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Terpene Basics

Largest group of natural products (35K terpenes identified
to date)

Head-to-tail joining of C; (isoprene, aka ‘prenyl’ unit) to
give C, Cyo, Ci, Cyp, Cye, Cg4... Structures.

Polymerization chemistry is made possible by enzyme
production of DMAPP and IPP, and a good LG (PP)

Cyclizations and rearrangements are common

Many examples of terpenes in ‘mixed biosynthesis’ e.g.
alkaloids, phenolics, vitamins

Some proteins (typically at CYS residues) have farnesyl (C,:)
or geranyl-geranyl (C,,) groups attached to increase
lipophilicity and/or association with cell membranes

Two pathways can produce the isoprene starter unit:

— Mevalonic Acid pathway (MVA)

— Methylerythritol Phosphate pathway (MEP)



MEP Pathway

Pyruvic acid and D-
glyceraldehyde-3-P from
glycolysis

Sequence features
reverse Aldol of
deoxyxylulose
phosphate/reduction
occurring within the
same enzyme (E2)

Antibiotics such as
fosmidomycin (from
Streptomyces
lavendulae) are
attractive for treatment
of e.g. malaria and
tuberculosis since MEP
pathway is not found in
humans
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El: 1-deoxy-D-xylulose 5-phosphate synthase (DXP synthase) E5: 2-C-methyl-D-erythritol-2.4-cyclodiphosphate synthase (IspF)

E2: 2-C-methyl-D-erythritol 4-phosphate synthase; E6: 4-hydroxy-3-methylbut-2-enyl diphosphate synthase (IspG)
1-deoxy-D-xylulose 3-phosphate reductoisomerase (IspC) — E7: 4-hydroxy-3-methylbut-2-enyl diphosphate reductase (IspH)

E3: 4-diphosphocytidyl-2-C-methyl-D-erythritol synthase (IspD)  ES: isopentenyl diphosphate isomerase (IPP isomerase)

E4: 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase (IspE)




MVA Pathway

enzyme-bound
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decarboxylation—elimination;
phosphorylation of the tertiary
alcohol to make a better leaving
group is apparently not involved
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Isomerization
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3-hydroxy-3-methylglutaryl-CoA synthase (HMG-CoA synthase)
3-hydroxy-3-methylglutaryl-CoA reductase (HMG-CoA reductase)

E5: phosphomevalonate kinase

E6: mevalonate 5-diphosphate decarboxylase
E7: 1sopentenyl diphosphate 1somerase (IPP 1somerase)



The Hierarchy
of Isoprene

» Starting Materials (DMAPP and IPP)
derived from two independent pathways
(MVA or MEP)

Mevalonic acid

Methylerythritol
phosphate
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dimethylallyl PP isopentenyl PP

(DMAPP) (Cs) Y (IPP) (Cs)
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* Pyrophosphate (PP) 4-
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isa good LG and thus = 50 IPP #
polymerization occurs 0"\~ O .
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etween terpenes
IPP #
.
* MVA Pathway - Animals & Fungi o
* MEP Pathway - Plants, Algae, most Ca0 =
Bacteria IPP
w2
* Mevalonic Acid (MVA) produced via Cas -
acetate (fatty acid) biosynthesis

* Methylerithritol Phosphate (MEP)
Pathway is more recently discovered and
MEP is produced from pyruvate

(glycolysis)

e |PPis typically the “extender unit”
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Hemiterpenes (Cs)

Monoterpenes (Cyg)
Iridoids

Sesquiterpenes (C,s)
Diterpenes (Cyy)

Sesterterpenes (Css)

Triterpenoids (Csp)

|

Steroids (Cg—Csq)

Tetraterpenes (Cyp)
Carotenoids



IPP and DMAPP Made to Order

Isomerization of IPP and DMAPP
performed in the amounts
required for metabolism

Resonance-stabilized allylic
cation of DMAPP

OPP is a good, stable LG

Typically 4:1 ratio of IPP:
DMAPP

Why?

Which is the “extender unit”?

stereospecific allylic
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Head to Tail Coupling: IPP to DMAPP
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OPP F1 = OPP x oPP

DMAPP

Starter unit

allylic cation

El: geranyl diphosphate synthase

electrophilic addition
giving tertiary cation

Hg Hs | pp Hy Hs
Extender unit , stereospecific
E El loss of proton
=

o )\/\)\/\
~ N OPP

geranyl PP
(GPP)

Though 3° carbocation is most stable, nucleophilic attack occurs at the terminal, 1° carbocation
Addition of a second mole of IPP gives the sesquiterpene (farnesyl PP)
Addition of a third mole of IPP gives the diterpene (geranylgeranyl PP), etc...

