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Applications and uses of terpenoids
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Fragrances In soap, perfumes
and other cosmetic products
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Taxol, a potent anticancer agent produced

by Taxus plants, Is a diterpene

Paclitaxel




Terpenes as biofuels

US Patent 7,846,222 (Amyris
Biotechnolgies) claims a fuel
composition comprising one of a group
of specified isoprenoid compounds such
- as farnesane,

.................................................................. Biofuel Patents
from 2002 - 2007

2002 — 147 patents
2003 — 271 patents
2004 — 302 patents
2005 — 391 patents
2006 — 640 patents
2007 — 1,045 patents

Biofuel Patents Compared to

Solar Power and Wind Power
Patents in 2007
W Biofuel 1045 [56%)

W Solar Power 555  [29%]
W Wind Power 282 [15%)]



http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO2&Sect2=HITOFF&p=1&u=%2Fnetahtml%2FPTO%2Fsearch-bool.html&r=1&f=G&l=50&co1=AND&d=PTXT&s1=7,846,222&OS=7,846,222&RS=7,846,222
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Alternative biofuels produced by cell factories
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i MVA and MEP pathways
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The plants
From genes to essential oils:

Salvia fruticosa

Mining the genes
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elevated cuticle
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subcuticular oil storage cavity

= epidermis

\ mesophyll




Isolation of glandular trichomes from S.
fruticosa and S. pomifera by mechanical
means, extraction of total RNA, and

construction of cDNA library

Summary of EST approach (1) ..

| sall (46)
| [koni G6)
[/Ndel 62)
If—— smal(s9)

Bglll (5847)

O Mrel (98)
N

pDNR-LIB

5925 bp | \Mie! 625)

| sact @77)
Clal (4128) \SONA insert

Eco RV (1445)
\ \ sehi(833)

\  smal(1903)
\\\Xho 1(2076)
HindIll (2082)
Xpal (2088)

\QSacl (2284)

Eco RV (2288)

Nco | (2435)

Clal 3791)

Kpnl (3430) I
Eco RV (3044) /
Not! (3018)




Summary of EST approach (2)

Distribution of 114 Blast Hits on the Query Seguence

Identification of possible gene
identity by blastx

Classification of isolated
clones according to the MIPS
functional classification of
the closest Arabidopsis
protein
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B DEVELOPMENT

B SUBCELLULAR LOCALIZATION

O BIOGENESIS OF CELLULAR COMPONENTS

O CELLULAR COMMUNICATION/SIGNAL TRANSDUCTION MECHANISM
B CELL CYCLE AND DNA PROCESSING

B ENERGY

O TRANSCRIPTION

B CELL RESCUE, DEFENSE, VIRULENCE AND FATE

@ PROTEIN SYNTHESIS

B PROTEIN FATE (folding, modification, destination)

