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Engineering a mevalonate pathway in Escherichia coli
for production of terpenoids

Vincent JJ Martin»>3, Douglas J Pitera>3, Sydnor T Withers', Jack D Newman! & Jay D Keasling!

Isoprenoids are the most numerous and structurally diverse family of natural products. Terpenoids, a class of isoprenoids often
isolated from plants, are used as commercial flavor and fragrance compounds and antimalarial or anticancer drugs. Because
plant tissue extractions typically yield low terpenoid concentrations, we sought an alternative method to produce high-value
terpenoid compounds, such as the antimalarial drug artemisinin, in a microbial host. We engineered the expression of a
synthetic amorpha-4,11-diene synthase gene and the mevalonate isoprenoid pathwa ﬁmm
caryophyllene equivalent/ml. Because isopentenyl and dimethylallyl pyrophosphates are the universal precursors to all

isoprenoids, the strains developed in this study can serve as platform hosts for the production of any terpenoid compound for
which a terpene synthase gene is available.
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High-level semi-synthetic production of the potent

antimalarial artemisinin

C.]. Paddon’, P. J. Westfall'f, D. I. Pitera', K. Benjamin', K. Fisher', D. McPhee', M. D. Leavell!, A. Tai', A. Main't, D. Eng’,
D. R. Polichuk?, K. H. Teoh?, D. W. Reed?, T. Treynor', J. Lenihan'f, M. Fleck, S. Bajad't, G. Dang't, D. Diola', G. Dorin,
K. W. Ellens, S. Fickes!, I. Galazzo', S. P. Gaucher!, T. Geistlinger', R. Henry', M. Hepp*f, T. Horning’, T. Igbal', H. Jiang',
L. Kizer', B. Lieu', D. Melis', N. Moss', R. Regentin'f, S. Secrest!, H. Tsuruta', R. Vazquez', L. F. Westblade', L. Xu', M. Yu',

Y

. Zhang?f, L. Zhao!, J. Lievense't, P. S. Covello?, . D. Keasling>**¢, K. K. Reiling', N. S. Renninger! & J. D. Newman!

In 2010 there were more than 200 million cases of malaria, and at
least 655,000 deaths'. The World Health Organization has recom-
mended artemisinin-based combination therapies (ACTs) for the
treatment of uncomplicated malaria caused by the parasite
Plasmodium falciparum. Artemisinin is a sesquiterpene endoper-
oxide with potent antimalarial properties, produced by the plant
Artemisia annua. However, the supply of plant-derived artemisi-
nin is unstable, resulting in shortages and price fluctuations, com-

including the discovery of a plant dehydrogenase and a second
cytochrome that provide an efficient biosynthetic route to artemi-
e acid, with formen o P T e
sinic acid. Furthermore, we have developed a practical, efficient
and scalable chemical process for the conversion of artemisinic
acid to artemisinin using a chemical source of singlet oxygen, thus

avoiding the need for specialized photochemical equipment. The
strains and onrocesses described here form the basis of a viable

touceoratioriabe e T T U PEPIWTESZODTEMERE [

biology to develop strains

yeast) for high-yielding biological productlon of artemisinic acid,
a precursor of artemisinin. Previous attempts to produce commer-
cially relevant concentrations of artemisinic acid were unsuccess-
ful, allowing production of only 1.6 grams per litre of artemisinic
acid®. Here we demonstrate the complete biosynthetic pathway,

— —— - e JICOT -
poratlon into ACTs. Because all intellectual property rights have
been provided free of charge, this technology has the potential to
increase provision of first-line antimalarial treatments to the deve-
loping world at a reduced average annual price.

Keasling et al., Nature 496, 528 (2013)
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SYNTHETIC BIOLOGY

Complete biosynthesis of opioids
in yeast

Stephanie Galanie,’ Kate Thodey,> Isis J. Trenchard,?
Maria Filsinger Interrante,? Christina D. Smolke>*

Opioids are the primary drugs used in Western medicine for pain management and
palliative care. Farming of opium poppies remains the sole source of these essential

medicines, despite diverse market demands and uncertainty in crop yields due to weather,

climate change, and pests. We engineered yeast to produce the selected opioid
compounds thebaine and hydrocodone starting from sugar. All work was conducted in a
laboratory that is permitted and secured for work with controlled substances. We
combined enzyme discovery, enzyme engineering, and pathway and strain optimization
to realize full opiate biosynthesis in yeast. The resulting opioid biosynthesis strains
required the expression of 21 (thebaine) and 23 (hydrocodone) enzyme activities from
plants, mammals, bacteria, and yeast itself. This is a proof of principle, and major hurdles
remain before optimization and scale-up could be achieved. Open discussions of options
for governing this technology are also needed in order to responsibly realize alternative
supplies for these medically relevant compounds.

