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Total synthesis of taxol
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Taxen!' ™, a subsizoce oripinally fselaied from rthe Pacific vew i
{ Taxus brevifolin) more than o decades ago, has recently hee
appruved for the clinical trearment of cancer patients. Tladed
Taving frmitlesrl one of the mast significant odrances I cuoe
therapy™, this molecole cxerts its untivancer activity by inkhibitin
mitasis throogh enhancement of the polymerieation of fohilin an
comsequent stubilication of microlubules®, The scarcity of tam
und ihe ecolegical impact of harvesting it have prosapted ecxtensse
searches for altermative sourccs including sermisynthesls, cellulor
culture prodoction and chemical ﬁynl‘lm!‘.ls“. The latter has been
attempted for almost two decades, but these acempty huave b
thwarted by the magmitade of the synehetic chalenpe. Here e
report the total synthesis of taxel by 1 convergent strategy, which
opens 3 chemical pathway Tor the production of hoth the natural
product itself and @ ity of desigocd taxoids,

The strategy for the present svothesic of ol 01, Fig. 1aj was
based ©ooa refrosynthetic analysis  invebving  the bonc
diseonmeations’ shown in Fig. 15 Thus, in the syntheti dirmtion
Lhwe fool lowi g, deay nperatians were propased: (1) vwo fragmenls.
repracenting precursors o rings & and C see P Do, wene &
be coupled hy a $hapiro reaction” and a MeMurry coupling' 1o
assemble the AR mmg skeleton; (20 instalnent of the ogelans
ringz; (13 addition'® of the various substiuents aroand the pet-
ipheries of rings B and ©; (4] oxygenaten” ar C-13; and {31
ssterilication to &ttach the side chain'.

The previously reported intermediates 2 (el 121 (Fig- 23 and
Birefa 7, 130 (Fig 31 served s the storting poine G the coneer
gent synthesis ol taxed reporied o, Figure 2 prosents the o
struction of the regquisite C-ning aldehyds T trom 2. Proteelad
of both hydioayl groups in 2 with TBS groups (95%) (1o
abbroviations see Baure legend) Fallowed by selective redution
of the cater group with LiAlH. at 0. furnished primary ako:
hiel 3 {944 yisld). Acid-catalysed deprotection of the seeonda™
aleohol in 3 proceeded in a highly selective manner Lo pive 111':_
cortasponding dial (90% viald), which was then scluoiively o
tected with 4 TPS group ar the primary position und o fenzy!
group at the scoondary (o allord compound 4 i 807 mﬂ'-?"
vigld, The p-lactonc in 4 was Lhen reductively opened with cod
comitunt desilvlation sl the terbary position using TiAlH _'Ii

NATURE - WOl 367 - 17 FEBRU&RY 199,"{
&




Building the
factory from parts
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Designing and building parts:
“Parts Engineering”

Mole balance V = M
- rA
-1, =kC
Rate law A A
k — Ae-E/RT
Stoichiometry C, = CAO(l X)
Combine V = CaoVoX bt = 1
kC (1 x) k (o

Energy Balance T =T, - (-DHrX)X

pA
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Using standard
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Building a Taxol factory
Inside a microbe
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Microbial production of drugs

Advantages

Microbial fermentations are relatively
simple to scale up

Inexpensive starting materials can be
used

Production not affected by weather
conditions

Consistent supply

Pure product can be made (free of other
contaminating terpenes)



Microbial production of drugs
Challenges
 Need the genes for all of the enzymes In
the pathway

* Not always simple to express In
microbes the genes from very different
organisms

 Need to balance metabolic pathways to
optimize production

 Need a good “platform organism” with
appropriate gene expression tools



Steps In creating a

Taxol producer
ldentify the blosynthe3|s

pathways
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5-Hydroxylase

H

taxa-4(5),11(12)-diene

5-O-Acetyltran sferie/ taxa-4(5),11(12)-dien-5a-ol

¢ 13-Hydroxylase

//OAC

HO + 10- Hydroxylase taxa-4(5),11(12)- d+en -5a,13a-ol

) \
/oAc \

taxadien-5a,10b-diol monoacetate

2-O-Benzoyltransferase
/ 2-debenzoyltaxane
HQ

10-O-Acetyltransferase

\
HO\ Zh D

HO OBZO C

10-deacetylbaccatin IlI



Steps In creating a Taxol producer
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Clone the genes into
our microbe of choice

g

A -
W

MRARRTRRRN

= = —F»\
} -

\l/ \

)

