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Tobias Gräwert • Michael Groll • Felix Rohdich •

Adelbert Bacher • Wolfgang Eisenreich

Received: 7 February 2011 / Revised: 26 May 2011 / Accepted: 14 June 2011 / Published online: 9 July 2011

� Springer Basel AG 2011

Abstract The non-mevalonate pathway of isoprenoid

(terpenoid) biosynthesis is essential in many eubacteria

including the major human pathogen, Mycobacterium

tuberculosis, in apicomplexan protozoa including the

Plasmodium spp. causing malaria, and in the plastids of

plants. The metabolic route is absent in humans and is

therefore qualified as a promising target for new anti-

infective drugs and herbicides. Biochemical and structural

knowledge about all enzymes involved in the pathway

established the basis for discovery and development of

inhibitors by high-throughput screening of compound

libraries and/or structure-based rational design.
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Introduction

The twentieth century was an era of unprecedented medical

progress. The developments in surgery, pharmacology and

diagnostic methodology contributed substantially to the

doubling of human life expectancy that took place in

economically advanced countries over the past 150 years.

Cardiovascular medicine, endocrinology and anaesthesiol-

ogy, to name only a few important areas, experienced

tremendous progress. Mortality and morbidity due to

infectious disease were dramatically reduced, predomi-

nantly but not exclusively in economically advanced

countries, by the impact of a plethora of anti-infective

drugs [1] and vaccinations. More specifically, the devel-

opment of sulfonamides in the 1930s and of penicillin in

the 1940s was followed by the discovery of a treasure trove

of additional antibiotics. In conjunction with vaccines

directed against a variety of bacterial and viral infections,

these developments caused a major shift in morbidity. Most

notably, tuberculosis, which had been a major killer, was

dramatically reduced, although not eliminated, in eco-

nomically advanced areas. Whereas infectious disease had

been the dominant factor of mortality in Europe and USA

by the end of the nineteenth century, death from infectious

disease became a relatively rare event in areas with high

level medical services [1]. However, this should not cloud

the issue that infectious disease remains a leading factor of

mortality on a global scale.

Interestingly, among the numerous pharmacological

achievements of the past century, anti-infective agents are

unique in so far as they are permanently exposed to a

process of attrition. Whereas aspirin is forever, the medical

application of antimicrobial drugs triggers off a process of

Darwinian selection in the cognate pathogens that is con-

ducive to the emergence and spreading of resistant forms.

Typically, this process starts within months to years after

the introduction of a specific agent [2]. The development of

resistance can be accelerated by the use of antibiotics in

animal husbandry, and by poor medical practice involving

the indiscriminate use of anti-infective agents, but even in
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the absence of these, the ultimate development of resis-

tance is the natural fate of every successful anti-infective

drug. As a specific example, multidrug-resistant strains of

Mycobacterium tuberculosis occur worldwide with

increasing frequency [3], and Plasmodium spp. causing

malaria have become resistant to most classical antima-

larial agents in many areas of the world [4]. In light of this,

there is an urgent need for the continued development of

novel anti-infective agents in order to counteract the

blunting of our anti-infective armament. However, whereas

scores of novel antibiotics were introduced in the decades

following the Second World War, very few novel agents

have been introduced in recent years, and even those that

have been introduced were typically modifications of

existing drugs rather than novel principles [5].

The success story of the antibiotics era was based pre-

dominantly on trial and error procedures. Notably, the

systematic screening of natural products was the single

most important approach for the identification of novel

therapeutic principles. By comparison, the development of

antiviral agents has been driven to a significant degree by

rational methodology based on data from biochemistry and

molecular biology. The rapid development and deployment

of a wide variety of anti-HIV drugs is probably the single

most striking example for the power of information-based

design in the domain of infectious disease if not in the

entire area of pharmacology [6].

Superficially, the emerging basis for knowledge-driven

design of antibacterial drugs (as opposed to trial and error

concepts) is unprecedented. The first genome of a cellular

organism reported in 1995 was that of an important human

pathogen, the Gram-negative bacterium Haemophilus

influenzae [7]. The landmark paper introduced the concept

of shotgun sequencing that has rapidly become the tech-

nical standard of the unfolding field of genomics. This

milestone achievement was rapidly followed by the com-

plete sequences of hundreds of bacterial species including

all major bacterial pathogens. Meanwhile, sequencing

technology has advanced to a level where bacterial gen-

omes can be sequenced, in principle, within days, and are

published under the format of notes rather than full-length

articles. The price of bacterial whole-genome sequencing

has dropped to the 4-digit US $ level. The total number of

sequenced genomes in the public domain is rapidly

increasing and may represent up to 0.5% of all hitherto

reported species [8] including numerous lower and higher

animals, several higher plants and representatives of

virtually all groups of major human pathogens.

However, the bonanza of novel antibacterial agents that

had been expected to result from this wealth of information

on pathogen genetics remains elusive. At best, we have

witnessed a trickle, and even the few novel agents that have

been introduced to the market are typically follow-up drugs

rather than novel therapeutic principles. As a notable

exception, the mycobacterial adenosine triphosphate syn-

thase was identified as a novel drug target on the basis of

genomic sequencing [9]. Tuberculostatic ATPase inhibitors

have not yet reached the market, but clinical studies look

promising [10].

Critical voices have pointed out that, despite the general

pessimism about the growing discrepancy between resis-

tance development and the lack of novel antibiotic

principles [11], the conceivable catastrophic developments

in the domain of infectious disease have so far not mate-

rialized. Thus, even multidrug-resistant tuberculosis can

still be contained by the prudent application of available

drugs. On the other hand, this favorable state of matters

will not necessarily persist forever.

The number of molecular targets that have been addres-

sed hitherto by anti-infective agents is relatively small, in the

two-digit range. In other words, the majority of bacterial

gene products are not addressed by available antibiotic

agents. This could either signify that a large number of tar-

gets are still available for future research and discovery, or,

alternatively, that only a relatively small subset of gene

products can be used for anti-infective therapy and that this

subset has been essentially discovered and utilized by the

empirical and highly successful approach of past decades

[12]. At least for the subgroup of Enterobacteriaceae, whole

genome virulence studies suggest tentatively that the set of

targets may be rather limited [13, 14]. Notably, however,

enzymes of the non-mevalonate pathway appear promi-

nently on the hit-list of these studies.

The present review is focused on the interplay between

bacterial genomics, structural biology and assay develop-

ment in the attempt to discover novel anti-infectives aimed

at enzymes of the non-mevalonate pathway of isoprenoid

biosynthesis.