Smolke et al., Science 349, 1095 (2015)
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SOME PROPERTIES OF THE MICROSOMAL 2,3-OXIDOSQUALENE
STEROL CYCLASE*

By Snozo Yamamoro,t Kang Lin,i ANp KoNrAD BrocH
DEPARTMENT OF CHEMISTRY, HARVARD UNIVERSITY

Communicated February 24, 1969

Abstract.—The transformation of 2,3-oxidosqualene to lanosterol is catalyzed
by a microsomal enzyme (cyclase) which can be obtained in soluble and partially
purified form by treatment of liver microsomes with deoxycholate as previously
shown. The catalytic and physical properties of the soluble enzyme are deter-
mined by ionic strength. In 0.4 M KCl the cyclase exists largely in a dissociated,
enzymatically active form. Solutions of low ionic strength (0.1 M KCI or less)
cause enzyme aggregation and loss of activity. The anionic detergent deoxy-
cholate is essential for cyclase activity, but is effective only in a narrow concen-

tration range. .
Yamamoto, Lin, Bloch, PNAS 63, 110 (1969)

SEFON O TVWEZ & ARERERESR S35EDT—Y
i@”(ir—],mrﬁut%%@% CM*SLEO"D\BEEF

R R

Hs106 ( NaB3H4 TPAP ((:6H5 »8==C(CHy),
CHO

THF/H,0 THF -78°C 3y

(6]
., 3 TLCTIIPBETERLN !

Fig. 1. Separation of Cyclization Products by HPLC

(1) g-amyrin (Rt=21.6 min), (2) a-amyrin (Rt=24.2 min),
(3) cycloartenol (Rt=26.7 min).

Column; TSKgel ODS-120T 4.6 mm x 25 cm

Eluent; 95% aq. CH;CN: Flow rate; 1.5 ml/min

Column temperature; 40 C: Detection; UV 205 nm




226. Zur Kenntnis der Triterpene.
190. Mitteilung?).
Eine stereochemische Interpretation
der biogenetischen Isoprenregel bei den Triterpenen

von A. Eschenmoser, L. Ruzicka, 0. Jeger und D. Arigoni.  pt pyiio Arigoni A
(13.X. 55.) o
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Hi Eliminierung von H_10 (n)

LANOSTERIN o o .
The biogenetic isoprene rule in its application to the triterpenes

is discussed from a stereochemical standpoint. On the basis of a well
defined system of arbitrary assumptions a scheme has been developed
leading from squalene to the formulae of the basic representatives
of all known eyclic triterpene groups — i.e. euphol, tirueallol, lupeol,
taraxasterol, germanicol, p-amyrin, taraxerol, friedelin, «-amyrin,
lanosterol — in their full structural and configurational detail. This
result is considered to support the squalene hypothesis of the bio-
genesis of cyclic triterpenes.

Organ.-chemisches Laboratorium
der Eidg. Technischen Hochschule, Ziirich.
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Ourisson, Rohmer, Poralla, Annu. Rev. Microbiol. 41, 301 (1987)



Dear M. Abe, 1988

Thank you for your letter of July 11, and for the kind interest in

; M a collaboration with me.
N

- 0 oxmantar The scientific aspects must be considered first. You mention your
primitive enzyme, simple chemistry interest in the relationship between enzyme structure and cyclization
. / mechanism, from the view point of protein engineering and molecular
.., €volution of these enzymes. As you know, this is also my dream, and
7 M ' would be very interested in finding out whether our predictions

concerning the geometry of the active site, the geometrical changes

"y
o

W

/;/’/,/ S — between the various enzymes, and the continuous change from one
to the other cholesterol surogates - whether all this is true or not.

