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Abstract. [2,3-2C,]- and [2,4-!3C,)-D-1-deoxyxylulose were synthesized from [2-'*C]pyruvate and
[1-BC])- or [2-“C]-DL-glyceraldehyde using the enzyme D-1-deoxyxylulose 5-phosphate synthase from
Escherichia coli which was overexpressed in this bacterium. These doubly-labeled isoprenoid
precursors in the mevalonate independent route were incorporated into the ubiquinone of E. coli. 'J
BC/13C coupling constants were respectively found in isoprenic units between carbon atoms derived

from C-3 and C-4 of isopentenyl diphosphate using the former labeled precursor or between C-3 and
C-2 using the latter, indicating that D-1-deoxyxylulose was incorporated without prior degradation into
isoprenoids and confirming that the branched isoprenic skeleton resulted from a rearrangement of the
straight chain from carbohydrate precursor.

An alternative mevalonate-independent route to isopentenyl diphosphate (Figure 1) was recently
detected in many bacterial2- and several green algae.2 It is most probably ubiquitous in higher plants where a
clear-cut dichotomy was observed for isoprenoid biosynthesis. Sterols and sesquiterpenoids are synthesized in
the cytoplasm via the classical mevalonate pathway whereas chloroplast-related isoprenoids seem to be mainly
derived from the overlooked bacterial mevalonate-independent route.32-f
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Figure 1. Hypothetical biogenetic scheme for the mevalonate-independent route for isoprenoid biosynthesis

Pyruvate 1 and D-glyceraldehyde 3-phosphate 2 are the first precursors of this novel metabolic route. !¢
The first step is a condensation of a C, subunit derived from pyruvate decarboxylation, most probably
hydroxyethylthiamine, on the carbonyl group of glyceraldehyde 3-phosphate. This reaction resembles that
catalyzed by transketolases and yields a straight-chain Cs carbohydrate, 1-deoxyxylulose S-phosphate 3. The
branched isoprenic skeleton results from an enzyme catalyzed acetoin rearrangement yielding a 2C-methyl-D-
erythritol derivative 4. It is most probably similar to the reaction involved in L-valine biosynthesis and has
been clearly identified by the 3C/13C coupling patterns resulting from the incorporation of [4,5-13C,]- or [U-
13C¢]glucose into the triterpenoids of the hopane series or ubiquinone from Methylobacterium fujisawaense,

Escherichia coli and Zymomonas mobilis.1b< The key role of D-1-deoxyxylulose as the first Cs intermediate in



the mevalonate-independent pathway was demonstrated by Broers and Arigoni.4 Indeed, addition of D-1-
deoxyxylulose to the culture medium of E. coli increased significantly by a factor 3 to 4 the intracellular
ubiquinone and menaquinone amounts. Feeding this bacterium with [1-2H]- or [5,5-2H,]-D-deoxyxylulose
resulted in the incorporation of one or two deuterium atoms on carbon atoms of the quinone prenyl side-chains
respectively derived from C-1 or C-5 of isopentenyl diphosphate § (IPP). The same group also shed light on
the role of D-1-deoxyxylulose in plant isoprenoid biosynthesis. The deuterium labeled samples were efficiently
(90%) incorporated into ferruginol acetate, a diterpenoid of Salvia miltiorrhiza, synthesized via the mevalonate-
independent route and only weakly (10%) into sitosterol mainly produced via the mevalonate pathway.* We
report here the first attempts to enzymatically synthesize doubly-labeled [2,3-13C;)- and [2,4-13C;]-D-1-
deoxyxylulose. Incorporation of such a doubly-labeled precursor into bacterial isoprenoids should tell us after
examination of the 13C/!3C coupling pattern in the 13C NMR spectra of isoprenoids whether the five carbon
atoms of D-1-deoxyxylulose are directly incorporated together into the Cs skeleton of isoprenic units or
whether D-1-deoxyxylulose is cleaved into two separate subunits before incorporation.

Enzymatic synthesis of 13C labeled 1-deoxyxylulose

An enzyme activity producing D-1-deoxyxylulose was reported in numerous bacteria and fungi several
years ago by Yokota and Sasajima.52- This enzyme of rather low specificity catalyzes the condensation of
hydroxyethylthiamin obtained from pyruvate decarboxylation or from acetoin or methylacetoin cleavage on the
carbonyl group of Cs, C4 or Cs aldoses (or the corresponding phosphates) of the D- as well as of the L-series.
The dxs gene encoding the D-1-deoxyxylulose 5-phosphate synthase in E. coli was characterized and cloned as
part of an operon that contains the ispA gene,5 encoding the farnesyl diphosphate synthase, and two additional
open reading frames encoding enzymes of unknown function (L.M. Lois, N. Campos, S. Rosa Putra, K.
Danielsen, M. Rohmer and A. Boronat, unpublished results). The dxs gene has been cloned in an inducible
expression vector and overexpressed in E. coli.’2 As the enzymatic activity found in the induced strain was
about 150-fold that of the wild-type strain, it was tempting to test a one-step enzymatic synthesis of 13C labeled
D-1-deoxyxylulose from labeled pyruvate and/or glyceraldehyde. This would be an elegant method to obtain
doubly-labeled D-1-deoxyxylulose, using simultaneously 13C labeled pyruvate and glyceraldehyde. Doubly-
labeled [2,3-13C,)-D-1-deoxyxylulose has been previously obtained by a 14 steps chemical synthesis.8