Two isoprenoid biosynthetic pathways

Ruzicka’s isoprene rule claiming that all natural terpenes

arise from simple five-carbon building blocks was an

extremely powerful concept that continues to dominate

research on this large group of natural products [15]. Until

the late 1980s, the two universal isoprenoid precursors,

isopentenyl diphosphate (IPP) (9) and dimethylallyl

diphosphate (DMAPP) (10) (Fig. 1), were staunchly

believed to be biosynthesized exclusively via the mevalo-

nate pathway (for review, see Refs. [16–19]) that had

reached the status of one of the most important drug targets

by the introduction of statins for the prevention and treat-

ment of cardiovascular disease [20, 21]. The existence of a

second pathway for isoprenoid building blocks was then

established independently by the research groups of
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Rohmer and Arigoni working with eubacteria and plants

[22–24]. With hindsight, it is apparent that numerous

experimental inconsistencies in earlier studies had been

explained away in order to keep the faith in the universality

of the ‘‘revealed’’ mevalonate dogma. Work from Roh-

mer’s and Arigoni’s research groups independently

provided evidence that the alternative pathway started from

the triose pool of intermediary metabolism [22–24]. Arig-

oni and his coworkers showed that 1-deoxy-D-xylulose can

be incorporated efficiently into isoprenoids [24, 25], and

later work established that its 5-phosphate (3) serves as the

first intermediate of the novel pathway [26, 27]. Seto and

his coworkers could then demonstrate the transformation of

that carbohydrate into a branched chain polyol, 2C-methyl-

D-erythritol 4-phosphate (4), by a skeletal rearrangement

followed by a two-electron reduction step [28].

The short and turbulent history of the discovery of the

non-mevalonate pathway has been reviewed repeatedly

[29–31]. Rather than reiterate these reports, this paper will

specifically address the role of the emerging domain of

genomics for the elucidation of the non-mevalonate path-

way genes and enzymes, and how that information can be

harnessed for drug development.

Elucidation of the non-mevalonate pathway using

genomics

The sequences of complete genomes became available with

increasing frequency after 1995. The first of these, that of

H. influenzae, was published in 1995 [7]. It was followed in

1997 by that of Helicobacter pylori [32], and also in 1997

by the long-expected genome of E. coli [33]. Before the

end of that prolific decade, the first eukaryote genome

(Saccharomyces cerevisiae [34]), the first animal genome

(Caenorhabditis elegans [35]), and the first plant genome

(Arabidopsis thaliana, [36]) followed, together with many

additional bacterial genomes. Since prototype sequences of

all mevalonate pathway genes from animals and of two

non-mevalonate pathway genes (dxs and dxr/ispC, see

below) were already known at the end of the last century,

each available genome could be searched for potential

orthologs using each of the available templates. Thus, a

rapidly progressing number of organisms could be at least

tentatively assigned to mevalonate and/or non-mevalonate

Fig. 1 Biosynthetic pathways for the generation of the isoprenoid

building units, isopentenyl diphosphate (9) and dimethylallyl diphos-

phate (10). 1, pyruvate; 2, D-glyceraldehyde 3-phosphate; 3, 1-deoxy-

D-xylulose 5-phosphate; 4, 2-C-methyl-D-erythritol 4-phosphate; 5,

4-diphosphocytidyl 2-C-methyl-D-erythritol; 6, 4-diphosphocytidyl

2-C-methyl-D-erythritol 2-phosphate; 7, 2-C-methyl-D-erythritol-2,

4-cyclodiphosphate; 8, (E)-1-hydroxy-2-methyl-2-butenyl diphosphate;

11, acetyl-CoA; 12, mevalonate; 13, fosmidomycin

b
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pathway utilization on basis of sequence comparison

(Table 1).

Using this approach, plants, animals and fungi were

shown to carry complete sets of mevalonate pathway gene

homologs. Homologs of dxs and dxr/ispC were also identi-

fied in plants where they could be assigned as plastid proteins

on the basis of sequence arguments. On the other hand,

animals and archaea were found to be devoid of non-meva-

lonate gene homologs. Notably, however, archaea carried

only homologs to a subset of animal-type mevalonate genes

[37–39]; in retrospect, it is now clear that several mevalonate

pathway enzymes of archaea are not the result of divergent

evolution but have evolved independently.

Completely sequenced eubacterial genomes comprise

either mevalonate genes or non-mevalonate genes except

for some Listeriae and Mycobacteriae, as well as Nocardia

farcinica which contain complete sets of genes of both

pathways, and Rickettsiae and Orientiae lacking both

pathways. Notably, most Gram-negatives use the non-

mevalonate pathway, whereas certain Gram-positive cocci

including Staphylococcus and Enterococcus spp. use the

mevalonate pathway [40].

An obvious genome mining strategy could be based on a

systematic search for un-annotated genes sharing the dis-

tribution pattern of the known dxs and dxr/ispC genes. This

computer-based approach successively yielded five candi-

date genes (ispDEFGH) with the required properties

(occurrence in eubacteria, in the company of dxr/ispC and

in the absence of mevalonate pathway genes) [41]. These

hits are summarized in Table 1.

Table 1 Distribution of genes involved in IPP and DMAPP biosynthesis in completely sequenced organisms

Organism Non-mevalonate pathway Mevalonate pathway

dxs ispC ispD ispE ispF ispG ispH hmgs hmgr mk pmk dpmd idiI idiII

Bacteria

Aquifales (Aquifex aeolicus) ? ? ? ? ? ? ? - - - - - - -

Chlamydia group (Chlamydophila pneumoniae) ? ? ? ? ? ? ? - - - - - - -

Cyanobacteria (Synechocystis sp.) ? ? ? ? ? ? ? - - - - - - ?

Deinococcus group (Deinococcus radiodurans) ? ? ? ? ? ? ? - - - - - - ?

Firmicutes

(Bacillus subtilis) ? ? ? ? ? ? ? - - - - - - ?

(Mycoplasma genitalium) - - - - - - - - - - - - - -

(Staphyloccus aureus) - - - - - - - ? ? ? ? ? - ?

(Streptomyces coelicolor) ? ? ? ? ? ? ? - - - - - ? -

Proteobacteria

(Escherichia coli) ? ? ? ? ? ? ? - - - - - ? -

(Rickettsia prowazeckii) - - - - - - - - - - - - - ?

Spirochaetales

(Treponema pallidum) ? ? ? ? ? ? ? - - - - - - -

(Borrelia burgdorferi) - - - - - - - ? ? ? ? ? - ?

Thermotogales (Thermotoga maritima) ? ? ? ? ? ? ? - - - - - - -

Archaea

Crenarchaeota (Aeropyrum pernix) - - - - - - - ? ? ? ? ? - ?

Euryarchaeota (Archaeoglobus fulgidus) - - - - - - - ? ? ? ? ? - ?