O CELLULAR TRANSPORT, TRANSPORT FACILITATION AND ROUTES
O MISCELANEOUS

B METABOLISM

O UNKNOWN, HYPOTHETICAL AND PUTATIVE



Table of Hits

Function S. fruticosa Hits S. pomifera Hits
Isoprene 1-deoxy-D-xylulose 5-phosphate synthase 1 1-deoxy-D-xylulose 5-phosphate synthase 1
synthesis 1 1
putative 1-deoxy-D-xylulose 5-phosphate 1 putative 3-Hydroxy-3-methylglutaryl- 2
reductoisomerase (DXR) 12 coenzyme A synthase (HMGS) 1
farnesyl diphosphate synthase 1 1
putative 3-Hydroxy-3-methylglutaryl- 1
coenzyme A synthase (HMGS) 1
putative 3-Hydroxy-3-methylglutaryl- 1
coenzyme A synthase (HMGS) 2
putative xylose isomerase 1
Monoterpene 1,8 cineole synthase 1 5 sabinene synthase 1 1
synthases putative 1,8 cineole synthase 2 1
putative monoterpene synthase 1 1
truncated monoterpene synthase 1 1
Sesquiterpene putative sesquiterpene synthase 1 2 putative sesquiterpene synthase 1 5
synthases putative sesquiterpene synthase 2 1 putative sesquiterpene synthase 2 1
putative sesquiterpene synthase 3 1 putative sesquiterpene synthase 3 2
putative sesquiterpene synthase 4 1 truncated sesquiterpene synthase 1 1
Diterpene putative copalyl diphosphate synthase 1 1 putative copalyl diphosphate synthase 1 2
synthases putative ent-kaurene synthase 1 1
Phenolic phenyl coumaran benzyl ether reductase 1 7 putative caffeic acid-O-methyltransferase 1
biosynthesis phenyl coumaran benzyl ether reductase 2 1 putative cinnamyl-alcohol dehydrogenase 1
phenyl coumaran benzyl ether reductase 3 1 putative chalcone isomerase 1 1
phenyl coumaran benzyl ether reductase 4 1 putative chalcone isomerase 2 1
phenyl coumaran benzyl ether reductase 5 1
phenyl coumaran benzyl ether reductase 6 1
phenyl coumaran benzyl ether reductase 7 1
Cytochrome cytochrome P450 family protein 1 1
P450s cytochrome P450 family protein 2 1
cytochrome P450 family protein 3 1
cytochrome P450 family protein 4 1
cytochrome P450 family protein 5 1
cytochrome P450 family protein 6 1
cytochrome P450 family protein 7 1
cytochrome P450 family protein 8 1
cytochrome P450 family protein 9 1
cytochrome P450 family protein 10 1
cytochrome P450 family protein 11 1
cytochrome P450 family protein 12 1

aPutative is below 90% identity with a characterised protein.
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Sesquiterpene synthase activities
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. resulting from one amino acid change
' (Asn338)
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" SCinS1(N338A) 40 490 26 168 151 92 60

. SCinS1(N338S) 00 00 00 394 00 451 154

USICinS1 (NS38C) 59 458 31 177 135 100 70



Analysis of S. fruticosa
transcriptome data

The sequenced contigs were analyzed using the
. BlastX and PFAM algorithms.

w

/3/ ~ The output was tabulated in excel files. Manual
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S. fruticosa

Translation of Sf Kaurene synth hom No32 (0.3920)
— IiSiru.N01 0004299 putative copalyl diphosphate synthase (-0.0003)
L

Sfru.NO1.C004301_putative copaly diphosphate synthase (0.0003)
Stnu.NO1.C004300_putative copaly diphosphate synthase (0.0056)
Sfru.NO1 C012603 (+Hbomyl diphosphate synthase 2 (0.1035)
Stru.NO1. Q004095 (+Homyl diphosphate synthase 4 aad (-0.0011)
Stru.NO1. CO04096 (+Hbomyl diphosphate synthase 3 (0.0000)
Stru.NO1.Q004095_(+)sabinene synthase hom (0.0000)
Stru.NO1.C004096_(+)sabinene synthase hom (0.Q000)
Translation of SpSbS18(0.0512)
[Siru.N01 Q005701 _pinene synthase hom (0.0063)
Stru.N01.0005702_pinene synthase hom (0.0056)

Sfru.NO1.C001865_1 3-carene synthase hom (0.0000)

Stru.N01.C001567_1 3carene syrithase hom (0.0000)

Stru.N01.C001569_1 3carene synthase hom (0.0000)

Sfru.N01.C001866_1 3-carene synthase hom (0.0000)

Stru.N01.C001568_1 3carene synthase hom (0.0000)

Stru.N01.C001570_1 3carene synthase hom (0.0000)
Translation of Sf 215 (0.1351)

SfruN01.C008138_Cineole synthase (0.2386)
Sfru.NO1.C001107_terpene synthase 6 hom (0.0061)
Sfru.NO1.C001108_terpene synthase & hom (0.0067)
SfruNO1.0001109_terpene synthase 6 hom (0.0005)
Sfru.NO1.C001111_terpene synthase 6 hom (0.0013)

— Sfru.NO1.C001110_terpene synthase 6 hom (0.0005)

SfruNO1.0001112_tetpene synthase 6 hom(0.0013)
——————Sfru.NO1.C008872_terpene synthase 3 (0.2158)

