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Preface

There is an increasing number of known metabolites that are derived from the
isoprenoid pathways in plants and microorganisms, which are essential in
fundamental cellular processes and in whole organisms, but also in ecologi-
cal interactions. Also, their role in modern industries has spurred an intense
research worldwide.

Even though research on isoprenoid synthesis and function is a rapidly
developing and rather competitive field, we thought it useful to collect a num-
ber of contributions written by true and well-known experts, covering a broad
spectrum of aspects. Microorganisms, plants, and even a human parasite are
considered. It adds the application of modern techniques in biochemistry and
structural biology, not to forget the analysis and identification of a plethora of
secondary metabolites.

What aspects will be touched on in this compilation of chapters? More and
more the boundaries between different categories of science such as chemis-
try, biochemistry, molecular and cell biology, and ecology are getting blurred,
and this holds true for microbiology versus plant sciences too. In this way,
attempts are underway to engineer bacteria and yeast to produce high amounts
of a desired metabolite originally identified in medicinal plants of low pro-
ductivity or to place regulatory and biosynthetic genes under the control of
strong and tissue-specific promoters followed by transformation of (crop)
plants. This extends even to biosynthesize new, “unnatural” compounds,
offering engineered substrates to heterologously expressed enzymes and thus
opens new avenues toward the generation of new antibiotics and pharmaceu-
ticals. However, such approaches, including the engineering of whole path-
ways into yeast and bacterial cells, need to be based on a solid knowledge of
biosynthetic pathways and their enzymes involved. A production in planta
requires a precise knowledge of their intracellular distribution and possible
expression in specialized tissues, aiming at enhanced production, for instance,
as a consequence of environmental conditions, hormonal treatment, and
exposure to biological and chemical stress.

Within the last decade or so, a major focus in the realm of isoprenoid
research has been on the alternative methylerythritol phosphate (MEP) path-
way, and the classical mevalonic acid (MVA) route has virtually been
neglected. Thus, in the compilation of chapters, this one-sided view will be
corrected by various contributions. Of course, one major aim in metabolic
research is to identify rate-limiting steps in biosynthetic pathways and to
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elucidate possible interactions of intermediates with enzymes, causing
feedback regulation. Thus, simple overexpression of some enzymes thought
of regulating pathways might not always constitute the best method. Structural
biology comes into play, not only to elucidate catalytic reaction pathways but
also to identify allosteric binding sites and to modify them through genetic
engineering, thereby deregulating a pathway for higher productivity. In view
of the structural complexity of many isoprenoid-derived vitamins and phar-
maceuticals, biological production rather than chemical synthesis is the
method of choice. Not so rarely, what is useful in treatment of sickness
(saponins, cardenolides, etc.) in the producing organism is just to become
toxic to pathogens and other enemies.

Speaking of pharmaceuticals, it is also noteworthy to mention that micro-
bial and plant isoprenoid biosyntheses constitute excellent targets for the
development of specific inhibitors and herbicides. As to this aspect, it shall
not be neglected that a major human parasite, Plasmodium falciparum, the
causative agent of malaria, is susceptible to inhibitors of the so-called MVA-
independent or MEP pathway, as are a series of humanopathogenic bacteria.
The importance of the coexistence of such compartmentalized pathways in
plant cells is broadly discussed. Similarly, plant isoprenoid-derived com-
pounds, like the much-studied artemisinin, are still efficient in the treatment
of malaria caused by strains that have become resistant to a multitude of syn-
thetic pharmaceuticals. Artemisinin and other drugs of high value, also flavors
like geraniol and linalool, are produced by engineered yeast cells.

What about plant hormone biosynthesis and their regulatory action? It
should not escape the attention of the reader that most phytohormones are
entirely isoprenoids (e.g., gibberellic acids, abscisic acid, brassinosteroids,
strigolactones) or contain isoprenoid-derived moieties like natural cytokinins.
In signaling chains, we find implicated isoprenylated proteins, even regulat-
ing the synthesis and accumulation of secondary products like alkaloids in
Catharanthus roseus.