Eukaryotes

Animals (Homo sapiens) - - - - - - - ? ? ? ? ? ? -

Plants (Arabidopsis thaliana) ? ? ? ? ? ? ? ? ? ? ? ? ? -

Protozoa (Plasmodium falciparum) ? ? ? ? ? ? ? - - - - - - -

Yeasts (Saccharomyces cerevisiae) - - - - - - - ? ? ? ? ? ? -

dxs 1-deoxy-D-xylulose 5-phosphate synthase, ispC 2C-methyl-d-erythritol 4-phosphate synthase, ispD 4-diphosphocytidyl-2C-methyl-

D-erythritol synthase, ispE 4-diphosphocytidyl-2C-methyl-D-erythritol kinase, ispF 2C-methyl-D-erythritol 2,4-cyclodiphosphate synthase, ispG
1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate synthase, ispH 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate reductase, hmgs 3-hydroxy-

3-methylglutaryl-CoA synthase, hmgr 3-hydroxy-3-methylglutaryl-CoA reductase, mk mevalonate kinase, pmk phospomevalonate kinase, dpmd
diphospomevalonate decarboxylase, idiI/II isopentenyl diphosphate isomerase type I/II
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A branched polyol, 2-C-methylerythritol 4-phosphate,

is assembled by Dxs and IspC

In a formal sense, Dxs catalyzes the transfer of an acetal-

dehyde moiety derived from pyruvate (1) to

glyceraldehyde 3-phosphate (2) that serves as acceptor.

The product is 1-deoxy-D-xylulose 5-phosphate (3, Fig. 1);

the carboxylic group of pyruvate is lost in the form of CO2.

Dxs is a member of the large transketolase family as shown

by sequence comparison and X-ray structure analysis. In

close parallel with transketolases, Dxs uses thiamine

pyrophosphate as cofactor for the group transfer reaction.

The reaction mechanism is well in line with that of

transketolases.

X-Ray structures of Dxs from E. coli and Deinococcus

radiodurans have been reported [42] (Fig. 2). The mono-

meric proteins bind thiamine pyrophosphate and a

magnesium ion. The folding patterns of the three domains

are similar to those from transketolase, but the topologic

relationship between the domains differs significantly from

that in transketolase.

IspC (also designated Dxr) catalyzes a rearrangement

reaction that transforms the substrate 3 into a branched

aldose (16) that is immediately reduced to 2-C-methyl-

D-erythritol 4-phosphate (4) using NADPH as cofactor

(Fig. 3). The same reaction is catalyzed by a paralogous

enzyme detected in Brucella abortus and some other bac-

teria [43]. The branched aldose intermediate 16 has been

synthesized and has been confirmed to be accepted as

substrate by IspC [44]. A retroaldol/aldol reaction sequence

and a sigmatropic rearrangement have been proposed as

alternative reaction mechanisms for the skeletal rear-

rangement (Fig. 3). The proposed retroaldol cleavage of 3

should afford glycolaldehyde phosphate (14) and hydrox-

yacetone (15) as intermediates, but a quest to document

their involvement in the reaction has turned out negative;

hence, a strictly intramolecular, sigmatropic rearrangement

would be the logical conclusion [45]. On the other hand,

however, kinetic isotope effect arguments have been used

to support the retroaldol/aldol hypothesis [46, 47]. IspC

catalyzes the transfer of a hydride ion from the pro-S

position at C-4 of NADPH to the RE position at C-1 of the

aldehyde-type reaction product. The stereochemical fea-

tures are well in line with the results from X-ray structure

analysis (Table 2).

The structures of IspC proteins from several microor-

ganisms, including E. coli, M. tuberculosis, and

P. falciparum, have been determined by X-ray crystallog-

raphy (Table 2; Fig. 4). They are all c2-symmetric

homodimers which bind a bivalent metal ion (magnesium

or manganese) at their active sites, which is essential for

catalysis. The structure comprises a flexible loop that can

move over the active site cavity.

IspC protein was shown in the late 1990s to be the target

of fosmidomycin (13, Fig. 1) [48, 49], an antibiotic pro-

duced by Streptomyces lavendulae that had been under

development for clinical use in the 1980s but was later

abandoned due to unsatisfactory pharmacodynamics [50].

Fig. 2 Crystal structure of the Dxs protein of D. radiodurans in

stereo view [42]. a Ribbon plot, b surface representation. The

subunits of the homodimer are shown in green and blue. Residues

200–242 are not observed in the structure. Thiamin diphosphate and

magnesium are shown in ochre and gray, respectively

Fig. 3 Hypothetical reaction mechanisms for IspC protein [44–47].

a Sigmatropic rearrangement; b retroaldol/aldol sequence. Since the

hypothetical retroaldol fragments 12 and 13 fail to exchange with the

bulk solvent, the retroaldol mechanism would require extremely strict

containment of the cleavage product

Biochemistry of the non-mevalonate isoprenoid pathway 3801
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Ki values for orthologs from various microorganisms are in

the nanomolar range [51–54]. Extensive X-ray structure

work on various IspC orthologs in complex with fosmi-

domycin has shown that the mode of action is based on the

interaction of the fosmidomycin’s hydroxamate group with

the divalent metal ion [55].

Fosmidomycin has been used successfully in small

clinical studies for the treatment of malaria [56–58].

However, the high recurrence rate necessitated the com-

bination with established second antimalarial [59–61].

More recently, a variety of aryl and alkyl derivatives of

fosmidomycin (13) have been synthesized [51, 53, 62–69].

Some derivatives showed improved IC50 values, in the

single digit nanomolar range, for IspC from P. falciparum.

However, it remains to be established whether these

advances translate into improved therapeutic efficiency in

animal models and in human malaria. Whereas fosmido-

mycin is a potent inhibitor for IspC of M. tuberculosis in

vitro, it does not affect bacterial cells. This has been

attributed to failure of uptake.

Library screening with IspC protein is relatively

straightforward since the reaction is directly chromogenic,

and no auxiliary enzymes are required [70]. It will be

interesting to see whether the protein can be inhibited by

compounds without the structural features of fosmidomycin

(i.e. phosphonate and hydroxamate motifs, respectively).

