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Terpene Biosynthesis via the Mevalonate-Independent Pathway

Terpenes are a diverse family of compounds that are assembled from the basic
unit isoprene. Members of this family include the monoterpenes, sesquiterpenes,
diterpenes, steroids, carotenes, polyprenoids such as ubiquinone side chain, and the
polymer rubber (Scheme 1). Nature uses two forms of “activated isoprene” to build these
prenoid compounds, isopentenyl pyrophosphate (IPP) and dimethylallyl pyrophosphate
(DMAPP). Until ten years ago, only one pathway for the production IPP and DMAPP
was thought to exist. This pathway is known as the mevalonate (MVA) path and is the
means by which mammalian cells synthesize terpenes.' The MVA pathway is also used
by plant and bacterial cells, but not exclusively. The second terpene biosynthetic
pathway was discovered after abnormal observations were noticed in a "*C-labeling
experiment.” Since that initial report, research in the area of terpene biosynthesis has
increased dramatically.
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Scheme 1. Terpene Family

Scientists study terpene biosynthesis for many reasons. Since nearly all
organisms make and use terpenes, studying their biosynthesis allows us to gain a greater
understanding of biological systems in general. Manipulation of these pathways, either
by inhibiting the enzymes involved in the pathway’ or by harnessing their reactivity to
make nonnatural compounds is also a goal of this research. Finally, examining nature’s
method to construct complex structures aids synthetic chemists in devising more efficient
and elegant syntheses of their own.

History

Chemists have studied terpenes for nearly two hundred years. Labillardiere
published some of the first work with terpenes in 1818, in which he determined that the
oil of turpentine had a carbon to hydrogen ratio of 5:8. In 1826, Faraday correctly
determined that the empirical formula of rubber was (CsHg),. Further work was done by
Williams in 1860, who, after pyrolyzing rubber, obtained a product with a formula of
CsHg and named it isoprene. Boucharat then synthesized a compound with the formula



Ci0Hi6 by heating isoprene. He noted that it was the same chemical found in turpentine.
In 1880, Ballach recognized the pattern unfolding with various natural products and
proposed the “isoprene rule,” which states that chemicals can be considered terpenes if
their molecular formulas have a carbon to hydrogen ration of 5:8.'

Cholesterol and the sterols were not recognized as terpenes until the 1920’s
because their empirical formulas are not multiples of isoprene. Heilbron first suggested
that cholesterol might come from squalene, a compound that did fit the definition of a
terpene. Systematic studies on polyterpenes by Ruzicka, led him to propose the
“biogenetic isoprene rule.” After World War II, the ability to isotopically enrich
substances allowed more in depth studies on the biosynthetic pathway of terpenes.'

Mevalonate Pathway

From studies performed with *C-labeled acetate, the mevalonate pathway was
uncovered. After cellular uptake of the acetate, it is converted to acetyl-CoA and
condensed with another unit of acetyl-CoA to generate acetoacetyl-CoA (Scheme 2).
Addition of a third acetyl-CoA yields (S)-3-Hydroxy-3-Methylglutaryl-CoA (HMG-
CoA), which is subsequently reduced by the enzyme HMG-CoA reductase to (R)-
mevalonic acid (MVA)." MVA then undergoes a series of phosphorylations, loss of CO,
and inorganic phosphate to give IPP, which can be isomerized by IPP-DMAPP isomerase
(idi) to DMAPP.’
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Scheme 2. Biosynthesis of mevalonic acid

Throughout the years studying the MVA pathway, some abnormal observations
were noted.>’ In plants and bacteria, labeled acetate and mevalonate were poorly
incorporated into some of the terpenes synthesized by those organisms. This observation
was even more curious because labeled IPP was incorporated into all terpenes equally.
Scientists suspected °C-labeled acetate and mevalonate possessed poor permeability,
resulting in small amounts of labeled compounds. A second aberration was found when a
known inhibitor of the MV A pathway, mevinolin, an HMG-CoA reductase inhibitor, did
not inhibit production of the same terpenes that were unable to incorporate labeled-
acetate and mevalonate. Lack of permeability of the inhibitor was again used to explain
these results. Even unexpected labeling patterns were often dismissed as poor



experimental technique. Despite these incongruities, it was not until the work of Rohmer
that a second pathway was discovered.