Plants can apparently adapt metabolic processes (like the spatially separated
MVA and MEP pathways) such that survival is possible under specific stress
conditions, especially when attacked by microorganisms and herbivores. Such
defense reactions must be rapid and efficient as well. Under these conditions,
plants focus on the optimization of metabolic flux rates for the production of
suitable phytochemicals, at the expense of general growth and development,
and the whole biochemical machinery is adjusted to use all available precursor
pools for defense. Interestingly enough, there is evidence for partial crossover
of signaling pathways, which leads to the formation of suitably adapted groups
of compounds with the highest efficiency against specific enemies. This would
involve changing intracellular barriers that separate reactions and key interme-
diates that are not exchanged under ‘“normal” conditions. Plants emit volatile
organic compounds (VOC), many of them being isoprenoids to alert neighbor-
ing plants, which react by induction of defense reactions against microbial
attack, but also use such signal to attract helper insects and nematodes feeding
on herbivores. Trichomes are known to store such VOC, and it is interesting to
see how their number and storage capacities depend on biosynthetic pathways
and which isozymes are involved.
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We do not forget isoprenoid polymers like rubber and how their synthesis
is regulated. Even today, the mechanical properties of natural rubber make it
absolutely essential for specific industrial products, and there is a fierce search
around the world to seek for plants other than Hevea brasiliensis that produce
rubber and related natural compounds.

Systems biology comes into play in the identification of genes that are co-
expressed with known isoprenoid biosynthesis genes under certain conditions
and thus helps to identify those that encode enzymes in branch-specific path-
ways, which opens new avenues in genetic engineering. High-throughput
methods, data bank mining, and so forth all require users to ask precise ques-
tions that allow the arrangement of large sets of data (which are often of little
utility) into something really useful. The same holds true with application of
gene silencing techniques, which enable us to eventually identify the biologi-
cal and metabolic function. Those techniques need to be accompanied by
studying metabolic profiles. The combination of these techniques, carried out
by well-trained specialists, also in the field of informatics, will certainly put
us forward.

The chapters in this book have been arranged in such a way that there is
some logical relation between them. In the first part, an overlook is given on
isoprenoid biosynthesis in prokaryotic organisms and their enormous bio-
chemical plasticity and adaptation. This then extends to structural biology,
namely, the characterization of the entry enzyme into the MEP pathway.
Actinomycetes are a primary source of antibiotics, and the various isoprenoid
compounds produced are extensively presented. A further contribution
focuses on the situation in cyanobacteria, with the focus on the connections
between the MEP and pentose phosphate pathways.

The yeast Saccharomyces cerevisiae is the vehicle of choice for biotech-
nological engineering, which is extensively outlined in three chapters. One
major product, meanwhile at an industrial scale, is artemisinin, an antima-
larial drug. Of course, it fits well to immediately thereafter discuss its produc-
tion in the plant and how this might be regulated in Artemisia annua. As the
MEP pathway seems to be essential for the causative parasite Plasmodium
falciparum, it follows a chapter on the action and efficiency of a MEP path-
way inhibitor (fosmidomycin) in treating infected patients.

The next series of chapters is arranged in the order of increasing molecular
mass of isoprenoids: semi-, mono-, sesqui-, and up to diterpenes, which leads
to a broad discussion on ecological and other functions, including the struc-
tural characterization of enzymes like aristolochene synthase. In the context
of “defense,” the ecological function of C,-terpenes, derivatives of the diter-
pene geranyl linalool, is discussed, which neatly prepares to talk about the
newest addition to the list of phytohormones, carotenoid-derived strigolac-
tones as “a cry to help,” but resulting in “fatal attraction” of parasitic plants.

Then already speaking of phytohormones, it seems reasonable to continue
with gibberellic acids (GAs) that constitute a major class of diterpenes; their
biosynthesis and biological action are extensively presented. When we con-
sider GAs as primary products, it is then necessary to discuss the regulation
of pathways leading to primary and secondary products, at least sharing the
synthesis of common precursors like IPP and DMAPP, here synthesized via
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the MEP pathway. Many such secondary products are stored in specific
morphological structures such as trichomes, which present an interesting tar-
get for genetic engineering of corresponding plants.

