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aUniversité Louis Pasteur/CNRS, Institut Le Bel, 4 rue Blaise Pascal, F-67070 Strasbourg Cedex, France
bDepartament de Bioquı́mica i Biologia Molecular, Facultat de Quı́mica, Universitat de Barcelona, Martı́ i Franquès, 
E-08028     Barcelona, Spain

Abstract—2-C-Methyl-D-erythritol cyclodiphosphate is converted into (E)-4-hydroxy-3-methylbut-2-enyl 
diphosphate by a cell-free system from an Escherichia coli strain overexpressing the gcpE gene. The latter 
diphosphate, representing probably the last intermediate in the MEP pathway for isoprenoid biosynthesis, 
was identified by comparison with reference material obtained by chemical synthesis.

In most bacteria as well as in the plant plastids, iso-
prenoids are synthesized via the mevalonate-indepen-
dent methylerythritol phosphate 4 (MEP) pathway
(Fig. 1).1 If the first steps leading from pyruvate 1 and
glyceraldehyde 3-phosphate 2 to methylerythritol (ME)
2,4-cyclodiphosphate 5 are rather well known,1 the last
steps leading from ME cyclodiphosphate 5 to the ubiq-
uitous precursors for all isoprenoids, isopentenyl
diphosphate 8 (IPP) and dimethylallyl diphosphate 9
(DMAPP), are still under investigation. The further
metabolism of ME cyclodiphosphate 5 involves the
gcpE and lytB gene products. Indeed, gcpE2 and lytB3

were identified by genetic methods as essential genes of
the MEP pathway in Escherichia coli. Deletion of the
gcpE gene in an E. coli strain capable of utilizing
exogenous MVA for isoprenoid biosynthesis after
introduction of the genes encoding MVA kinase, phos-
phomevalonate kinase and diphosphomevalonate
decarboxylase resulted in the accumulation of tritium
labeled ME cyclodiphosphate after feeding of [1-
3H]ME, suggesting that ME cyclodiphosphate 5 might
be the substrate of the GcpE protein.4 In addition,
[2-14C]ME cyclodiphosphate 5 was converted into a

phosphorylated derivative of (E)-2-methylbut-2-ene-
1,4-diol 10.5 The cofactors required for this conversion
were not identified using such a crude cell-free system.
ME cyclodiphosphate 5 was formed from 13C-labeled
1-deoxy-D-xylulose (DX) by an E. coli strain overex-
pressing the gene of the xylulose kinase, which is capa-
ble of phosphorylating DX, as well as the genes of the
enzymes catalyzing the first four steps of the MEP
pathway following the reaction catalyzed by the DX
phosphate 3 synthase (i.e. dxr, ygbP, ychB and ygbB).
Overexpression in addition of the gcpE gene is followed
by the formation of the diphosphate 6 of the former
diol 10.6 The latter compound was also found as a
highly immunogenic compound in an E. coli lytB-
deficient mutant, whereas it was not detected in gcpE-
deficient mutants.7 In this contribution, a fast chemical
synthesis of (E)-4-hydroxy-3-methylbut-2-enyl diphos-
phate is described, as well as its formation from 14C-
labeled ME cyclodiphosphate by a cell-free system from
E. coli overexpressing the GcpE protein. Sequence com-
parisons of the GcpE proteins indicated also that GcpE
belongs to the proteins with an iron/sulfur cluster.

1. Synthesis of (E)-4-hydroxy-3-methylbut-2-enyl
diphosphate 6

(E)-4-Hydroxy-3-methylbut-2-enyl diphosphate 6 was
obtained via a four-step synthesis starting from the
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Figure 1. Methylerythritol phosphate (MEP) pathway for isoprenoid biosynthesis in Escherichia coli.