2-C-Methylerythritol 4-phosphate is converted

into a cyclic diphosphate by IspD, IspE and IspF

Following their identification by the bioinformatics

approach described above, proteins specified by the ispD,

ispE and ispF genes could be expressed in a homologous as

well as a heterologous manner. Orthologs of these proteins

from several pathogens have been described in some detail

Table 2 Overview of non-

mevalonate isoprenoid pathway

proteins that were functionally

and/or structurally analysed

Protein Organism Enzymatic properties Crystal structure

Dxs B. subtilis [129]

D. radiodurans [42]

E. coli [26, 27] [42]

IspC E. coli [28] [55, 133–136]

M. tuberculosis [131] [137, 138]

P. falciparum [49] [139]

T. maritima [140]

Synechocytis sp. PCC6803 [132]

Z. mobilis [141]

IspD A. thaliana [144]

E. coli [72] [145, 146]

M. tuberculosis [142, 143]

IspE A. aeolicus [147] [84, 85, 147]

A. tumefaciens [148]

E. coli [73] [149]

T. thermophilus [150]

IspF A. thaliana [152]

E. coli [74] [81, 153, 154]

H. influenzae [155]

P. falciparum [151]

T. thermophilus [156]

M. smegmatis [157]

IspDF C. jejuni [158] [158]

A. tumefaciens [148]

M. loti [159]

IspG A. aeolicus [116]

E. coli [100]

T. thermophilus [105] [160]

IspH A. aeolicus [106] [120]

E. coli [103] [118, 119]
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[71]. The reactions that they catalyze were initially identi-

fied by assays using putative, 13C-labeled substrates whose

consumption and conversion into products could be moni-

tored in real time by high resolution NMR spectroscopy [72–

74]. This work has been reviewed elsewhere, and the reader

is directed to these respective articles for [75–78]. The

somewhat unusual technology might be applicable for the

study of other proteins that present particular difficulties to

functional analysis.

IspD protein catalyzes the transfer of a cytidyl phos-

phate moiety to methylerythritol 4-phosphate (4) [72]. IspE

protein catalyzes the transfer of a phosphate residue from

ATP to the hydroxy group in position 2 of diphosphocyt-

idyl methylerythritol (5) [73], the product of IspD protein.

IspF protein catalyzes an intramolecular transphosphoryl-

ation which generates a structurally unusual cyclic

diphosphate 7 under release of CMP [74]. Obviously, the

nucleoside moiety is specifically introduced to enable the

formation of the unusual 8-membered ring in 7. The tran-

sition states of all three enzymes are characterized by inline

attacks on the respective phosphoanhydride motif that

serves as the phosphate donor in each respective reaction

(Fig. 1). Reaction mechanisms proposed on the basis of

X-ray structure analysis were checked and confirmed by

site-directed mutagenesis [79–81].

To date, more than a dozen X-ray structures have been

reported for IspD, including structures with near-atomic

resolution for the E. coli protein in complex with the sub-

strate or product. The protein is a c2-symmetric homodimer,

and its subunit consists of a single ab domain (Fig. 5). The

structure of IspD from M. tuberculosis has been released

recently (Proton Data Base entry code 3OKR). IspE protein

of E. coli is a c2-symmetric homodimer that is characterized

by an extended central channel (Fig. 6). The contact areas

Fig. 4 Crystal structure of the IspC protein of E. coli in stereo view

[55, 133–136]. a Ribbon plot, b surface representation. The subunits

of the c2-symmetric homodimer are shown in green and blue. The

substrate 1-deoxyxylulose 5-phosphate (3) and the coenzyme,

NADPH, are shown in ochre and magenta, respectively

Fig. 5 Crystal structure of the IspD protein of E. coli in stereo view

[145, 146]. a Ribbon plot, b surface representation. The subunits of

the c2-symmetric homodimer are shown in green and blue. The

product 5 and magnesium are shown in ochre and gray, respectively

Biochemistry of the non-mevalonate isoprenoid pathway 3803
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between the monomers are small. The catalytic site is

located close to the subunit interface, but each active site is

entirely located within one respective subunit. A recent

study on a different crystal form (Protein Data Base entry

code 2WW4) suggests that the apparent homodimer struc-

ture may be a crystallization artifact [82].

More than 40 X-ray structures have been reported for

IspF from various organisms including several important

pathogens including Burkholderia pseudomallei, Yersinia

pestis, E. coli, and Haemophilus influenzae. Most of these

proteins are c3-symmetric homotrimers (Fig. 7). The active

sites are located at each respective subunit interface. The

enzymes use Zn2? and Mg2? ions for catalysis (both cat-

ions are required for catalysis). The genomes of the

pathogenic Campylobacter jejuni and certain other bacte-

ria specify bifunctional IspDF fusion proteins. IspDF of

C. jejuni is a d3-symmetric homohexamer (Fig. 8).

The structural and mechanistic information summarized

above served as the basis for the rational design of inhibitors

for IspE and IspF protein [83–90]. In both cases, the cytosine

motif present in the substrate and/or product served as the

basic template. Substituents that are not structurally related

Fig. 6 Crystal structure of IspE protein of E. coli in stereo view

[149]. a Ribbon plot, b surface representation. The subunits of the

c2-symmetric homodimer are shown in green and blue. The substrate

5 and phosphoaminophosphonic acid-adenylate ester are shown in

ochre and magenta, respectively

Fig. 7 Crystal structure of IspF protein of E. coli in stereo view [81,

153, 154]. a Ribbon plot, b surface representation. The subunits of the

c3-symmetric homotrimer are shown in red, green and blue. Cytidine-

50-monophosphate, the product 7, and the zink ion are shown in

ochre, magenta, and gray, respectively

Fig. 8 Crystal structure of the IspDF protein of C. jejuni in stereo

view [158]. a Ribbon plot, b surface representation. The subunits of

the d3-symmetric homohexamer are all shown in different colors.

Cytidine-50-monophosphate is shown in ochre or magenta. The

magnesium ion, 1,2-ethanediol, and geranyl diphosphate are shown in

light gray, gray, and dark gray, respectively
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to either substrate or product were designed on basis of

computer modeling. Target compounds were then synthe-

sized and were subjected to kinetic analysis. The best IspE

inhibitors had IC50 values in the nanomolar range. Some

compounds were studied crystallographically in complex

with the target enzyme. Interestingly, it turned out that

compounds that had been designed with the purpose to

inhibit IspF enzyme showed significant inhibitory activity

for IspE protein. Based on this, it appears possible to develop

drugs designed to inhibit two consecutive reaction steps in

the non-mevalonate pathway. This concept appears attrac-

tive since dual inhibition could delay resistance

development in the microbial target since genetic adaptation

of two genetically unrelated proteins would be necessary in

order to achieve high-level resistance.

IspG and IspH proteins convert 2C-methylerythritol

2,4-cyclo-diphoshate into IPP and DMAPP

The final steps of the non-mevalonate pathway are cata-

lyzed by two highly oxygen-sensitive iron–sulfur proteins

specified by the ispG (gcpE) and ispH (lytB) genes. Again,

bioinformatics provided important contributions for the

discovery of the genes [41, 91–94]. However, initial

attempts to characterize their catalytic activity failed, and

an in vivo approach was therefore used for their bio-

chemical characterization [95, 96]. More specifically, an

E. coli strain was engineered in order to enable the genera-

tion of large amounts of the cyclic pyrophosphate precursor 7

from proffered, 13C-labeled 1-deoxy-D-xylulose. For that

purpose, the strain was endowed with a plasmid specifying

the IspCDEF proteins and D-xylulokinase, which had been

shown to catalyze the phosphorylation of 1-deoxy-D-xylu-

lose [97], albeit at a reduced rate as compared to the

physiological substrate. When that strain was proffered

with exogenous 13C-labeled 1-deoxy-D-xylulose, the com-

pound was converted into 7 that reached high intracellular

concentrations sufficient for detection by 13C NMR in

crude cell extract without any preliminary purification [95].