The synthesis of many secondary products can be induced by treatment
with the (stress) phytohormone jasmonate, here in the special case of monot-
erpenoid indole alkaloids in Catharanthus roseus, for instance, the pharma-
cologically important anticancer drugs vinblastine and vincristine. However,
there is clear evidence that prenylated proteins are implicated in the signaling
chain. The next chapter discusses the role of prenylated proteins, especially
their processing by prenylcysteine methylation in abscisic acid (ABA) sig-
naling. In practice, some drought resistance of plants might be increased
through affecting this process.

We then go higher in the molecular mass, discussing first polyprenols, like
dolichol as cofactor in protein modification by glycosylation. If we go then to
polyprenol polymers as secondary products, we arrive at rubber. In Hevea
brasiliensis, the overall synthesis in latex seems to be regulated at the level of
enzymes in the MVA pathway: HMG-CoA synthase and HMG-CoA reductase.
Butthere are other plants that produce rubber, for instance, guayule (Parthenium
argentatum). Such plants need to be developed into industrial crops.

We again arrive at the MVA pathway, discussing its entry enzymes, ace-
toacetyl-CoA thiolases, which have biosynthetic and degradative functions.
In the same contribution, squalene synthase, the first enzyme committed to
the sterol pathway, has been silenced, which results in growth inhibition.
Now arrived at the C, level of triterpenes, the biochemistry of phytosterol
biochemistry is exemplified with analyzing an important enzymic step, the
C4-demethylation, and thereafter of the C22 desaturase reaction in the fol-
lowing chapter. Squalene and squalene epoxide cyclases can be used to pro-
duce unnatural cyclic terpenes, perhaps of pharmacological importance.

While phytosterols certainly belong to primary products, triterpenoid
compounds like saponins and also cardenolides can be grouped into second-
ary metabolites; however, their ecological (and pharmacological) importance
is evident!

The last chapters focus on the model plant Arabidopsis thaliana, going
deeply into molecular biology and biochemistry, also with the help of mutants
and inhibitors. Of course, some redundancy of information is unavoidable,
but various aspects are discussed from different points of view. At the end,
the generation of a publicly accessible data bank on all what touches on iso-
prenoid pathways and regulation in A. thaliana is presented.

Of course, a gentle reader is not forced to follow this sequence....

Strasbourg, France Thomas J. Bach
Strasbourg, France Michel Rohmer
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Isoprenoid Biosynthesis
in Prokaryotic Organisms

Manuel Rodriguez-Concepcién and Albert Boronat

Abstract

Isoprenoids are ubiquitous compounds found in all living organisms.
In spite of their remarkable diversity of structures and functions, all iso-
prenoids derive from a basic five-carbon precursor unit, isopentenyl
diphosphate (IPP), and its isomer dimethylallyl diphosphate (DMAPP).
Addition of IPP units to DMAPP, catalyzed by prenyltransferases, results
in the synthesis of prenyl diphosphates of increasing length which are the
starting points of downstream pathways leading to the synthesis of the dif-
ferent isoprenoid end products. For many years, it was accepted that IPP
was synthesized from acetyl-CoA through the well-known mevalonate
(MVA) pathway. However, an alternative MVA-independent pathway for
the biosynthesis of IPP and DMAPP was identified a few years ago in
bacteria, algae, and plants. This novel pathway, currently known as the
methylerythritol 4-phosphate (MEP) pathway, is widely distributed in
nature and is present in most eubacteria. Here, we describe the biological
relevance of the main isoprenoid compounds found in prokaryotic organ-
isms and the metabolic origin of the IPP and DMAPP used for their syn-
thesis, with a particular emphasis on those isoprenoids present in the

M. Rodriguez-Concepcion (D<)

Department of Molecular Genetics,

Centre for Research in Agricultural Genomics (CRAG)
CSIC-IRTA-UAB-UB, Campus UAB Bellaterra,
Barcelona E-08193, Spain

e-mail: manuel.rodriguez@cragenomica.es

A. Boronat

Department of Molecular Genetics,

Centre for Research in Agricultural Genomics (CRAG)
CSIC-IRTA-UAB-UB, Campus UAB Bellaterra,
Barcelona E-08193, Spain

Department of Biochemistry and Molecular Biology,
Faculty of Biology, University of Barcelona,
Barcelona E-08028, Spain