commercially available methyl 2-bromopropionate 11
(Fig. 2).8 The synthetic strategy involved the separate
formation of the two oxygenated functional groups at
C-1 and C-4, allowing the selective introduction of the
diphosphate group in the desired position. The carbon
framework was obtained by a Wittig reaction. The
stabilized Wittig reagent derived from methyl 2-bromo-
propionate was condensed with glyoxylic acid monohy-
drate in CH3CN to give only the acid 12 with the E
configuration (73% yield).9 Selective reduction of the
acid was performed with a 1 M solution of the borane–
tetrahydrofuran complex,10 yielding compound 13 (77%
yield). Bromination of the allylic alcohol 13 with phos-
phorus tribromide in CCl4 afforded 14 (67% yield).11

The ester 14 was reduced with diisobutyl aluminum
hydride in toluene.12 The resulting bromoalcohol was
not isolated, and directly converted into the diphos-
phate 6 by substitution with tris(tetra-n-butylammo-
nium) hydrogen diphosphate (24% overall yield).13

Confirmation of the E configuration of the double bond
was obtained by nuclear Overhauser effect correlations.
The vinylic proton at C-2 and the C-4 methylene pro-
tons on the one hand, and the methyl protons and the
C-1 methylene protons on the other hand showed cross-
peaks indicating they were in cis position and confirm-
ing the E configuration of the double bond in
diphosphate 6. NMR data of our synthetic compound 6
are in full agreement with those of the corresponding
immunogenic compound 6 isolated from E. coli.7 No
intermediate product had to be purified between 11 and
6. This was the main advantage of this synthesis.
According to the NMR spectra, the purity of all com-
pounds was satisfactory. Only tetra-n-butylammonium
ions of diphosphate 6 were exchanged for ammonium
ions by ion exchange chromatography, and the end
product 6 of the whole reaction sequence was purified
by cellulose chromatography.

2. Conversion of ME cyclodiphosphate into
(E)-4-hydroxy-3-methylbut-2-enyl diphosphate 6 and

biogenetic implications

We recently described a cell-free system prepared from
an E. coli strain overexpressing the gcpE gene.5 Incuba-
tion of [2-14C]ME cyclodiphosphate with this cell-free
system and in the presence of a phosphatase resulted in
the formation of the free diol 10, which was identified
by NMR spectroscopy and comparison with a synthetic
reference. This diol resulted from the hydrolysis of a
phosphorylated metabolite, most likely the diphosphate
6, which could neither be isolated for direct identifica-
tion by NMR spectroscopy, nor be identified by radio-
chemical methods. Addition of the now available
non-labeled synthetic carrier to the cell-free system after
incubation of [2-14C]ME cyclodiphosphate in the
absence of a phosphatase, permitted the identification
of the diphosphate 6 among the remaining unidentified
radiolabeled compounds.14 Indeed, a radioactive com-
pound coeluted by TLC with the synthetic carrier 6.
Upon alkaline phosphatase hydrolysis, it released the

Figure 2. Synthesis of (E)-4-hydroxy-3-methylbut-2-enyl
diphosphate 6. Reagents and conditions (i) (a) PPh3, CH3CN,
65°C, overnight, (b) OHC–CO2H monohydrate, CH3CN, 0°C
for 2 h, rt overnight; (ii) BH3, THF, −10°C to rt, overnight;
(iii) PBr3, CCl4, 0°C to rt, 1 h; (iv) (a) DIBAL, toluene,
−78°C, 1 h, (b) (n-Bu4N)3HP2O7, CH3CN, rt, overnight.
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diol 10, which was identified by TLC coelution of the
free diol and of the corresponding diacetate.14 This
incubation proved thus for the first time the direct
precursor to product relationship between ME
cyclodiphosphate 5 and (E)-4-hydroxy-3-methylbut-2-
enyl diphosphate 6.