The additional implementation of a recombinant ispG

gene into the recombinant E. coli strain enabled the con-

version of the intracellular, 13C-labeled 7 into an unknown

compound that was identified as 1-hydroxy-2-methyl-

2-(E)-butenyl diphosphate (8) by NMR analysis of the crude

cell extract. The additional implementation of yet another

recombinant gene, ispH (affording a strain that expressed

the D-xylulokinase and the complete set of IspCDEFGH

proteins), enabled the conversion of exogenous, 13C-

labeled 8 into IPP and DMAPP that were both detected in

the crude cell extract by 13C NMR spectroscopy [96]. It

should be noted that 1-hydroxy-2-methyl-2-(E)-butenyl

diphosphate (8) was also isolated by other authors from cell

extract of E. coli lacking IspH [98].

The in vitro transformation of 7 into 8 by IspG was

initially achieved with photoactivated deazaflavin as

cofactor [99, 100]. Later, reduced methylviologen was used

as an artificial cofactor for IspG and IspH. The physio-

logical cofactor of IspG and/or IspH in eubacteria is

flavodoxin [101]. That protein has been studied extensively

Fig. 9 Hypothetical reaction mechanisms for IspG protein. a According to [104]; b according to [109]; c according to [115]; d according to

[111]
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as a model flavoprotein [102], but only recently it was

shown that it is an essential protein serving as an obligatory

electron transponder for iron–sulfur proteins of the non-

mevalonate pathway in Gram-negative bacteria. Plants and

apicomplexan parasites are believed to use ferredoxin as

electron transponders for IspG and IspH.

In early studies, both IspG and IspH protein had poor

apparent catalytic activity that could be improved by in

vitro reconstitution of the iron–sulfur cluster [100, 103–

108]. However, both proteins can be expressed in fully

active form, provided that the isc operon catalyzing the

synthesis of iron–sulfur clusters is co-expressed [100, 103].

Numerous reaction mechanisms have been proposed for

IspG protein (Fig. 9). It is generally assumed that the reac-

tion involves a free radical intermediate that is obtained by

electron transfer from the iron–sulfur cluster [100, 104, 105,

109–111]. An oxiran intermediate (17) has been proposed to

serve as a reaction intermediate [109, 112–115]. The

sequence of electron transfer and bond-breaking steps is still

in dispute.

X-ray structure analysis has revealed an unusual

homodimer structure for IspG protein from A. aeolicus [116]

(Table 2; Fig. 10). Each domain folds into an 8-stranded

N-terminal b barrel and a C-terminal domain that binds a

[4Fe–4S] cluster. The N-terminal domain is a member of the

very large TIM barrel superfamily [116, 117]; in line with

that family association, a large patch of strictly conserved,

polar amino acid residues at the apical barrel pole qualifies

as the binding site for the negatively charged substrate. The

C-terminal domain comprises a b-sheet that is flanked on

both sides by helices and is similar to ferredoxin domains

from various proteins. The iron–sulfur cluster is coordinated

by three strictly conserved cystein residues and a strictly

conserved glutamate residue. The enzyme has been crys-

tallized in an open conformation where the iron–sulfur

cluster is remote from the putative substrate binding site. A

substantial conformational change is believed to follow the

binding of the substrate and to result in a closed

Fig. 10 Crystal structure of the IspG protein of A. aeolicus in stereo

view [116]. a Ribbon plot, b surface representation. The subunits of

the c2-symmetric homodimer are shown in green and blue. The [4Fe–

4S] cluster is shown in red (iron) and yellow (sulfur)

Fig. 11 Crystal structure of the IspH protein of E. coli in stereo view

[118, 119]. a Ribbon plot, b close-up of the active site, c surface

representation. The subunits of the c2-symmetric homodimer are

shown in green and blue. The [4Fe–4S] cluster is shown in red (iron)

and yellow (sulfur). The substrate 8 is shown in ochre
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conformation where the iron–sulfur cluster can interact

directly with the substrate; however, that hypothetical

closed conformation still awaits experimental confirmation.

Knowledge on IspH protein has also been substantially

advanced by recent X-ray structure analysis (Table 2,

Fig. 11) [118–121]. The monomeric protein folds into three

closely similar domains, although the domains have no

detectable sequence similarity. The active site is located at

the approximate center of mass and comprises an iron–

sulfur cluster which is coordinated by three strictly con-

served cysteine residues. Whereas it is now generally

agreed that IspH utilizes a [4Fe–4S] cluster as cofactor for

catalysis [118, 122], the fourth iron ion, which is not

coordinated by an amino acid residue, is easily lost. The

substrate is believed to bind to the enzyme in the open

conformation [118, 120, 121]. A conformational transition

involving a rotation of one of the three folding domains of

the monomeric protein is then conducive to a closed con-

formation where the substrate is completely shielded from

the bulk solvent [118, 119, 121]. Only a single water

molecule is left inside the loaded active site cavity. This

means that hydration water must be almost entirely strip-

ped from the hydrophilic substrate and the active site

surface during the formation of a Michaelis complex.

Catalysis is believed to involve the stepwise transfer of

two single electrons from the iron–sulfur cluster of IspH.

The hydroxy group in position 1 of the substrate is believed

to be removed from a free radical intermediate by hetero-

lytic cleavage that requires the prior transfer of a proton to

the reactant (Fig. 12) [121, 123]. The subsequent transfer

of a second electron affords an allyl carbanion intermediate

which can be reprotonated alternatively in two different

positions affording either DMAPP or IPP. The formation of

these products is thermodynamically controlled. The rep-

rotonation at C-3 affording IPP occurs in the Si position.

Since the reactants in the IspH catalyzed trajectory assume

a hairpin conformation, the stereochemistry of the repro-

tonation reaction suggests that the pyrophosphate moiety of

the reaction intermediate serves as an intramolecular pro-

ton donor for IPP formation [121]. Recent EPR and Endor

studies have provided evidence for potential reactive

intermediates probably involving metallacycles [124–126].

This has prompted the synthesis of acetylene type substrate

analogs that can also coordinate to the iron center. IC50

values in the submicromolar range have been reported for

these compounds [126].

High-throughput assays for library screening of IspD,

IspE and IspF

Beside the structure-based, rational design of inhibitors, the

screening of compound libraries has become a potent tool

for the discovery of lead compounds for drug development.