T.J. Bach and M. Rohmer (eds.), Isoprenoid Synthesis in Plants and Microorganisms: New Concepts
and Experimental Approaches, DOI 10.1007/978-1-4614-4063-5_1,
© Springer Science+Business Media New York 2013



M. Rodriguez-Concepcion and A. Boronat

model bacteria Escherichia coli. Since the MEP pathway is essential in
most pathogenic bacteria but is absent in animals (including humans),
which synthesize isoprenoids through the MVA pathway, we also describe
the recent and increasing interest of the MEP pathway enzymes as targets

Archaebacteria ® Dimethylallyl diphosphate ¢ Escherichia coli ® Eubacteria
e Isoprenoid e Isopentenyl diphosphate ® Terpenoid ¢ Mevalonate

This novel pathway, currently known as the

2
for the development of new antibiotics.
Keywords
* Methylerythritol 4-phosphate

1.1 Introduction

Isoprenoids (also known as terpenoids) are ubiq-
uitous compounds found in all living organisms.
In spite of their remarkable diversity of structures
and functions, all isoprenoids derive from a basic
five-carbon precursor unit, isopentenyl diphos-
phate (IPP), and its isomer dimethylallyl
diphosphate (DMAPP) (Fig. 1.1). Addition of IPP
units to DMAPP, catalyzed by prenyltransferases,
results in the synthesis of prenyl diphosphates of
increasing length (e.g., farnesyl diphosphate and
geranylgeranyl diphosphate) which are the start-
ing points of downstream pathways leading to the
synthesis of the different isoprenoid end products
(Fig. 1.2). For many years, it was accepted that IPP
was synthesized from acetyl-CoA through the
well-known mevalonate (MVA) pathway.
However, an alternative MVA-independent path-
way for the biosynthesis of IPP and DMAPP
was identified a few years ago in bacteria, algae,
and plants (Rohmer 1999; Lichtenthaler 1999).
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methylerythritol 4-phosphate (MEP) pathway
(cf. Phillips et al. 2008), is widely distributed in
nature and is present in most eubacteria, apicompl-
exan protozoa (like the malaria parasite Plasmodium
falciparum), green algae, and higher plants. For a
detailed description of the discovery and elucida-
tion of the MEP pathway, we refer to other reviews
on this topic (Rodriguez-Concepcion and Boronat
2002; Kuzuyama and Seto 2003; Eisenreich et al.
2004; Rohmer 2008).

Here, we describe the biological relevance of
the main isoprenoid compounds found in prokary-
otic organisms and the metabolic origin of the iso-
prene units used for their synthesis, with a
particular emphasis on those isoprenoids present
in the model bacteria Escherichia coli. Since the
MEP pathway is essential in most pathogenic bac-
teria but is absent in animals (including humans),
which synthesize isoprenoids through the MVA
pathway, we also describe the recent and increas-
ing interest of the MEP pathway enzymes as
targets for the development of new antibiotics.

PO
| |

o (0]

DMAPP

Fig. 1.1 Chemical structure of isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) and their
interconversion by the enzyme isopentenyl diphosphate isomerase (IDI)
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Fig. 1.2 Schematic representation of isoprenoid biosynthesis in prokaryotic organisms

1.2  Biological Relevance
of Isoprenoids in the

Prokaryotic World

Many isoprenoids play essential roles in a variety
of processes that are vital for the growth and sur-
vival of prokaryotic organisms. They include,
among others, cell wall and membrane biosyn-
thesis, electron transport, and conversion of light
into chemical energy. Also, many microorgan-
isms produce isoprenoid secondary metabolites
of biotechnological relevance. A number of
review articles have recently covered the differ-
ent strategies and outcomes of the metabolic
engineering of isoprenoids in bacteria (Klein-
Marcuschamer et al. 2007; Ajikumar et al. 2008;
Kirby and Keasling 2008, 2009; Misawa 2011).