However, we must be quite modest : very little is known yet. The
most advanced work on epoxysqualene cyclases is yours, and you
J * are far from a 3-dimensional structure of the active site ! On
squalene cyclase, Prof. Poralla has done some progress with the

/.
<
o MFQA, sequence near the N-terminus, on Bacillus acidocaldarius ; we are

Oxidosqualene cyclase osrborior now approaching isolation of our cyclase, from Tetrahymena
BioFoa——>2 % 0 / gﬁjw pyriformis. But this is very far from the goal.
- . -4 ‘ - ° : "o ——
TR AIEE ! ‘tg{"“ : 7 Cycloarteret It would be possible to let you participate in our work, bringing in
&7 . N, your experience and your methods. If this is next spring, it could be a
Y4 D —— Y 9 4 - . . . . .
. SEE 4l st % 70 //\ "o % convenient time. But this is a chemistry laboratory, not an
*glg*%ﬂb*ﬂrﬁ ,,,,,,,,,,,,,,,,,,,,,,,,, 7 HE . enzymo|ogy one !

N elaborated enzyme, complex chemistry - "
- DFEE(E ;
I a Cholesterol € uo‘QW There could also be a possibility in my friend Michel Rohmer’s

laboratory in Mulhouse. This is a small lab, in a small institution in a

small city - doing work of excellent quality ; just look up the next
Ourisson, Rohmer, Poralla, Annu. Rev. Microbiol. 41, 301 (1987) issues of Eur. J. Biochem. !

i
Prof. Michel Rohmer
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Abe & Rohmer, J Chem Soc Chem Comm, 902 (1991)
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1997

Structure and Function of a Squalene Cyclase
K. Ulrich Wendt, Karl Poralla, Georg E. Schulz*

The crystal structure of squalene-hopene cyclase from Alicyclobacillus acidocaldarius
was determined at 2.9 angstrom resolution. The mechanism and sequence of this
cyclase are closely related to those of 2,3-oxidosqualene cyclases that catalyze the
cyclization step in cholesterol biosynthesis. The structure reveals a membrane protein
with membrane-binding characteristics similar to those of prostaglandin-H, synthase,
the only other reported protein of this type. The active site of the enzyme is located in
a large central cavity that is of suitable size to bind squalene in its required conformation
and that is lined by aromatic residues. The structure supports a mechanism in which the
acid starting the reaction by protonating a carbon-carbon double bond is an aspartate
thatis coupled to a histidine. Numerous surface a helices are connected by characteristic
QW-motifs (Q is glutamine and W is tryptophan) that tighten the protein structure,
possibly for absorbing the reaction energy without structural damage.
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Domain 2

Wendte, Poralla, Schulz, Science 277, 1811 (1997)
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Insight into steroid scaffold
formation from the structure of
human oxidosqualene cyclase

Ralf Thoma, Tanja Schulz-Gasch, Brigitte D’Arcy, Jorg Benz,
Johannes Aebi, Henrietta Dehmlow, Michael Hennig, Martine Stihle
& Armin Ruf

F. Hoffmann-La Roche AG, Pharma Research Discovery Chemistry, 4070 Basel,
Switzerland

In higher organisms the formation of the steroid scaffold is
catalysed exclusively by the membrane-bound oxidosqualene
cyclase (OSC; lanosterol synthase). In a highly selective cycliza-
tion reaction OSC forms lanosterol with seven chiral centres
starting from the linear substrate 2,3-oxidosqualene. Valuable
data on the mechanism of the complex cyclization cascade have
been collected during the past 50 years using suicide inhibitors,
mutagenesis studies and homology modelling. Nevertheless it is
still not fully understood how the enzyme catalyses the reac-
tion"”. Because of the decisive role of OSC in cholesterol biosyn-
thesis it represents a target for the discovery of novel
anticholesteraemic drugs that could complement the widely
used statins®. Here we present two crystal structures of the
human membrane protein OSC: the target protein with an
inhibitor that showed cholesterol lowering in vivo opens the
way for the structure-based design of new OSC inhibitors. The
complex with the reaction product lanosterol gives a clear picture
of the way in which the enzyme achieves product specificity in
this highly exothermic cyclization reaction.

2004

Ruf & co-workers, Nature 432, 118 (2004)
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— o M Biosynthetic consequences of multiple sequential

post-transition-state bifurcations

Young Joo Hong and Dean J. Tantillo*
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Genome
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O~ NH, - - - ?
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Streptomyces sioyaensis SA-1758 Streptomyces sp. NCIMB40513 1 3

cytotoxicity (LCso = 3.0 ng/mL)

anti-tumor activity (ICso = 0.82 pug/mL)

A. Takahashi, J Antibiot 1989, 42, 1556
. Synthesis:

Synthesis: T. Kan, Org Lett 2014, 16, 1646

A. S. Kende, JACS 1995, 117, 10597;

T. J. Maimone, JACS 2021, 143, 7935
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A. L. Stefanska, J Antibiot 2000, 53, 364
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