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Taxol is extracted from the Pacific Yew

*The Pacific yew tree is an
environmentally protected
species and one of the
slowest growing trees in
the world.

e|solation of the compound,
which is contained in the
bark, involves killing the
tree.

*One 100-year old tree
results in approximately
350 mg of taxol, just
enough for one dose for a
single cancer patient.

Total synthesis of taxol
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Taxor"™, a substance originally isolated from the Pacific yew m
{Taxus brevifolia) more than two decades ago, has recently bee
appraved for the clinical treatment of cancer patients. Hailed o
thaving ledui one of the most significant advances in canc
therapy”, this molecule exerts its amticancer activity by inhibitiy
mitesis throagh eshancement of the polymerization of tubslin at
consequent stabilization of microtubules”. The scarcity of tay
and the ecological impact of harvesting it have prompted extemive
searches for aliernaive sources including semésynthesis, celialsr
culture prodisction and chemical synthesis™. The latter has bors
attempied for almost two decades, but these attempts have been
thwarted by the magsitude of the synthetic challenge. Here we
report the todal synthesis of taxol by a convergent strategy, which
opems a chemical pathway for the production of both the naters]
product itselfl and a variety of designed taxoids.

The strategy for the present synihesis of 1anol (1, Fig. la) was
based on a retrosymthetic analyss involving the bosd
disconnections” shown in Fig. 15, Thus. in the synthetic directicn
the fedlowing key operations were propased: (1) two fragments,
repeesenting precursors to rings A and C {sce Fig. la), were 10
be coupled by a Shapiro reaction” and a McMurry coupling”
assemble the ABC ring skeleton; (2) instalment of the oxctane
ring: (3) addition' of the varous substituents around the per-
ipheries of rings B dnd C: (4) oxygenation' at C-13; and ]
esterification to attach the side chain''

The previously reported intermediates 2 (ref. 12) (Fig. 2) and
Birefs 7, 13) (Fig. 3) served as the starting points for the conver:
gent synthesis of taxel reported here. Figure 2 presents the con
struction of the requisite C-ring aldebyde 7 from 2. Protecton
of both hydraxyl groups in 2 with TBS groups (93%) (fef
abbreviations see figure legend) followed by selective reductiof
af the ester group with LiATH, at 0 °C, furnished primary ake-
ol 3 (94% vield). Acid-catalysed depratection of the secondafy
alcohol in 3 proceeded in a highly selective manner Lo give B¢
corresponding died (90% yield), which was then selectively pr
tected with & TPS group at the primary position and = bensf
group at the secondary to afford compound 4 in $0% overal
yield, The y-lactane in 4 was then reductively opened with o8
comitant desilylation at the tertiary position wsing LiAIH. "I
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Metabolic engineering:
Introducing new
pathways in cells
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Synthesis of complex molecules

» May require several enzymes from one or more
organisms
» Expression of genes must be balanced

— Underexpression of any one gene may limit flux
through the pathway and therefore product yields

— Overexpression will lead to inefficiencies
 Precursors (from inside the cell or supplied from

outside the cell) should not severely limit
production of the desired product




Balancing enzymatic reactions
In the cell

Under-produced enzyme
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Over-produced enzyme

What is metabolic engineering?

» Metabolic engineering is a redirection of
enzymatically-catalyzed reactions for the
production of a new compound or the
degradation of a compound

— genetic modification of a single organism

— engineering a consortium of organisms




Why do metabolic engineering?

 Production of novel compounds
— new biopolymers
— antibiotics

 Production of existing compounds in better
ways

» Bioremediation of recalcitrant compounds
— pesticides/nerve agents
— PCBs

Taxol has a
diterpene
core
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Metabolic engineering
of carotenoid production

dxs dxr idi

Pyr + G3P—> IPPe== DMAPP
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dxs and dxr under P,,. control
on high-copy cloning vectors
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Overexpression of dxs from a high-
copy plasmid with a strong promoter
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Needs for Metabolic Engineering

 Optimal fluxes through the heterologous metabolic
pathways

« Strict control over gene expression
« Consistent control of gene expression in all cells

« Minimal burden of the heterologous genes on the
host

Some key problems
In gene expression control

« Many expression vectors are unstable and have
variable copy number in the host

« Many promoters do not allow tight and consistent
control of gene expression

 There are few techniques to regulate expression of
multiple heterologous genes

 Can we predict the levels of gene expression needed
for flux redistribution?