1.2.1 Cell Wall Biosynthesis:

Bactoprenol

The bacterial cell wall is a rigid structure that sur-
rounds the cytoplasmic membrane and plays an

essential role in maintaining the cell shape and
preventing the deleterious effect of the internal
osmotic pressure. It also serves as a scaffold for
anchoring other cell envelope components such
as proteins and teichoic acids. Peptidoglycan is
the major component of bacterial cell walls
and consists in long glycan chains made up of
alternating N-acetylglucosamine (GIcNAc) and
N-acetylmuramic acid (MurNAc) residues cross-
linked together by bridges made of amino acids
and amino acid derivatives (Vollmer et al. 2008).
The biosynthesis of peptidoglycan is a complex
process that involves about 20 reactions that take
place in the cytoplasm and the inner and outer
sides of the cytoplasmic membrane. A key com-
ponent in the synthesis of peptidoglycan is unde-
caprenyl phosphate, also referred to as bactoprenol
(Fig. 1.3). This isoprenoid compound is needed
for the synthesis and transport of hydrophilic
GlcNAc-MurNAc-peptide  monomeric  units
outside the cytoplasmic membrane, the site for
peptidoglycan polymerization. Undecaprenyl
phosphate derives from undecaprenyl dip-
hosphate, a prenyl diphosphate synthesized
from farnesyl diphosphate (FPP) (Fig. 1.2).
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Fig. 1.3 Representative isoprenoids found in prokaryotic organisms

The enzymes involved in bactoprenol biosynthesis
are undecaprenyl diphosphate synthase, which
adds eight molecules of IPP (in cis form) onto
FPP and undecaprenyl diphosphate phosphatase,
which removes a phosphate group. The genes
encoding these enzymes in E. coli (ispU and
bacA, respectively) are indicated in Table 1.1.
The biosynthesis of bactoprenol and its role in
peptidoglycan biosynthesis have recently been
reviewed by Bouhss et al. (2008).

1.2.2 Membrane Lipids: Hopanoids
and Archaeal Ether-Type Lipids

Biological membranes are composed of lipids
and proteins. The main membrane lipids are
glycerolipids, composed of a polar head and two
hydrophobic alkane groups that are mobile in
the interior of the membrane. To regulate mem-
brane fluidity, eukaryotic cells employ sterols

(e.g., cholesterol). Since it is known that most
prokaryotes lack sterols, the search for alterna-
tive molecules playing an equivalent role in
prokaryotes has been an ongoing issue during the
last decades. It is now well established that many
bacteria contain hopanoids, pentacyclic triterpe-
noid compounds with a structure similar to that
of sterols (Fig. 1.3). Hopanoids have been
detected in about 30% of all bacteria investigated,
including a wide range of Gram-negative and
Gram-positive bacteria. Although hopanoids pre-
dominantly occur in aerobic bacteria, they have
also been found in some facultative anaerobic
bacteria. Hopanoids have not been detected in
archaebacteria, which produce a particular mem-
brane lipid of isoprenoid nature (see below). The
hopanoid skeleton is formed from squalene by
the action of squalene-hopene cyclase (Fig. 1.2).
Hopanoid chemistry, biosynthesis, function, and
distribution have been reviewed by Kannenberg
and Poralla (1999).
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Archaebacteria are unicellular microorganisms
which evolved separately from eubacteria and
eukaryotes and that are often found inhabiting
extreme environments such as hot springs and
salt lakes. They are similar to eubacteria in being
prokaryotes (and thus lacking a nucleus) but dif-
fer from them in ribosomal structure, the pres-
ence of introns (in some species) and in membrane
structure and composition. One of the most
remarkable features of archaebacteria is the pres-
ence of ether-type lipids in their membranes con-
taining hydrocarbon chains of isoprenoid nature
(usually C20 phytanyl and C25 farnesylgeranyl
groups) linked to sn-glycerol 1-phosphate
(Fig. 1.3). The C20 prenyl chains may derive
from geranylgeranyl diphosphate (GGPP) syn-
thesized from IPP and DMAPP by the action of
GGPP synthase (Fig. 1.2). C25 farnesylgeranyl
groups are synthesized by farnesylgeranyl
diphosphate synthase (Fig. 1.2) either by the con-
secutive condensation of IPP molecules to
DMAPP or to prenyl diphosphates, like GGPP
(Boucher et al. 2004). Archaeal polyprenyl
diphosphate synthases can also synthesize prod-
ucts of shorter chain lengths. The biosynthesis of
ether-type lipids in archaebacteria has recently
been reviewed by Koga and Morii (2007).

