
phosphatase

OH
O

O

OH

P
P

O
OO

O
O

O P
O

O
O

P
O

OH
O

O P
O

O
O P

O
OH

O

1

gcpE ?

OH
OH

O P

O

O
O P

O

OH
OOH

4

5

2

6

O P
O

O
O P

O
OH

O
3

and/or

lytB ? reduction

1
2

3
4

5

1
2

3
4

5

4 2

TETRAHEDRON
LETTERS

Tetrahedron Letters 43 (2002) 1413–1415Pergamon

Isoprenoid biosynthesis in Escherichia coli via the
methylerythritol phosphate pathway: enzymatic conversion of
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Abstract—A crude cell-free system from an Escherichia coli strain overexpressing the cluster containing the three genes yfgA, yfgB,
and gcpE converted 2-C-methyl-D-erythritol 2,4-cyclodiphosphate (1) into a phosphorylated derivative of (E)-2-methylbut-2-ene-
1,4-diol (6), which most probably represents a novel intermediate in the methylerythritol phosphate pathway for isoprenoid
biosynthesis. The free diol 6 was accumulated by phosphatase treatment of the crude enzyme preparation and was identified by
comparison with a synthetic reference. © 2002 Elsevier Science Ltd. All rights reserved.

The 2-C-methyl-D-erythritol 4-phosphate (MEP) path-
way for isoprenoid biosynthesis is present in most
bacteria, in green algae, and in the chloroplasts of all
phototrophic organisms, including the higher plants.
The early steps starting from glyceraldehyde phosphate

and from pyruvate via 1-deoxyxylulose 5-phosphate
(DXP) and a series of 2-C-methyl-D-erythritol (ME)
derivatives including MEP, 4-diphosphocytidyl ME, 4-
diphosphocytidyl ME 2-phosphate, and ME 2,4-
cyclodiphosphate 1 are now fairly well investigated.1

Figure 1. Conversion of methylerythritol 2,4-cyclodiphosphate (1) into a (E)-2-methylbut-2-ene-1,4-diol derivatives (2, 6) by a
cell-free system from E. coli.
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ME 2,4-cyclodiphosphate 1 is the last identified interme-
diate, and very little is known concerning the steps
downstream of this metabolite. The pathway is known
to possess, at least in Escherichia coli, two branches,
separately leading to isopentenyl diphosphate 4 (IPP)
and dimethylallyl diphosphate 5 (DMAPP),2 and two
additional genes, gcpE and lytB have been recognized
as essential in this metabolic route.3 In order to
gain additional information on the MEP pathway, an
E. coli mutant capable of utilizing exogenous MVA
was constructed. For this purpose, the genes encoding
mevalonate kinase, phosphomevalonate kinase, diphos-
phomevalonate decarboxylase, and IPP isomerase were
introduced in its genome.4 Disruption of the gcpE gene
in this mutant showed that it was located on the trunk
line or directly on the branching of this pathway.3a

Feeding this mutant with [1-3H]ME resulted in the
accumulation of a single major metabolite, which was
identified as ME 2,4-cyclodiphosphate 1, suggesting that
this cyclodiphosphate was the putative substrate of the
gcpE gene product.5 In this contribution, we describe the
conversion of ME cyclodiphosphate 1 into a novel
metabolite by a cell-free system prepared from an E. coli
strain overexpressing the yfgA/yfgB/gcpE gene cluster
(Fig. 1).6

For the convenience of detection, conversion of ME
cyclodiphosphate 1 was tested using a 14C labeled sub-
strate. For this, [2-14C]DXP was synthesized in a one-pot
procedure from [2-14C]pyruvate and non-labeled glycer-
aldehyde phosphate using the DXP synthase and directly
converted into [2-14C]MEP using the DXP isomero-
reductase (D. Tritsch, unpublished results). [2-14C]MEP
was further converted into [2-14C]ME cyclodiphosphate
using a one-pot procedure similar to a recently described
methodology involving a mixture of the ygbP, ychB, and
ygbB gene products and the corresponding cofactors.7