Mevalonate-Independent Pathway

In the early 1990’s the Rohmer group was studying the origin of the hopanoid
side chain in several bacterial strains when they noticed unexpected labeling of the
hopane core.® Through further work by their group and studies by the Arigoni group
with the gingkolide terpenes,” the MV A-independent pathway was elucidated (Scheme
3). This pathway begins with conversion of glucose into glyceraldehyde-3-phosphate
(GAP) and pyruvate,'® followed by thiamine-mediated decarboxylation of pyruvate.
Condensation with GAP generates 1-deoxy-D-xylulose 5-phosphate (DXP). DXP then
undergoes a rearrangement and reduction in the presence of the gene product ispC to give
2-C-methyl-D-erythritol 4-phosphate (MEP).'"'* This step represents the first committed
step of the non-MVA pathway, since DXP is used in other biosynthetic pathways."
After several transformations by ispD, ispE, and ispF, the cyclic diphosphate is made."*
At this point, the [4Fe-4S]*" metal cluster in ispG sequentially transfers two electrons to
open the diphosphate and eliminate the unactivated secondary hydroxyl group."”” A
similar iron-sulfur cluster in ispH performs a second two-electron transfer to yield an
allylic anion that can give either IPP or DMAPP upon protonation.'®"®
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Scheme 3. Mevalonate-independent pathway

The non-MVA pathway is widely distributed in eubacteria and plants.® In plants,
both pathways often operate simultaneously (Figure 1). The MVA path functions in the
cytoplasm and is responsible for the eventual production of the sterols and
sesquiterpenes, while the non-MVA pathway initiates the production of carotenes, mono-
and diterpenes in the chloroplasts, and the ubiquinone side chain in mitochondria.’
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Figure 1. Terpene biosynthesis in plants.

Coupling of IPP and DMAPP

Both the mevalonate and the non-mevalonate pathways lead to the synthesis of
IPP and DMAPP, which can then be coupled together by prenyltransferases to give
polyprenoid chains.” The prenyltransferases that carry out these condensations can be
classified into four categories based on stereochemistry and chain length of the product
and accessory proteins required. The first class contains the short chain transferases that
catalyze the coupling of IPP and DMAPP. The second and third classes, medium and
long chain prenyltransferases, respectively, are able to extend intermediates synthesized
by class I transferases. The long chain transferases need a protein factor to facilitate
turnover of the enzyme. The fourth class of prenyltransferases catalyzes the formation of
Z-polyprenoids.'* *°

The coupling of IPP to either DMAPP or a growing prenoid chain begins with the
enzyme positioning the two groups using their pyrophosphate moieties. In farnesyl
pyrophosphate synthase (FPPS), the homodimer has two conserved DDxxD motifs in
each subunit that presumably chelate Mg®", which is used to anchor the pyrophosphate
groups of the substrates. The double bond of IPP then displaces the diphosphate of the
growing prenyl chain as the allylic proton is removed.?"”** The chain continues to grow
until it hits the “floor” of the active site, which consist of aromatic residues five and six
amino acids before the first DDxxD motif. Mutations of these residues to smaller amino
acids have allowed chain elongation to continue several prenyl units beyond the normal
length catalyzed by this enzyme.*® Artificial substrates have also been used with prenyl
transferases to stereospecifically generate biologically active compounds.*



Cyclization of Mono- and Diterpenes

Polyprenoid pyrophosphates, specifically geranyl pyrophosphate (GPP) and
geranylgeranyl pyrophosphate (GGPP) are cyclized and further manipulated to generate
the mono- and diterpenes, respectively. GPP must undergo a net isomerization in order
to be able to cyclize. This is postulated to occur by dissociation of the diphosphate group
and rearrangement to linalyl pyrophosphate. The C2-C3 bond can then rotate 180° and
reionize to give the allylic cation. The pendant double bond is then able to add to the
cation and generate the a-terpinyl cation.”” From this intermediate, deprotonations,
double bond additions, and cationic rearrangements yield the diverse family of
monoterpenes (Scheme 4).>° Enzymes at various locations in the cell carry out
subsequent oxidations and reductions demonstrating how complex terpene biosynthesis
and trafficking can be.”’
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Scheme 4. Cyclization of monoterpenes.

Diterpene cyclizations are classified into two types, A and B. Type A
cyclizations are initiated by dissociation of the pyrophosphate group with ensuing attack
by a nearby double bond. Protonation of a double bond to generate a carbocation for
attack by another double bond is a type B cyclization.”® Cembrene A is a fourteen-
membered carbocycle generated from a type A cyclization followed by deprotonation.*
The labdane and clerodane families are formed from a type B cyclization of GGPP to a
decalinic intermediate.® Often, both cyclizations can occur in the same molecule and
could be performed by the same enzyme. A well-studied example of this combination of
steps is the cyclization of the taxanes (Scheme 5). A type A cyclization occurs to yield a
tertiary cation, which is then deprotonated at the adjacent carbon to install a unit of
unsaturation between C11 and C12. This proton is subsequently used to initiate the type
B cyclization, which after cyclization and elimination yields the intermediate taxa-4,11-

. 30, 31
diene.”™
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Scheme 5. Cyclization of the taxane skeleton.

Work continues to elucidate mechanistic details of the non-MVA pathway. This

information will allow better design of enzyme inhibitors such as fosmidomycin, which
shows great promise as an antimalarial antibiotic.’ It will also allow additional
manipulation of the enzymes to produce a variety of complex molecules, similar to the
use of artificial substrates with prenyltransferases to create other biologically active
compounds.**
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