1.2.3 Electron Transfer: Ubiquinone,
Menaquinone, and Heme A

Ubiquinone and menaquinone are lipid-soluble
molecules playing important roles in respiration.
They are involved in electron transport processes
between membrane-bound protein complexes in
the respiratory electron-transport chain. Both
compounds contain a quinone moiety linked to
an isoprenoid side chain (Fig. 1.3). Ubiquinone
has a benzoquinone group that is linked to an iso-
prenoid chain of different length (610 isoprene
units) depending on the organism. In E. coli the
isoprenoid side chain of ubiquinone contains 8
isoprene units. Menaquinone has a naphthoqui-
none ring linked to an isoprene tail, which also
contains 8§ isoprene units in E. coli. Facultative
anaerobes, like E. coli, use ubiquinone when grow-
ing under aerobic conditions and menaquinone

M. Rodriguez-Concepcion and A. Boronat

under anaerobic conditions. By contrast, many
Gram-positive aerobes, such as Bacillus subtilis,
contain only menaquinone. In E. coli, the side
chain of ubiquinone and menaquinone is synthe-
sized from FPP by octaprenyl-diphosphate syn-
thase (Fig. 1.2), which is encoded by the essential
gene ispB (Table 1.1) (Meganathan 2001;
Kawamukai 2002).

Cytochromes are membrane-bound proteins
also involved in electron-transport processes.
Cytochromes contain a prosthetic group, called
heme, composed by a heterocyclic porphyrin and a
metal ion (usually iron) in a central position. Heme
A (Fig. 1.3), which is found in cytochrome ¢ and
cytochrome c oxidase, is characterized by contain-
ing a hydroxyfarnesyl group. E. coli has no cyto-
chrome ¢ and no equivalent to the mitochondrial
complex III (bc, complex) or complex TV (cyto-
chrome c oxidase). Instead, two enzymes in the
E. coli cytoplasmic membrane, the cytochromes
bo and d, oxidize ubiquinol and directly reduce
molecular oxygen to water. Cytochrome bo con-
tains heme O, which only differs from heme A by
having a methyl group instead of a formyl group.
Heme A is derived from heme B (protoheme IX)
with heme O as a probable intermediate (Mogi
et al. 1994). The transfer of the farnesyl group
from FPP to heme B to form heme O is catalyzed
by a farnesyltransferase encoded by the cyoE gene
in E. coli (Table 1.1) (Mogi et al. 1994).

1.2.4 Protein Synthesis: Isopentenyl
tRNA

Transfer RNA (tRNA) molecules usually contain
modified nucleotides. In almost all the tRNAs
reading codons beginning with U, the adenosine
at position 37 (adjacent to the 3’ position of the
anticodon) is modified to N(6)-(A 2)-isopentenyl
adenosine (Fig. 1.3) by the action of a tRNA iso-
pentenyltransferase, encoded by the miaA gene in
E. coli (Table 1.1). Homologs of the E. coli miaA
gene have been detected in other microorganisms.
Isopentenyl adenosine increases the efficiency of
translation of the modified tRNAs and makes
them less sensitive to codon context. Although
miaA is not essential in E. coli, mutants defective
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in this gene show increased rates of spontaneous
mutations and altered read through and suppres-
sion of nonsense codons (Persson et al. 1994).

1.2.5 Phototrophy: Chlorophylis,
Bacteriochlorophylis,
Rhodopsins, and Carotenoids

Microorganisms can use two mechanisms for the
conversion of light into chemical energy. One of
them is dependent on photochemical reaction
centers that contain chlorophylls or bacteriochlo-
rophylls. The other mechanism employs proteor-
hodopsinsandbacteriorhodopsins, retinal-binding
membrane proteins belonging to the rhodopsin
family (Bryant and Frigaard 2006).