A crude cell-free system obtained from the transformed E. coli strain was incubated in a buffer
containing thiamin diphosphate,’ [2-13C]pyruvate and either unlabeled D-glyceraldehyde, [1-13C]- or [2-13C]-
DL-glyceraldehyde (that were the only available 13C labeled glyceraldehyde forms), giving respectively [2-
13C)-, [2,3-13C,)- or [2,4-13C,])-D-1-deoxyxylulose in about 30% yield after TLC isolation.9 Purification
proved to be difficult. Pyruvate and glyceraldehyde could be removed, but unidentified minor products
(representing about 20% of the sample according to 'H and !3C NMR) accompanied D-1-deoxyxylulose and
were usually not removed as they did not interfere with the incorporation of the pentulose. D-1-Deoxyxylulose
samples from enzymatic reaction were identified by 'H and !3C NMR spectroscopy of the free carbohydrate
and GLC of the corresponding triacetate and comparison with data obtained on a sample of D-deoxyxylulose
synthesized by the method of Broers and Arigoni? or found in the literature.5.8 Both D- and L-glyceraldehyde
were reported by Yokota and Sasajima to be respectively converted into D- and L-1-deoxyxylulose by a cell
free system from Bacillus pumilus using DL-acetoin as an acyl donor.5 With our system from E. coli using [2-
13C]pyruvate as an acyl donor, no detectable reaction occurred with L-glyceraldehyde as shown by TLC
analysis (H,SO,/p-anisaldehyde detection) and !13C-NMR, whereas D-1-deoxyxylulose was readily formed
from D-glyceraldehyde and detected by the former methods. Our doubly labeled 1-deoxyxylulose samples
were therefore assumed to possess mainly, if not completely, the D configuration.
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Figure 2. Ubiquinone Q8 from Escherichia coli.



Incorporations of [2-13C)-, [2,3-13C,])- and [2,4-13C,]-D-1-deoxyxylulose into ubiquinone of
E. coli

Addition of [2-13C)-D-1-deoxyxylulose to the culture medium of a wild type strain of E. coli resulted in
the labeling of all carbon atoms of ubiquinone Q8 (Figure 2) derived from C-3 of IPP, thus confirming its role
as an isoprenoid precursor. The two doubly-labeled 1-deoxyxylulose samples were incubated separately, and
ubiquinone was isolated from each culture.10 In the 13C-NMR spectrum of ubiquinone obtained from the
culture grown in presence of [2,3-13C;)-D-1-deoxyxylulose, all carbon atoms derived from C-3 and C-4 of
IPP were labeled. Their signals were doublets with a characteristic !3C/13C 1J coupling constant (Figure 3).
Due to the rather low incorporation rates (2-8%) of the labeled precursor in the presence of unlabeled glucose,
these doublets corresponding to the enriched isoprenic units were accompanied by a singlet corresponding to
the natural !3C abundance and therefore to unlabeled isoprenic units. In presence of [2,4-13C,}-D-1-
deoxyxylulose, carbon atoms derived from C-2 and C-3 of IPP were labeled, and again their signals
corresponded to doublets with a characteristic !J coupling constant accompanied by singlet from unlabeled
isoprenic units. Carbon atoms C-2, C-3 and C4 of D-1-deoxyxylulose (corresponding to carbon atoms C-3,
C-4 and C-2 of IPP) are thus incorporated together into isoprenic units. From previous labeling experiments
with [4,5-13C,]- and [U-13C¢]glucose, it was known that carbon atoms C-1, C-2 and C-4 from IPP on the one
hand and C-3 and C-5 on the other hand are introduced together into the isoprenic skeleton. From all these
data, one could deduce now that the five carbon atoms of the straight chain of D-1-deoxyxylulose correspond
to those of IPP. Branching results from acyloin rearrangement. The !13C/13C coupling pattern observed after
incorporation of the doubly labeled D-1-deoxyxylulose samples confirms the presence of such a transposition
which is most likely the first committed step of the mevalonate-independent route, yielding probably 2C-
methyl-D-erythritol 4-phosphate 4, the first putative intermediate with the branched isoprenic skeleton.!1a.b
Indeed, the reaction catalyzed by the D-1-deoxyxylulose S-phosphate synthase yields a compound that is not
only involved in isoprenoid biosynthesis, but also in the formation of thiamine in bacteria and plants and
pyridoxol in bacteria, 122
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Figure 3. Labeling pattern of isoprenic units from ubiquinone Q8 (represented by the carbon skeleton of IPP)
after incorporation of [2,3-13C;)-D-1-deoxyxylulose (A) or [2,4-13C,])-D-1-deoxyxylulose (B).
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In the following *C NMR spectra of labeled ubiquinone, signals bearing a superscript * were utilized as internal reference for
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3C NMR of ubiquinone (100MHz, CDCl3)

Incorporation of [2-1*C]-D-1-deoxyxylulose. & = 137.68 (C-3, 6%), 135.29-134.97 (C-7,11,15,19,23 and 27, 3%), 131.28 (C-
31, 3%), 124.30 (C-10,14,18,22,26 and 30, 1%), 61.14* (2x-OCH3, 1.1%), 39.76 (C-4,8,12,16,20,24 and 28, 1%), 26.74
(C-5,9,13,17,21,25 and 29, 1%), 16.04 (C-34,35,36,37,38 and 39, 1%).

Incorporation of [2,3-'3C,]-D-1-deoxyxylulose. & = 134.95 (C-7,11,15,19,23, and 27, d, J=45.0Hz, 2%) + 134.98 (s, 1.1%),
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