Q

BERKELEY NTER

e SYNTHETIC BNLOGY

N



Steps In creating a Taxol producer

Enhance production of precursors




Basic Biotechnology

One Gene - One Proteln
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Biological Unit Operations

« Natural biological parts and devices often
have multiple interactions with other
parts/devices in the cell

* Biological parts have no IEEE-equivalent
standard for connections

 Many of the ‘good’ biological parts have been
patented

— royalties can be expensive
— Open Source Biology
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Computers are built
~from off-the-shelf devices
SSVICeS | Chassis
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Abstraction

Systems

Devices

Parts

BERKELEY CENTER
rx SYNTHETIC BIOLOGY Compliments of Drew Endy, MIT



Abstraction
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Abstraction

Systems
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Devices: an Inverter

Tet Repressor
Lac Repressor _

P
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Tet Repressor

Lac Repressor

Devices: an
inverter

Tet Repressor

>

Lac Repressor
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Tet Repressor
Lac Repressor :

Devices: a
simplified view
of the Inverter

O tetR

Lacl ® TetR inverter
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Systems: multiple inverters
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Building a bacterial blinker

-

Device 1 Device 2
SO " ()
Plac — P [ — Pr [
) ‘ tetR-lite cl-lite lacl-lite
v ()
P —
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Building a bacterial blinker
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Building a bacterial blinker

Plac . Pret _....Fr
_A_E_é_E rl

E. coll as the Chassis
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Building a bacterial blinker

Time (min)
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Synthetic biology

e Design and synthesis of biological entities:
— Enzymes (parts)
— Genetic circuits (devices)
— Entire cells (chasses)

 Enabled by the development of parts that
can be assembled into larger, functioning
devices

* Directly analogous to the design of
Integrated circuits

 Integrates systems and computational
biology into design
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Case Study:

Malaria

o Caused by
Plasmodium, a
single-cell protozoan

— Transmitted by
Anopheles mosquito

— Destroys red blood
cells
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Malaria

e 1.5-2.7 million
people die of _
malaria every year

— 90% of the victims
are children

— 40% of the world’s
population is at risk

 Economists have proposed that malaria
decreases the GDP of affected countries by as
much as 50%.
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Chloroquine-based drugs

Cl

Most widely-used drugs "N

to treat malaria /

H3C.
Plasmodium Iin South
America and Southeast
Asia Is largely resistant HeC
to chloroguine

HyC
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A brief history of artemisinin

168 B.C. Recipes For 52 Kinds Of Diseases
found in the Mawangdul Han
Dynasty tomb

aHemorrhoids

340 A.D. Zhou Hou Bel Ji Fang (Handbook
of Prescriptions for Emergency
Treatments)

alevers (malaria)

1972 Active ingredient (artemisinin)

perkeLey center ISOlated
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Artemisinin-based
drugs

e The current cost is approximately
$2.40.

— Artemisinin adds $1.00-1.50 to the
cost for drugs

— Most developing countries spend
less than $4/person/year on health
care

« As many as 10-12 treatments are
needed for each person annually

« World Health Organization estimates
that 700 tons will be needed annually




Potential sources for

artemisinin
e Agriculture

— Efforts are under way to plant
Artemisia annua around the
world

e Chemical synthesis

— A synthesis route is known but it
IS too complicated for economical
production

 Microbial

— Need all of the genes from the
plant




Goal

Reduce the cost of artemisinin-based
anti-malarial drugs by an order of
magnitude.

Approach

Engineer a microbe to
produce artemisinin
from an inexpensive,
renewable resource.
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Production of artemisinin in
a microbe
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Transplanting artemisinin
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Production of a model isoprenoid
In E. coll