Like plant chlorophylls, bacterial chlorophylls
also contain a long isoprenoid chain (usually phy-
tol) that contributes to their localization in the
photosynthetic membranes (Fig. 1.3). The last
stage in the biosynthesis of bacterial chlorophylls
consists in the addition of the prenyl chain to the
corresponding chlorophyllides (Gomez Maqueo
Chew and Bryant 2007). It has been proposed that
phytol is formed after the addition of a gera-
nylgeraniol group which is later sequentially satu-
rated by geranylgeranyl reductase. However, some
evidences suggest that geranylgeranyl reductase
can saturate GGPP prior to the transfer of the phy-
tol tail (Fig. 1.2). Although the phytol group is
present in most bacterial chlorophylls, other iso-
prenoids (like farnesyl, geranylgeranyl, and
2,6-phytadienyl groups) have also been reported
(Gomez Maqueo Chew and Bryant 2007).

Proteorhodopsins are retinal-binding mem-
brane proteins belonging to the rhodopsin family.
Prokaryotic members of this family include
energy-conserving transmembrane proton pumps,
transmembrane chloride pumps, and photosensors
(sensory rhodopsins) (Fuhrman et al. 2008).
Originally discovered in archaebacteria, it is cur-
rently estimated that a large proportion of marine
bacteria contain proteorhodopsin. In Archaea and
most bacteria, retinal (Fig. 1.3) is synthesized by
the oxidative cleavage of P-carotene. However,
recent reports on the characterization of apocaro-
tenoid oxygenases from cyanobacteria have shown

that retinal can also be produced by cleavage of
some apocarotenoids. At present, the substrate(s)
used for retinal production in some bacteria
remains an open question (Maresca et al. 2008).

Some photosynthetic bacteria also contain
carotenoids, which function primarily as photo-
protective pigments but that can also participate
in the light harvesting process. Like in plants,
bacterial carotenoids are also synthesized from
GGPP (Fig. 1.2). Bacterial carotenoid diversity
and the biochemical aspects related with their
biosynthesis have recently been reviewed by
Maresca et al. (2008).

1.2.6 Secondary Metabolism

Prokaryotic organisms produce isoprenoid com-
pounds and derivatives that can be included in the
large and diverse family of secondary metabo-
lites. For instance, many nonphotosynthetic bac-
teria can synthesize carotenoids, some of them of
industrial interest (e.g., canthaxanthin and astax-
anthin). Since a considerable number of micro-
bial (and plant) carotenoid biosynthetic genes
have been cloned over the past few years, it is
now possible to engineer carotenoid biosynthesis
in noncarotenogenic bacteria like E. coli.
Excellent reviews describing the biochemistry
and the biotechnology of carotenoids in microor-
ganisms are available (Lee and Schmidt-Dannert
2002; Das et al. 2007; Maresca et al. 2008).
Another example of prokaryotic secondary
metabolites is given by the isoprenoid antibiotics
produced by many actinomycete strains (Dairi
2005; Dairi, this volume).

1.3  Origin of Isoprenoid Precursors

in Prokaryotic Organisms

For many years, it was accepted that IPP was syn-
thesized through the MVA pathway in all organ-
isms, including microorganisms. However, as
indicated above, an alternative pathway for the
biosynthesis of IPP (and DMAPP) was identified
a few years ago in bacteria, algae, and plants.
This novel pathway, known as the MEP pathway,



Fig. 1.4 Steps of the MEP
pathway leading to the
formation of IPP and
DMAPP from pyruvate
and D-glyceraldehyde
3-phosphate (G3P).
Acronyms of enzymes and
intermediates are described
in the text and correspond
to those suggested by
Phillips et al. (2008)

G3P

is widely distributed in nature and is present in
most eubacteria (see below).

The first reaction of the MEP pathway
(Fig. 1.4) is catalyzed by the enzyme 1-deoxy-D-
xylulose 5-phosphate (DXP) synthase (DXS) and
involves the condensation of (hydroxyethyl)thia-
min derived from pyruvate with the C1 aldehyde
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group of D-glyceraldehyde 3-phosphate to
produce DXP. In the second step, an intramolecu-
lar rearrangement and reduction of DXP by the
enzyme DXP reductoisomerase (DXR) yields
2-C-methyl-p-erythritol 4-phosphate (MEP). As
described below, a different oxidoreductase
enzyme with a DXR-like (DRL) activity was