Incorporation of [4-2H]DX and [3-2H]ME into the
prenyl chain of ubiquinone and menaquinone of E. coli
pointed out different labeling patterns of the isoprene
units, with deuterium retention in the DMAPP derived
starter unit and deuterium loss in those derived from
IPP.15 In addition, the IPP isomerase (IdI) activity is
very low in E. coli, and deletion of the idi gene encod-
ing IdI is not lethal.16 All these data suggested the
presence of a branching in the MEP pathway, sepa-
rately leading to IPP 8 and DMAPP 9 from an interme-
diate to be identified. Definitive proof for such a
branching was obtained by a genetic approach.17 An E.
coli strain engineered for the utilization of exogenous
MVA grew after disruption of the essential dxr gene
either on exogenous MVA, or on ME. Growth on

MVA produces, however, only IPP, which has to be
isomerized into DMAPP by the IdI. After additional
disruption of the idi gene, growth on MVA was fully
blocked whereas growth on ME was normal. This
strategy clearly showed that there is no other way for
interconverting IPP and DMAPP than the reaction
catalyzed by the protein encoded by the idi gene and
that IPP 8 and DMAPP 9 are separately synthesized in
the MEP pathway by two different ways from the same
intermediate (Fig. 1). LytB is most likely the last
enzyme in the MEP pathway. After deletion of the
essential lytB gene in E. coli genetically engineered for
utilizing exogenous MVA, growth was only possible
after supplementation with MVA or complementation
of the cells with an episomal copy of lytB.3b This is in
agreement with a position of lytB in the trunk line of
the MEP pathway. Diphosphate 6 is most likely the
substrate of the LytB protein. Indeed, the accumulation
of [U-13C5]diol diphosphate 6 after feeding with [U-
13C5]DX an E. coli strain overexpressing the xylulose
kinase gene and all MEP pathway genes from dxr
downstream up to gcpE was replaced by the accumula-

Table 1. A highly conserved amino acid region of the GcpE proteins from various organisms that may indicate the presence
of a Fe–S cluster

Consensus line.*=identical or conserved residues in all sequences in the alignment
:=indicates conserved substitutions
.=indicates semi-conserved substitutions.

Aquifex aeolicus 
Bacillus halodurans 
Bacillus subtilis 
Buchnera aphidicola 
Chlamydia muridarum 
Chlamydia pneumoniae 
Chlamydia trachomatis 
Escherichia coli 
Haemophilus influenzae 
Helicobacter pylori 
Mycobacterium leprae 
Mycobacterium tuberculosis 
Pasteurella multocida 
Providencia stuartii 
Streptomyces coelicolor 
Synechocystis sp. 
Thermotoga maritima 
Treponema pallidum 
Deinococcus radiodurans 
Campylobacter jejuni 
Vibrio cholerae 
Neisseria meningitis 
Caulobacter crescentus 
Clostridium acetobutylicum 
Clostridium perfringens 
Rhizobium loti 
Rhizobium meliloti 
Agrobacterium tumefaciens 
Brucella melitensis 
Salmonella typhimurium 
Salmonella enterica 
Plasmodium falciparum 
Arabidopsis thaliana 