2000 ADO0OON000NO0) \
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Production of a model isoprenoid
'n E. coll

Very low production
of iIsoprenoid resulted
when using the native
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atcttgtgat
ctttatatta
ggcagctttc
ttcttgggct
acaactgatt
gtggtatttt

ggtggggaac
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catcccaaga
ttttrttttgt
atgcttctga
gttaatcacg
aagtaacaat
gcagcgtcga
atggcgaccg

caaaaccaga
cggagaatct
tgctgaatct
gcatcgagag
taatccaacg
cactgtcact
gttttttcgt

gaaaaagacc
tataagcatg
tggtctctat
aactcgcgag
ttagaaaatg
tccggcgaag
aatattcacg

tgtctgtttt
gcttcaggag
ttcgtcatca
tctggtaact
tcatcatcaa
atattcccga
ttaatcgccg

tttaagaagt
gatcaaagtc
ccatcatcgc
aacaaagata
tecttettttt
tatacttccc

gcgtcgtcegg

Making a plant gene
look like a microbial
gene

atcttgtgat
ctttatatta
ggcagctttc
ttcttgggct
acaactgatt
gtggtatttt

ggtggggaac

catcccaaga
tttrttttgt
atgcttctga
gttaatcacg
aagtaacaat
gcagcgtcga
atggcgaccg

caaaaccaga
cggagaatct
tgctgaatct
gcatcgagag
taatccaacg
cactgtcact
gttttttcgt

gaaaaagacc
tataagcatg
tggtctctat
aactcgcgag
ttagaaaatg
tccggcgaag
aatattcacg

tgtctgtttt
gcttcaggag
ttcgtcatca
tctggtaact
tcatcatcaa
atattcccga
ttaatcgccg

tttaagaagt
gatcaaagtc
ccatcatcgc
aacaaagata
tecttettttt
tatacttccc

gcgtcgtegg



Gene resynthesis Improves
artemisinin production

JCOL (§ QO

142-fold improved

production!
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Engineering E. coli’'s native pathway

Improves production
¢

Three-fold improvement
In production
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Recruiting the cholesterol
oAl DIC Ic pathway from yeast
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The yeast cholesterol biosynthetic
pathway improves yields

~90-fold improvement in

production
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Large-scale production
of amorphadiene
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Amorphadiene Is lost In
large-scale production
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Amorphadiene can be captured
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A two-phase fermentation collects
w.all of the amorphadiene

... and improved

production another 50 fold.
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Amorphadiene

Artemisinic
Acid

: é

Artesunate Artelinate
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Research, Development &
Delivery

Institute for

Amyris OneWorld

BCSB Biotechnologies Health
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Intellectual property agreements

 The University of California, Berkeley
granted Amyris Biotechnologies and
OneWorld Health royalty-free exclusive
licences to the necessary technology to
produce artemisinin.

 The University of California, Berkeley
granted Amyris and OWH up-front licenses
to any technology developed for artemisinin
production.
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Artemisinin costs

Artesunate
combination
treatment

Current cost of drug $2.25-2.50

Cost with new process $.21/.12
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Eleutherobin: A potent
anti-cancer drug
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Prostratin: an HIV
therapy?

« Effective against hepatitis virus

e |solated from the stems of the
small Samoan tree Homalanthus
nutans

Inhibits human
Immunodeficiency virus type
1 (HIV-1) infection
Up-regulates viral expression
from latent proviruses
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UCB gets exclusive
r
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Samoa and UCB share royalties

University of California, Berkeley
Vice Chancellor for Research
California Hall

Berkeley, CA 94720

Memarandum of Understanding between the Government of Samoa and the Regents of the
University of Califomia, Berkeley for Disposition of Future Revenue from Licensing of
Prostratin Gene Sequences, an Anti-Viral Molecule

l. Preamble

This Memorandum of Understanding, effective as of the date of signing, is undertaken by the
government of Samoa (“Samoa”), a sovereign nation, and Ihe Regents of the University of
California, Berkeley acting through its Office of Technology | icensing ot the University of
California, Berkeley at 2150 Shattuck Ave., Suite 510, Berkeley, CA 94720-1620 (*UC
Berkelev™).

Signed and agreed 1o the 13th day of August, 2004

For the Regenis of the University of

For the Government of Samea California, Berkeley
- f
] | \
A F L Ly = Ij {A¥F A \
= L T - =
Its Prime Minister, Aiono Tutlacpa Sailele ll;\qs‘e CMnc::ﬁpr for Researcht;
Malielegaoi Bumsitle, Ph.D.,

ey TIWIACILL DLULUAT



Summary

« Synthetic biology offers a way to reduce
complexity in biological systems

* A synthetic biology approach is important for
building large, complex networks to produce
chemicals

« Synthetic biology can be used to reduce the
costs of drugs for the Developing World.
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