- Gemeerpression tools for metabolic
engineering:
A Metabolic Engineering Toolbox
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Gene expression tools for metabolic
Expression engineering
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Bacterial Artificial
Chromosome (BAC)
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Specific replication origins time
BAC replication with the cell cycle
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A “Kill” element ensures that BAC-
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BACs are stable indefinitely in the
absence of selection pressure
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dxs and dxr under Pg,p control
on bacterial artificial chromosome

araC Bacterial
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Production of lycopene: dxs under
control of Pg,p on low-copy plasmid

10.0

e O
° o o

Cell growth (ODgg9,m)
Lycopene (mg/l)

o
Q

0 0013 0133 133 133
Arabinose concentration (mM)

14



Gene expression tools for metabolic
Reproducible engineering
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Expression of gfp from the
arabinose-inducible promoter
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Frequency

in population

‘All-or-None’ Gene Expression
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expression
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Native arabinose-inducible system
gives rise to two populations

© Increasing

ToR .

o inducer
20 concentration
c
q_) 5
>
LL //

10° 10" 10° 10° 104

Fluorescence intensity

Native arabinose-inducible system
gives rise to two populations

ey
AT

v “=I~;\.J..-’ 6 QS
. =7 . O
I

73

P - ~ -
Uni i e 2 O
F Ing N
luor €scence inten Hced ceyj 0 N

18



Population dynamics as a function of

arabinose concentration
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Stimulation of inducer transport

gene expression q—

arabinose Be
\
5 S
;‘—_—_—'_
Qe §
‘ _ ¥ &°

‘ Green fluorescent protein
OooOoO

TOLHL  (ooveeaadsy  EOTTESERSEE b
%m%m? leist St Y

outside

arabinose
Decoupled
transpo rter/repo rter
system q
arabinose e
RS rz}'go t
| gt

- O o O

inside
A L T T T
e MG R

outside .
arabinose

20



Population analysis of E. coli
expressing gfp

Population analysis of E. coli
expressing gfp
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Engineered
system
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Balancing enzymatic reactions
In the cell

gene 3 I
gene 2 S

gene 1

Enzyme 1
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Using individual control elements
P,
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Synthetic operons
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The puf operon in Rhodobacter
encodes a multi-subunit enzyme
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endoribonuclease
® o ribosome

5 ® 5 mRNA

RBS
MRNA Is N
Inactivated
by a
cleavage
Inside the
coding
region

exonuclease

Secondary structures in the mRNA
protect natural MRNASs against
nucleases

ribosome

RNase E RBS exonuclease
endonuclease
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A strategy to design mRNA stability?
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Degradation of multicistronic mMRNA

Constructs to test operons
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Relative protein levelssmRNA
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A synthetic operon for carotenoid
production
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No hairpin 5’ of crtl

Crte Crtl Crty
Phytoene —— Lycopene
HP
. crty crtl ,
p70y| 5 _—E—'—_—E-ES
]—RNase E site
Carotenoid Production
300
§ § 200 A
B Phytoene -§ %
o g
o<
[ p-Carotene ‘& <5 100 -
g
B Lycopene
0 -
p70yi +
PAC-PHYT
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Crte Crtl CrtY

——lp Phytoene Lycopene ===

A strong hairpin 5” of crtl
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Carotenoid Production
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A stronger hairpin 5’ of crtl

Crte Crtl CrtY
Phytoene —— Lycopene
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— Phytoene —p Lycopene

A weak hairpin 5’ of crtl
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Carotenoid Production

300
g8
D ©
$8
B Phytoene © 3
a g
2 <
[ p-Carotene & %
) [<5]
x
B Lycopene

p70yi + p70yHP4i + p70yHP16i+ p70yHP17i+
PAC-PHYT pAC-PHYT PpAC-PHYT pAC-PHYT

HP17

HP
. crty E E crtl EEI%'
/ \

RN N R 1

CrtE rtl Crty

—p Phytoene . ..