1 Isoprenoid Biosynthesis in Prokaryotic Organisms

recently found in a reduced number of bacteria
(Sangari et al. 2010). MEP produced by DXR or
DRL is then converted to 2-C-methyl-D-erythritol
2,4-cyclodiphosphate by the sequential action of
the enzymes 2-C-methyl-D-erythritol 4-phosphate
cytidylyltransferase (MCT), 4-(cytidine
5'-diphospho)-2-C-methyl-D-erythritol ~ kinase
(CMK), and 2-C-methyl-p-erythritol 2,4-
cyclodiphosphate synthase (MDS). An opening
reduction of MEcPP ring is catalyzed by the
enzyme 4-hydroxy-3-methylbut-2-enyl diphos-
phate (HMBPP) synthase (HDS), which forms
HMBPP. Finally, the enzyme HMBPP reductase
(HDR) catalyzes the simultaneous formation of
IPP and DMAPP. The functional and structural
properties of the different MEP pathway enzymes
have recently been reviewed by Hunter (2007).

The MVA pathway (Fig. 1.5) starts with the
sequential condensation of three molecules of
acetyl-CoA to yield 3-hydroxy-3-methylglutaryl
CoA (HMG-CoA) catalyzed by the enzymes
acetoacetyl-CoA thiolase (AACT) and HMG-
CoA synthase (HMGS). HMG-CoA is then con-
verted to MVA in a functionally irreversible
reaction catalyzed by HMG-CoA reductase
(HMGR). MVA is sequentially phosphorylated
and decarboxylated to generate IPP by the
enzymes mevalonate kinase (MVK), 5-phospho-
mevalonate kinase (PMDK), and 5-diphosphom-
evalonate decarboxylase (DPMD). As indicated
below, some Archaea species contain an alterna-
tive version of the MVA pathway involving the
last two steps leading to the formation of IPP.

In contrast to the MEP pathway that simulta-
neously produces both IPP and DMAPP, the
MVA pathway can only produce IPP. Thus, the
isomerization of IPP to DMAPP, catalyzed by
IPP isomerase (IDI) (Fig. 1.1), is an essential
reaction in those organisms containing the MVA
pathway. Two types of IPP isomerase are cur-
rently known. The type I enzyme is found in
many eubacteria (including E. coli), yeast, and
mammals and has been extensively characterized
at structural and functional level (Durbecq et al.
2001; Wouters et al. 2003). The type II enzyme
was discovered recently in Streptomyces sp.
(Kaneda et al. 2001) and is known to be present
in Archaea and some bacteria, but not in plants

and animals (Kuzuyama and Seto 2003; Laupitz
et al. 2004). Type I and type II IDI show no
sequence similarity and have different cofactor
requirements (Kaneda et al. 2001). The crystal
structure of type II IDI from B. subtilis and
Thermus thermophilus has recently been resolved
by Steinbacher et al. (2003a) and de Ruyck et al.
(2008), respectively.
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The large number of currently available sequenced
genomes is providing a clear picture about the
distribution of the MEP and MVA pathways in
prokaryotic organisms. The distribution of both
pathways, as well as that of type I and type II
IDIs, in microorganisms belonging to representa-
tive groups is shown in Table 1.2. The archaeal
genomes sequenced to date have exclusively
revealed the presence of genes encoding MVA
pathway enzymes. However, with the exception
of some Sulfolobus species, the genomic analy-
ses have failed to identify the full set of MVA
pathway genes in the rest of species. In particu-
lar, the genes encoding PMVK and DPMD
(Fig. 1.5) are absent in most archaebacteria
(Boucher et al. 2004; Lombard and Moreira
2011). In these organisms, the conversion of
phosphomevalonate to IPP is achieved through
the operation of an alternative route involving the
formation of isopentenyl phosphate from phos-
phomevalonate by phosphomevalonate decar-
boxylase (PMVD) and further conversion to IPP
by IP kinase (IPK) (Fig. 1.5) (Grochowski et al.
20006). Although IPK has been characterized at
the biochemical (Chen and Poulter 2010) and
structural level (Mabanglo et al. 2010), the
PMVD activity is still speculative and needs bio-
chemical confirmation.

As shown in Table 1.2, most eubacteria con-
tain the MEP pathway. Species containing the
MVA pathway include the spirochaete Borrelia
burgdorferi and the Gram-positive cocci
Staphylococcus aureus and Streptococcus pneu-
moniae. Among the few bacterial species