In order to enable the rapid and reliable screening of tens or

hundreds of thousands of compounds, the assay readout

should be rapid and reliable. Optical methods in general

and absorption spectroscopy in particular are best suited to

fulfil these requirements. None of the enzyme reactions

catalyzed by IspD, IspE or IspF protein is accompanied by

a significant absorbance or fluorescence change, but each

of the reactions can be coupled to auxiliary chromogenic

reactions. Reaction topologies for each of the three

enzymes are summarized in Figs. 13, 14 and 15. In each

case, the chromogenic reaction consists in the enzyme-

catalyzed reduction of pyruvate that is generated by a

reaction cascade involving a second enzyme from the non-

mevalonate pathway as part of the enzyme auxiliary [70].

The reduction of pyruvate can be monitored optically via

the consumption of NADH. For the assays to be specific, it

is crucial to use each of the auxiliary enzymes in a large

excess in order to establish bottle-neck characteristics for

the target enzyme. Notably, since the enzymes of the non-

mevalonate pathway are all relatively slow catalysts,

screening of large libraries requires multigram amounts of

proteins and substrates despite assay miniaturization.

It should also be noted that at least some of the required

enzyme substrates are not easily accessible. Whereas they

can all be generated by established enzyme-mediated

procedures [70, 127–130], relatively large amounts of

protein are required for the purpose. Luckily, genetic

engineering technology provides access to efficiently

expressed recombinant proteins with optimized properties.

It is extremely useful in that sense that genes can be picked

from large collections of orthologs representing a wide

variety of organisms and can be tailored for optimal

Fig. 12 Hypothetical reaction mechanism of IspH protein. Partitioning in the final reaction step (affording IPP and DMAPP) is kinetically

controlled
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expression and other properties. Notably, synthetic genes

have been used routinely for that purpose in case of the

studies on non-mevalonate pathway enzymes.

Despite the high degree of assay reliability, it is still

necessary to cross-check the results of library screens with

multi-component multi-reaction screens by an independent

method. As mentioned above, the three enzymes discussed

in the present section can all be monitored with very high

selectivity and acceptable sensitivity by NMR spectroscopy

[70], provided that substrates are available in 13C-labeled

form. As mentioned above, 13C-labeled substrates for this

purpose are accessible via enzyme-assisted synthesis (for

review, see [76]). Proof of principle for this approach has

been recently achieved by the discovery of heterocyclic IspF

inhibitors. The screening of a library of mostly heterocyclic

compounds afforded thiazolopyrimidine type inhibitors

with IC50 values in the low micromolar range for IspF of

P. falciparum and M. tuberculosis [83]. The compounds

showed some inhibition of P. falciparum in human

erythrocytes.

Fig. 13 High throughput screening assay for IspD protein. PK
pyruvate kinase, LDH lactate dehydrogenase. Inset Progression

curves of assays and controls monitored photometrically at 340 nm

(12 signal assays with substrate (3) and 12 control assays without

substrate; assays were run in 96-well microtiter plates)

Fig. 14 High throughput screening assay for IspE protein. PK pyruvate kinase, LDH lactate dehydrogenase
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Conclusion

The scientific investigation of the genes and proteins of the

non-mevalonate pathway has progressed rapidly as a result

of close interaction between genomic and bioinformatic

tools with enzymology and physical biochemistry. This

development provides numerous opportunities for transla-

tional research directed at drug development. Many

pathogenic bacteria including M. tuberculosis and an

important group of protozoan parasites causing malaria and

toxoplasmosis, respectively, are absolutely dependent on

endogenous isoprenoid biosynthesis via the non-mevalo-

nate pathway. The absence of these enzymes in the human

host, where isoprenoids are biosynthesized via the meva-

lonate pathway, appears highly favorable under

toxicological aspects, since anti-infective drugs acting

against non-mevalonate pathway enzymes should be

exempt from target-related toxicity. The combined efforts

in enzymology, crystallography and biophysics of the non-

mevalonate pathway enzymes can now serve as a solid

platform for inhibitor design and development using all the

tools of the trade including rational, structure-based and

mechanism-based drug design, screening of large com-

pound libraries and virtual screening.
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63. Kurz T, Schlüter K, Pein M, Behrendt C, Bergmann B, Walter

RD (2007) Conformationally restrained aromatic analogues of

fosmidomycin and FR900098. Arch Pharm 340:339–344

64. Devreux V, Wiesner J, Jomaa H, Van der Eycken J, Van

Calenbergh S (2007) Synthesis and evaluation of a,b-unsaturated

a-aryl-substituted fosmidomycin analogues as DXR inhibitors.

Bioorg Med Chem Lett 17:4920–4923

65. Devreux V, Wiesner J, Jomaa H, Rozenski J, Van der Eycken J,

Van Calenbergh S (2007) Divergent strategy for the synthesis of

a-Aryl-substituted fosmidomycin analogues. J Org Chem

72:3783–3789

66. Ortmann R, Wiesner J, Silber K, Klebe G, Jomaa H, Schlitzer M

(2007) Novel deoxyxylulosephosphate-reductoisomerase inhib-

itors: fosmidomycin derivatives with spacious acyl residues.

Arch Pharm 340:483–490

67. Devreux V, Wiesner J, Goeman JL, Van der Eycken J, Jomaa H,

Van Calenbergh S (2006) Synthesis and biological evaluation of

cyclopropyl analogues of fosmidomycin as potent Plasmodium
falciparum growth inhibitors. J Med Chem 49:2656–2660

68. Haemers T, Wiesner J, Van Poecke S, Goeman J, Henschker D,

Beck E, Jomaa H, Van Calenbergh S (2006) Synthesis of alpha-

substituted fosmidomycin analogues as highly potent Plasmo-
dium falciparum growth inhibitors. Bioorg Med Chem Lett

16:1888–1891

69. Ortmann R, Wiesner J, Reichenberg A, Henschker D, Beck E,

Jomaa H, Schlitzer M (2005) Alkoxycarbonyloxyethyl ester

prodrugs of FR900098 with improved in vivo antimalarial

activity. Arch Pharm 338:305–314

70. Illarionova V, Kaiser J, Ostrojenkova E, Bacher A, Eisenreich

W, Rohdich F (2006) Non-mevalonate terpene biosynthesis

enzymes as antiinfective drug targets. Substrate synthesis

and high throughput screening methods. J Org Chem 71:

8824–8834

71. Rohdich F, Bacher A, Eisenreich W (2005) Isoprenoid biosyn-

thetic pathways as anti-infective drug targets. Biochem Soc

Trans 33:785–791

72. Rohdich F, Wungsintaweekul J, Fellermeier M, Sagner S, Herz

S, Kis K, Eisenreich W, Bacher A, Zenk MH (1999) Cytidine 5’-

triphosphate-dependent biosynthesis of isoprenoids: YgbP pro-

tein of Escherichia coli catalyzes the formation of

4-diphosphocytidyl-2-C-methylerythritol. Proc Natl Acad Sci

USA 96:11758–11763
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Gräwert T, Rohdich F, Eisenreich W, Kaiser J, Groll M, Sche-

urer C, Wittlin S, Alonso-Gomez JL, Schweizer WB, Bacher A,

Diederich F (2010) Thiazolopyrimidine inhibitors of 2-meth-

ylerythritol 2,4-cyclodiphosphate synthase (IspF) from

Mycobacterium tuberculosis and Plasmodium falciparum.