Coupling of e.g. two C,¢ sesqiterpenes gives C,, (triterpene). Can you draw this mechanism?



Some Common k/v'v\ monoterpene
Terpenes of Various el
N N N sesqiterpene

Sizes and Shapes o

farnesol (Cys)

* Formed from ‘Head-to-Tail’ . S N N

. . diterpene
combination of DMAPP and | OH P
geranylgeraniol (Cop)
IPP
§ N §
* Cyclizations and A A Y ..
. trlterpene
rearrangements can give squalene (C39)
chiral compounds
§ N N § N N N N
* High-value compounds are phyloene (Ca)
extracted prior to etraterpene
biofuel/paper production e.g.
pinenes ‘terpentine’ (1% >
yield) OH |
° 1 ,
Bisabolene _has been ) menthol (Cyg) bisabolene (Cjs) taxadiene (Cag) Pinene
expressed?® in yeast and E.coli (can you count
. . . the # of isoprene
(via MVA) and is considered units and chiral

1peralt VIS8 NGERHAN IOAISSEN3 483 2011 centers?)



The biosynthesis of (-)-menthol

7
)\/\ GPPS x~~"opp LS 6 A2
opPP * “““ opp —— = . = 53
DMAPP I ;
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Geranyl {-}-Limonene
Diphosphate
L30OH
+)-Pulegone (+)-cis- (-}-Isopiperit- (-)-trans-
Isopulegone E"ﬂ”E ISDpIpEﬂlEFIE-I
PR
GPPS = geranyl diphosphate synthase
MR LS = (-)-limonene synthase
— - L30H = (-}-limonene-3-hydroxylase
OH iPD = (-)-trans-isopiperitenol dehydrogenase
' : iIPR = (-)-isopiperitenone reductase
T iPl = (+}-cis-isopulegone isomerase
PR = (+)-pulegone reductase
(-)-Menthone (-)-Menthol MR = {-}-menthone reductase




The many possible isomers of menthol
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Practical Applications and Interesting
Facts about the MVA and MEP Pathways

MEP is present in plants, algae and most bacteria
MEP is not present in animals and fungi (they use MVA)

MEP is an attractive target for microbial disease drugs since MEP
pathway is utilized by pathogen but not found in humans

Regulation of cholesterol (by statins) is achieved through inhibition of
the HMG-CoA reductase enzyme found in the MVA pathway (animals)

Plants and some bacteria are equipped with, and employ both
pathways, often concurrently

Plants have compartmentalized production (MVA in cytosol, MEP in
chloroplasts)



13C Labeling used to Determine Which
Pathway is Most Expressed (e.g. in

Plants/Bacteria)
OH
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1-deoxy- pyruvic acid acetic acid mevalonic acid
D-xylulose 5-P (MVA)
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OH
labelling of IPP labelling of IPP
via MEP pathway [1-1*C]-D-glucose via MV A pathway



Different Mechanism, Different Smell

orp
oPP | =
El: geraniol synthase —_— —_— OPP
E2: geraniol dehydrogenase |
E3: linalool synthase

E4: myrcene synthase
(GPP is substrate for E1, E3, E4) GPP

OH
OH I-] 0 I
reduction | |
citronellol geraniol geranyl cation nerol neryl cation linalool
(mse, oil) (g-:ranium oil) (rose oil) {coriander oil)
{} NALDP" N.ADP*l E2 - H* l E4 ¢ CH;COSCoA
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T,
_______________ . |
reduction tautomerism O |
via dienol?
citronellal geranial (E-citral ) neral (Z-citral) B-myrcene linalyl acetate

{citronella oil) (lemon oil) (lemon oil) (hops) (lavender oil)



Steroids from Squalene (a triterpene)

squalene
El l ﬁigﬁg sequence of W—M 1,2-hydride
and 1,2-methyl shifts

®
H
cyclizations
— _
HO
H
(35)-2.3-oxidosqualene protosteryl cation protosteryl cation
(squalene oxide) .
HIIIII]‘EHS l plants l
fungi

loss of proton leads
to cyclopropane

loss of proton
gives alkene

El: sgualene epoxidase

HO HO

lanosterol cycloartenol