38



Gene expression tools for metabolic
engineering

Metabolic
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Mass Balance on Cellular Metabolites

dX _g.y.p
dt
where

X = Concentration of metabolites

S = Stoichiometric matrix
-> known enzymatic reactions

b = Uptake, secretion, and biomass synthesis
-> known from cell composition

v = Reaction flux vector
-> unknown

Mass Balance on Cellular
Metabolites

Al

N\
Genomics
Proteomics
Physiomics

40



Solve for fluxes
using linear optimization

mp Atsteady-state: S* v =D

number of number of
fluxes > metabolites
. 495) . (289)
mp Linear Optﬁm?zatlon:
Objective Function:  Z = XC;* v;
|
Constraints: 1. Sev=0D
2. Lower Upper . _
Bound < Vi <Bound '~ 1%
Predicted fluxes Gucosg  ACETATE
7.00 0.81
for growth on Eaa
glucose and %»OPIR
0.0 7.
acetate 7z%xﬁcC0A—> FATTY
1.78 0.81 ACIDS
1.75 0.92
5.00
CELL « ' G4 462 ¢OrT
CONSTITUENTS / 387 \v 5.00
4.62 4.62
MAL GLX ISOCIT
Experimental Dat. Zgz \ . y/ igg
Walsh & Koshland (1985) - FUM ol wKG =
113
Model Predictions \\ / \1.14
3.87
SUCC 377 CELL
CONSTITUENTS
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Some environmental examples
of metabolic engineering

Application of metabolic engineering

to biodesulfurization of fossil fuels

» Dibenzothiophene (DBT) is typical of the
organic sulfur compounds found in fossil fuels.

» DBT is recalcitrant to hydrodesulfurization.
» Used extensively in biodesulfurization studies

S
DBT (dibenzothiophene)
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Rhodococcus erythropolis IGTS8
desulfurization pathway

DBT (dibenzothiophe DBT-5-oxide DBT-5,5-dioxide
Q) Q 20 O - (1)
— —

VAL FVNE

Y
O/S§C
Q
G| DszA
<_
HEP (2-hyclroxybiphenyl) /s—o 22 hyerowyprenal)

Role of reducing equivalents

OH
OH
OH

OPO3

NADH

* DszA & DszC require
reduced flavin
(FMNH,).
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Comparison of degradation rates

Organism Rate Source

(mg/hr/g dcw)
E. coli 51 This work
PRED/pDSZ
Rhodococcus 3 Gallardo (1997)
erythropolis IGTS8
Rhodococcus 5 Oshiro (1996)

erythropolis H-2

Relieving bottlenecks in the
desulfurization pathway

DBT (dibenzothiophene) DBT-5-oxide DBT-5,5-dioxide

“ DszC Dsz C, “
FMNH
B N

HBP (2-hydroxybiphenyl)

Ox| DszA
FMNH,

—0" 2-(2' hydroxyphenol)
//S benzene sulfinate

O
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Overlapping reading frames in dszAB
may limit flux through the pathway

dszA dszB dszC
A e —

DBT =y DBTOZ—» HBPS ———— HBP

dszA dszB dszC
I D -

DBT = DBTO, =——p HBPS ——p H B P

Aerobic precipitation of cadmium

Cysteine
desulfhydrase
Cys —— NH;
+ pyruvate
+ g2-

A

Cd* Cds
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Native cysteine biosynthesis pathway

Serine + 2.
Acetyl-CoA S04
(- Serine |
;s acetylransferase[ )
: (SAT) : |
O-AcetyI-Serihe s
.................................................. Cysteine

Deregulated cysteine biosynthesis
pathway

Serine + 2.
Acetyl-CoA S04

Serine 7
acetyltransferase (+) }
(SAT) ;

O-Acetyl-Serine ()

Cysteine
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Cysteine production is inhibited by

cadmium

500
_ 400
=
f 300 - —o- Control
C
Q | -#- Cys production
Z>~; 200 (SAT)

100 -

0 Y ‘ >

Expression of cysE* and cysD

for aerobic cadmium precipitation
Cd2+

CysE* CysD
—— Cys » S2- \* — CdS

‘\

Pyruvate
NH,

laclR P, cysD
3

Pcon CysE*
— -
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Precipitation of CdS
by the engineered strain  CdS

Control Engineered strain

Cadmium precipitates on the cell
wall as cadmium sulfide
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