneous insertion of C-1 
and C-4, and most probably also C-3, from a single C3 precursor. Expected long range coupling between C-1 
and C-3 (2Jc.c), however, could not be observed. This problem was overcome by employing an indirect method 
recently described by Seto et al: 2 HMBC modified by removing the low-pass J-filter can be used to observe 
direct 13C-IH long-range couplings. The modified HMBC spectrum of 2-C-methylerythritol tetraacetate revealed 
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a cross peak due long range coupling between C-1 and H-3 accompanied with additional satellite peaks (IJl3c.I H 
= 140 Hz). The cross peak represented the long distance coupling between C-1 and H-3 when H-3 is bound to a 
12C while the satellite peaks are due to the long range coupling between C-1 and H-3 when H-3 is attached to a 
13C carbon atom. This gives additional proof that C-l,  C-3 and C-4 were simultaneously incorporated and 
therefore originated from the same C3 precursor. 

The 13C NMR spectrum of MK-8/9 (II-H2) labelled from [U-13C6]glucose (Fig. 3) revealed long range 
couplings in the isoprenic units (calculated from unit 1,2 and terminal) between the carbon atoms derived from 
C- 1 and C-4 of l i p  (3Jc.c) and C-2 and C-4 (2Jc_c) in addition to one bond couplings between those derived 
from C- 1 and C-2 or C-3 and C-5. This proves unambiguously the operation of the GAP/pyruvate pathway for 
the formation of the isoprenic units of MK-8/9 (II-H2). Cross peaks between H-2 and C-4 in isoprenic unit 1 
and in the terminal unit were observed with additional satellite peaks in the modified HMBC spectrum of MK- 
8/9 (II-H2) (Hnit 1: IJ 13C.IH - -- 160 HZ, terminal unit: IJ ~3c.~ a = 166 Hz), thus giving additional proofs for the 
origin of C-2 and C-4 of IPP from the same glucose molecule and hence for the operation of the GAP/pyruvate 
pathway. 
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Figure 3. Isotopic enrichments and 13C/13C couplings in A: 2-C-methylerythritol (analysed as tetrancetylated 
derivative) and B: Isoprenic units of dihydromenaquinones represented by the carbon skeleton of IPP. 

In conclusion, the labelling experiments clearly revealed the biosynthesis of methylerythritol from a C3 
subunit (GAP) and a C2 subunit (derived from pyruvate decarboxylation). Its branched C5 skeleton results from 
the rearrangement of a straight chain C5 precursor, much like the formation of the isoprenic units from the prenyl 
chains of the dihydromenaquinones in the same bacterium. According to the obvious resemblance between the 
formation of methylerythritol and the biosynthesis of isoprenic units via the GAP/pyruvate pathway, 
methylerythritol should be considered as an hemiterpene and as a possible biosynthetic precursor for IPP. This 
hypothesis is already supported by our preliminary results on the successful incorporation of deuterium labelled 
DL-methylerythritol into ubiquinone-8 of E. coli (Duvold et al., unpubfished results). 
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