ChemMedChem 5:1092–1101

84. Hirsch AK, Alphey MS, Lauw S, Seet M, Barandun L,

Eisenreich W, Rohdich F, Hunter WN, Bacher A, Diederich F

(2008) Inhibitors of the kinase IspE: structure-activity rela-

tionships and co-crystal structure analysis. Org Biomol Chem

6:2719–2730

85. Crane CM, Hirsch AK, Alphey MS, Sgraja T, Lauw S, Illario-

nova V, Rohdich F, Eisenreich W, Hunter WN, Bacher A,

Diederich F (2008) Synthesis and characterization of cytidine

derivatives that inhibit the kinase IspE of the non-mevalonate

pathway for isoprenoid biosynthesis. ChemMedChem 3:91–101
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the MEP pathway: in vivo Mößbauer spectroscopy identifies a

[4Fe–4S]2? center with unusual coordination sphere in the LytB

protein. J Am Chem Soc 131:13184–13185

123. Xiao Y, Zhao ZK, Liu P (2008) Mechanistic studies of IspH in

the deoxyxylulose phosphate pathway: heterolytic C–O bond

cleavage at C4 position. J Am Chem Soc 130:2164–2165

124. Oldfield E (2010) Targeting isoprenoid biosynthesis for drug

discovery: bench to bedside. Acc Chem Res 43:1216–1226

125. Wang K, Wang W, No JH, Zhang Y, Oldfield E (2010) Inhi-

bition of the Fe(4)S(4)-cluster-containing protein IspH (LytB):

electron paramagnetic resonance, metallacycles, and mecha-

nisms. J Am Chem Soc 132:6719–6727

126. Wang W, Wang K, Liu YL, No JH, Li J, Nilges MJ, Oldfield E

(2010) Bioorganometallic mechanism of action, and inhibition,

of IspH. Proc Natl Acad Sci USA 107:4522–4527

127. Rohdich F, Schuhr CA, Hecht S, Herz S, Wungsintaweekul J,

Eisenreich W, Zenk MH, Bacher A (2000) Biosynthesis of

Isoprenoids. A rapid method for the preparation of isotope-

labeled 4-diphosphocytidyl-2C-methyl-D-erythritol. J Am Chem

Soc 122:9571–9594

128. Schuhr CA, Hecht S, Kis K, Eisenreich W, Wungsintaweekul J,

Bacher A, Rohdich F (2001) Studies on the non-mevalonate

pathway—preparation and properties of isotope-labeled 2C-

methyl-D-erythritol 2,4-cyclodiphosphate. Eur J Org Chem

17:3221–3226

129. Hecht S, Kis K, Eisenreich W, Amslinger S, Wungsintaweekul

J, Herz S, Rohdich F, Bacher A (2001) Enzyme-assisted prep-

aration of isotope-labeled 1-deoxy-d-xylulose 5-phosphate.

J Org Chem 66:3948–3952

130. Hecht S, Wungsintaweekul J, Rohdich F, Kis K, Radykewicz T,

Schuhr CA, Eisenreich W, Richter G, Bacher A (2001) Bio-

synthesis of terpenoids: efficient multistep biotransformation

procedures affording isotope-labeled 2C-methyl-D-erythritol

4-phosphate using recombinant 2C-methyl-D-erythritol 4-phos-

phate synthase. J Org Chem 66:7770–7775

131. Argyrou A, Blanchard JS (2004) Kinetic and chemical mecha-

nism of Mycobacterium tuberculosis 1-deoxy-D-xylulose-

5-phosphate isomeroreductase. Biochemistry 43:4375–4384

132. Yin X, Proteau PJ (2003) Characterization of native and histi-

dine-tagged deoxyxylulose 5-phosphate reductoisomerase from

the cyanobacterium Synechocystis sp. PCC6803. Biochim Bio-

phys Acta 1652:75–81

133. Yajima S, Nonaka T, Kuzuyama T, Seto H, Ohsawa K (2002)

Crystal structure of 1-deoxy-D-xylulose 5-phosphate reducto-

isomerase complexed with cofactors: implications of a flexible

loop movement upon substrate binding. J Biochem 131:313–317

134. Yajima S, Hara K, Iino D, Sasaki Y, Kuzuyama T, Ohsawa K,

Seto H (2007) Structure of 1-deoxy-D-xylulose 5-phosphate

reductoisomerase in a quaternary complex with a magnesium

ion, NADPH and the antimalarial drug fosmidomycin. Acta

Crystallogr Sect F Struct Biol Cryst Commun 63:466–470

135. Mac Sweeney A, Lange R, Fernandes RP, Schulz H, Dale GE,

Douangamath A, Proteau PJ, Oefner C (2005) The crystal

structure of E. coli 1-deoxy-D-xylulose-5-phosphate reducto-

isomerase in a ternary complex with the antimalarial compound

fosmidomycin and NADPH reveals a tight-binding closed

enzyme conformation. J Mol Biol 345:115–127

136. Reuter K, Sanderbrand S, Jomaa H, Wiesner J, Steinbrecher I,

Beck E, Hintz M, Klebe G, Stubbs MT (2002) Crystal structure

of 1-deoxy-D-xylulose-5-phosphate reductoisomerase, a crucial

Biochemistry of the non-mevalonate isoprenoid pathway 3813

123



enzyme in the non-mevalonate pathway of isoprenoid biosyn-

thesis. J Biol Chem 277:5378–5384

137. Henriksson LM, Unge T, Carlsson J, Aqvist J, Mowbray SL,

Jones TA (2007) Structures of Mycobacterium tuberculosis
1-deoxy-D-xylulose-5-phosphate reductoisomerase provide new