Incubation of [2-14C]ME cyclodiphosphate 1 with a
crude cell-free system from an E. coli strain overexpress-
ing the gcpE, yfgA, and yfgB gene cluster8 resulted in the
formation of several radioactive products. Next to
remaining starting material 1, a most probably non-phos-
phorylated unknown compound as well as a compound,
which might correspond to a diphosphate ester, were
detected on TLC plates.9 The two latter compounds most
likely represented novel metabolites of [2-14C]ME
cyclodiphosphate. Noteworthy was the non-sensitivity of
[2-14C]ME cyclodiphosphate 1 towards the tested alka-
line phosphatase, which hydrolyzed acyclic mono- and
diphosphate esters, as tested on MEP and IPP. Forma-
tion of a non-phosphorylated compound was not surpris-
ing as the enzyme test was performed with a crude
cell-free system containing endogenous phosphatases.
Addition of an exogenous phosphatase to the incubation
medium did not affect the substrate, but significantly
increased the concentration of the above-mentioned least
polar novel metabolite. This concentration increase was
concomitantly accompanied by the disappearance of the
most polar unknown metabolite, suggesting that it cor-
responded to the phosphorylated form of the former one.

Direct identification was therefore attempted. A large-
scale incubation of non-labeled ME cyclodiphosphate

(17.5 mg) prepared from Corynebacterium ammoniagenes
treated with benzylviologen10 was performed. To the
resulting reaction mixture was added a small-scale incu-
bation of [2-14C]ME cyclodiphosphate, which allowed
the detection of the unknown metabolite owing to its
radioactive labeling. From the acetylated crude extract
of the enzyme test, repeated fractionation by column and
thin-layer chromatography afforded a single radioactive
compound (1 mg), which was identified as (E)-2-methyl-
but-2-ene-1,4-diol (6) as a diacetylated derivative by TLC
coelution and by comparison of its 1H and 13C NMR
spectra with those of the E and Z stereomers of the
corresponding diol obtained by chemical synthesis.11

(E)-2-Methylbut-2-ene-1,4-diol (6) was certainly not the
primary reaction product obtained from the crude
enzyme test. The free diol was most likely released from
the corresponding diphosphate 2 by the action of either
endogenous phosphatase from E. coli or of the exogenous
phosphatase added to the incubation buffer in order to
improve the conversion of [2-14C]ME cyclodiphosphate
1 into the diol 6. The diol was only obtained from the
enzymatic conversion of [2-14C]ME cyclodiphosphate: it
was not observed when the incubation was performed
with an enzyme preparation inactivated by boiling. As
a crude cell-free system was utilized, it however cannot
be excluded that the diol derivative resulted from the
consecutive action of several enzymes, including the
products of the gcpE, yfgA, and yfgB genes. Whether
these proteins were effectively required for the conver-
sion of [2-14C]ME cyclodiphosphate 1 is still a matter
of investigations. (E)-4-Hydroxy-3-methylbut-2-enyl
diphosphate (2) was recently identified in E. coli as a
major activator for human �� T cells.12 It is accumulated
in cells defective in the lytB gene, whereas it is absent in
cells defective in the gcpE gene. All available data are in
accordance with ME cyclodiphosphate 1 as a substrate
of the gcpE gene product and with diphosphate of 6 as
reaction product of the gcpE gene product and substrate
of the lytB gene product. The conversion of [2-14C]ME
cyclodiphosphate 1 into a diol 6 derivative formally
requires a reduction and an elimination step. Accord-
ingly, a cofactor has to be involved in the reduction step.
The addition of any reducing cofactor such as NADPH,
NADH, FMN or FAD did not influence however, the
conversion yield. Because of the small amounts of the
reaction product, which were synthesized de novo, the
endogenous intracellular cofactor pools were most likely
largely sufficient.

Finally, elimination of water or of a better leaving group
such as phosphate from C-4 of diphosphate 2 (corre-
sponding to C-4 of IPP 4 and DMAPP 5) would produce
an allylic cation 3 in the active site (Fig. 1). Such cations
are often encountered in isoprenoid biosynthesis (see for
instance the reactions catalyzed by the IPP isomerase, the
prenyl transferases, the squalene synthase or the terpene
synthases). A single reduction at C-1 or C-3 of such a
carbocationic intermediate 3 would yield DMAPP 5 or
IPP 4, respectively.

One of the last bottlenecks in the elucidation of the MEP
pathway is now being solved by the discovery of
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this [2-14C]ME cyclodiphosphate metabolite. It remains
to isolate now the native compound, most likely the
diphosphate 2,14 which released the diol 6 upon phos-
phatase treatment. IPP 4 and DMAPP 5 are synthe-
sized in E. coli from an unknown common intermediate
derived from ME cyclodiphosphate 1 via two distinct
branches.2 It also remains to check how the diphos-
phate 2 is converted into IPP and/or DMAP and
whether it belongs to the main trunk or to the IPP or
the DMAPP branch of the MEP pathway.
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