VQEKLSGVKTPLKVAVMGCVVRAIGEAREADIGLACGR-G 
MEEYISKIRAPIKVAVLGCAVNGPGEAREADIGIAGAR-G 
VEEYISKIKAPIKVAVLGCAVNGPGEAREADIGIAGAR-G 
LEKNLEDISTPIDVSIIGCVVRGIGESKIATLGLAGSHKK 
IKERTKHLPGGLKIAVMGCIVNGPGEMADADFGYVGSKPG 
IRKRTQHLPG-LKIAIMGCIVNGPGEMADADFGFVGSKTG 
IRERTQHLPGGLKIAVMGCIVNGPGEMADADFGYVGSKPG 
LEQRLEDIITPMDVSIIGCVVRGPGEALVSTLGVTGGNKK 
LEQRLEDIITPMDVSIIGCVVRGPGEALVSTLGVTGGNKK 
VEKRLSHIKTPLDISVMGCVVRALGEAKHADMAIAFGN-R 
VSAGLDGLEVPLRIAVMGCVVRGPGEARDADLGVASGN-G 
VTAGLDGLDVPLRVAVMGCVVRGPGEAREADLGVASGN-G 
LEQRLEDIITPMDVSIIGCVVRGPGEALVSDLGVTGGNKK 
LEQRLEDIITPMDVSIIGCVVRGPGEAEVSTLGVAGAKTK 
LR-----------VAVMGCVVRGPGEAREADLGVASGNGK 
LD-----------IAVMGCIVNGPGEMADADYGYVGKQAG 
LK-----------IAVMGCVVRGIGEGKDADLGVAGLRDG 
IT-----------VAVMGCVVRGPGEGKHADLGISGAEDS 
EWKAKYPGVEDMQVAVMGCVVRGPGESKHANIGISLPGTG 
LN-----------ISVMGCVVRALGEAKGADVAIAFGKNQ 
PMD----------VSIIGCVVRGPGEAEVSHLGLAGSNKK 
IWRTLYPGVESLNVAVMGCVVRGPGESKLADIGISLPGTG 
MS-----------LSIIGCVVRGPGEALMTDIGFTGGGAG 
IK-----------VAVMGCVVRGPGEAREADIGIAGGKGE 
IK-----------VAVMGCVVRGPGEAREADIGIAGGKGE 
VWREKYPGVENLKVAVMGCIVNGPGESKHADIGISLPGTG 
VWREKYPGVEALKVAVMGCIVNGPGESKHADIGISLPGTG 
IWREKYPGVEALNVAVMGCIVNGPGESKHADIGISLPGTG 
LWREKYPGVEALSVAVMGCIVNGPGESKHADIGISLPGTG 
MD-----------VSIIGCVVRGPGEALVSTLGVTGGNKK 
MD-----------VSIIGCVVRGPGEALVSTLGVTGGNKK 
K------------IAVMGCIVNGIGEMADAHFGYVGSAPK 
S------------IAIMGCIVNGPGEMADADFGYVGGSPG 

::::** ** ** 
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tion of [U-13C5]IPP and [U-13C5]DMAPP, when in
addition lytB was overexpressed.18 These data strongly
suggest that lytB corresponds to the branching point of
the MEP pathway, and that both IPP and DMAPP are
the reaction products of the LytB protein. The conver-
sion of diphosphate 6 into IPP or DMAPP formally
implies a reduction step. This is best finalized by the
reduction of an allylic (most likely cationic or radical)
intermediate 7 characterized by electron delocalization
either on the carbon atom corresponding to C-2 or C-4
of IPP or DMAPP (Fig. 1).5,6

3. GcpE, an iron–sulfur protein

The (I,V,L)(A,S)(V,I)(M,I,L)GCXVN(G,A)XGEXXX-
(A,S,T)XX(G,A) motif is conserved in the GcpE
protein family (Table 1). The corresponding amino acid
sequence of each organism was analyzed in a PRINTS/
PROSITE search using the bioinformatic site of the
School of Biochemistry and Molecular Biology of the
University of Leeds (http://bmsbsgi11.leeds.ac.uk/). It
appeared that these sequences either matched a 4Fe–4S
ferredoxin signature (maximum score 47%, E. coli ), or
an aconitase signature (maximum score 43%, T. pal-
lidum), or both. The latter enzymes are characterized by
an active [4Fe–4S] cluster that mediates electron trans-
fer. The only exception was the Buchnera aphidicola
sequence, which displayed a flavoprotein pyridine
nucleotide cytochrome reductase signature that has also
been found in several other organisms. During this
search, analogies of some sequences with those of
FAD/NAD(P)H reductases were noticed. In addition,
Fe–S clusters are usually oxygen sensitive. This was
also observed for the GcpE assay, which was best
performed in degassed buffers and under an argon
atmosphere. In addition, the orthologous gcpE group is
characterized by three conserved cysteins,6 a character-
istic that is again compatible with the presence of an
iron–sulfur cluster in GcpE. We suggest therefore that
GcpE contains a Fe�S cluster and may use FAD and/or
NADPH as cofactor(s). This feature would be in agree-
ment with a mechanism for the GcpE enzyme-catalyzed
conversion of ME cyclodiphosphate 5 into the diol
diphosphate 6 resembling those of enzymes implied in
the biosynthesis of deoxysugars such as 2-deoxyribose
or ascarylose.19
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