insights into catalysis. J Biol Chem 282:19905–19916

138. Henriksson LM, Bjorkelid C, Mowbray SL, Unge T (2006) The

1.9 A resolution structure of Mycobacterium tuberculosis
1-deoxy-D-xylulose 5-phosphate reductoisomerase, a potential

drug target. Acta Crystallogr D Biol Crystallogr 62:807–813

139. Umeda T, Tanaka N, Kusakabe Y, Nakanishi M, Kitade Y,

Nakamura KT (2010) Crystallization and preliminary X-ray

crystallographic study of 1-deoxy-D-xylulose 5-phosphate re-

ductoisomerase from Plasmodium falciparum. Acta Crystallogr

Sect F Struct Biol Cryst Commun 66:330–332

140. Takenoya M, Ohtaki A, Noguchi K, Endo K, Sasaki Y, Ohsawa

K, Yajima S, Yohda M (2010) Crystal structure of 1-deoxy-d-

xylulose 5-phosphate reductoisomerase from the hyperthermo-

phile Thermotoga maritima for insights into the coordination of

conformational changes and an inhibitor binding. J Struct Biol

170:532–539

141. Ricagno S, Grolle S, Bringer-Meyer S, Sahm H, Lindqvist Y,

Schneider G (2004) Crystal structure of 1-deoxy-d-xylulose-5-

phosphate reductoisomerase from Zymomonas mobilis at 1.9-A

resolution. Biochim Biophys Acta 1698:37–44

142. Eoh H, Brown AC, Buetow L, Hunter WN, Parish T, Kaur D,

Brennan PJ, Crick DC (2007) Characterization of the Myco-
bacterium tuberculosis 4-diphosphocytidyl-2-C-methyl-D-

erythritol synthase: potential for drug development. J Bacteriol

189:8922–8927

143. Shi W, Feng J, Zhang M, Lai X, Xu S, Zhang X, Wang H (2007)

Biosynthesis of isoprenoids: characterization of a functionally

active recombinant 2-C-methyl-D-erythritol 4-phosphate cyt-

idyltransferase (IspD) from Mycobacterium tuberculosis
H37Rv. J Biochem Mol Biol 40:911–920

144. Gabrielsen M, Kaiser J, Rohdich F, Eisenreich W, Laupitz R,

Bacher A, Bond CS, Hunter WN (2006) The crystal structure of

a plant 2C-methyl-D-erythritol 4-phosphate cytidylyltransferase

exhibits a distinct quaternary structure compared to bacterial

homologues and a possible role in feedback regulation for

cytidine monophosphate. FEBS J 273:1065–1073

145. Richard SB, Bowman ME, Kwiatkowski W, Kang I, Chow C,

Lillo AM, Cane DE, Noel JP (2001) Structure of 4-dipho-

sphocytidyl-2-C-methylerythritol synthetase involved in

mevalonate-independent isoprenoid biosynthesis. Nat Struct

Biol 8:641–648

146. Kemp LE, Bond CS, Hunter WN (2001) Crystallization and

preliminary X-ray diffraction studies of recombinant Escherichia
coli 4-diphosphocytidyl-2-C-methyl-D-erythritol synthetase.

Acta Crystallogr D Biol Crystallogr 57:1189–1191

147. Sgraja T, Alphey MS, Ghilagaber S, Marquez R, Robertson MN,

Hemmings JL, Lauw S, Rohdich F, Bacher A, Eisenreich W,

Illarionova V, Hunter WN (2008) Characterization of Aquifex

aeolicus 4-diphosphocytidyl-2C-methyl-d-erythritol kinase—

ligand recognition in a template for antimicrobial drug discov-

ery. FEBS J 275:2779–2794

148. Lherbet C, Pojer F, Richard SB, Noel JP, Poulter CD (2006)

Absence of substrate channeling between active sites in the

Agrobacterium tumefaciens IspDF and IspE enzymes of the

methyl erythritol phosphate pathway. Biochemistry 45:3548–

3553

149. Miallau L, Alphey MS, Kemp LE, Leonard GA, McSweeney

SM, Hecht S, Bacher A, Eisenreich W, Rohdich F, Hunter WN

(2003) Biosynthesis of isoprenoids: crystal structure of 4-diph-

osphocytidyl-2C-methyl-D-erythritol kinase. Proc Natl Acad Sci

USA 100:9173–9178

150. Wada T, Kuzuyama T, Satoh S, Kuramitsu S, Yokoyama S,

Unzai S, Tame JR, Park SY (2003) Crystal structure of

4-(cytidine 50-diphospho)-2-C-methyl-D-erythritol kinase, an

enzyme in the non-mevalonate pathway of isoprenoid synthesis.

J Biol Chem 278:30022–30027

151. Rohdich F, Eisenreich W, Wungsintaweekul J, Hecht S, Schuhr

CA, Bacher A (2001) Biosynthesis of terpenoids. 2C-Methyl-D-

erythritol 2,4-cyclodiphosphate synthase (IspF) from Plasmo-
dium falciparum. Eur J Biochem 268:3190–3197

152. Calisto BM, Perez-Gil J, Bergua M, Querol-Audi J, Fita I,

Imperial S (2007) Biosynthesis of isoprenoids in plants: struc-

ture of the 2C-methyl-D-erithrytol 2,4-cyclodiphosphate

synthase from Arabidopsis thaliana. Comparison with the bac-

terial enzymes. Protein Sci 16:2082–2088

153. Richard SB, Ferrer JL, Bowman ME, Lillo AM, Tetzlaff CN,

Cane DE, Noel JP (2002) Structure and mechanism of 2-C-

methyl-D-erythritol 2,4-cyclodiphosphate synthase. An enzyme

in the mevalonate-independent isoprenoid biosynthetic pathway.

J Biol Chem 277:8667–8672

154. Kemp LE, Bond CS, Hunter WN (2002) Structure of 2C-methyl-

D-erythritol 2,4-cyclodiphosphate synthase: an essential enzyme

for isoprenoid biosynthesis and target for antimicrobial drug

development. Proc Natl Acad Sci USA 99:6591–6596

155. Lehmann C, Lim K, Toedt J, Krajewski W, Howard A, Eisen-

stein E, Herzberg O (2002) Structure of 2C-methyl-D-erythrol-

2,4-cyclodiphosphate synthase from Haemophilus influenzae:

activation by conformational transition. Proteins 49:135–138

156. Kishida H, Wada T, Unzai S, Kuzuyama T, Takagi M, Terada T,

Shirouzu M, Yokoyama S, Tame JR, Park SY (2003) Structure

and catalytic mechanism of 2-C-methyl-D-erythritol 2,4-cyc-

lodiphosphate (MECDP) synthase, an enzyme in the non-

mevalonate pathway of isoprenoid synthesis. Acta Crystallogr D

Biol Crystallogr 59:23–31

157. Buetow L, Brown AC, Parish T, Hunter WN (2007) The

structure of Mycobacteria 2C-methyl-D-erythritol-2,4-cyclodi-

phosphate synthase, an essential enzyme, provides a platform for

drug discovery. BMC Struct Biol 7:68

158. Gabrielsen M, Rohdich F, Eisenreich W, Gräwert T, Hecht S,
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