] - Translation of Sf 1025 (0.2361)

SfruN0O1.C012809_cis-muuroladiens synthase (0.3445)
Sfru.N01.C002327_nerolidolf linalool synthase hom (0.3655)

I Sfru.N01.0003993_ mixed amyrin synthase (0.2107)
Stru.N01.C001062_beta-amyrin synthase (0.0000)
Sfru.NO1.C001066_beta-amyrin synthase (0.0000)
Stru.N01.C001067_beta-armyrin syrthase (0.0000)

St NO1.0001084_beta~amyrin synthase (-0.0181)

Sfru.NO1.C001065_beta-amyrin synthase (-0.0087)

SfruND1.CD01068_beta-anytin synthase (-0.0052)

Sfru.ND1.C001070_beta-amyrin synthase (-0.0029)
Sfru.NO1.C001083_beta-amyrin synthase (0.0000)
Sfru.N01.0001055_beta-amytin synthase (0.0000)
Sfru.N01.C001056_beta~amyrin synthase (0.0000)
Sfru.NO1.C001061_beta-amyrin synthase (0.0000)
[Sfru.ND1 1C001058_beta-amyrin synthase (0.0036)

Sfru.ND1.C001080_beta-amyrin syrthase (0.0043)
Sfru.NO1.C001048_beta-amyrin synthase (0.0000)
SfruNO1.C001049_beta-anyrin synthase (0.0000)
Sfru.NO1.C001050_beta-amyrin synthase (0.0000)
Sfru.NO1.C001051_beta-ampin synthase (0.0000)
Sfru.NO1.C001059 beta-amwin svhthase (0 0000




Cytochrome P450s

Sfru.N01.C000850_CYPTEC2 (0.2822)
— Sfru.N01.C007776_CYP76C2 (0.0210)

L Sfru.ND1.C007777_CYP76C2 (0.0239)
Sfru.NO1.C004734 CYP716A12 (C

|SI’I'U.N[I1 C004735_CYPT18A12 (C
|SI’nJ.N[I1 .CO04736_CYPT16A12 (C
Sfru.NO01.C005881_CYP83A1 (0.36:
| Sfru.NO1.C005652_CYPT2ASE (0.01
| Sfru.N01.C005693_CYP72A58 hom
Sfru.N01.C008404 CYPT2A57 (0.17
Sfru.N01.C013081_CYP72A54 (0.2
| (Sru.N01.C007652_CYP36A10 (0.
ISfru NO1.CO07653_CYP96A10 (D
SfruN01.C012726_CYPS6A1 (0.1t
Sfru.N01.COD4761_CYP79A2 (0.3665)

Sfru.ND1.C001944_CYP71D1 (0.0000)
ﬁsrm_wn1_cm195u_cvp?1[:-1?5 (D.0000) Selected genes
SfruNO1.C001949_CYP71D175 (0.0036)
Sfru.ND1.C007784_CYP71D1 (0.2956) In yeIIOW

Sru.N01.C002373_CYPT1AUT (0.0011)
’_{Sfru.Nm .C002374_CYPT1AU1 (0.0009)

Sfru.NO1.C002375_CYPT1AU1 (0.0011)
Sfru.ND1.C002376_CYPT1AU1 (0.0009)
STU.NO1.C002377_CYPT1AU1T (0.0011)
Sfru.N01.C002378_CYPT1AU1T (0.0009)
Sfru/NO1.C008024_CYPT1A22 menthofuran synthase (0.
rSfru.N01.C005074_CYP71AU1 (0.0059)
L SfruNO1.COD5075_CYPT1AU1 (0.0041)
SfruN01.C013326_CYPT1A22 (0.2591)
STU.NO1.C012964_CYPS2B2v2 (0.3258)
Sfru.N01.C012863 CYP98A2 CS'3H isoform (0.1221)
' Sfru.N01.C013032_CYP98A2 (D.1181)




“Metabolic Engineering” in yeast for Terpenoid

Production
WHY YEAST?

= * Fukaryotic organisms, they contain the same basic
~ metabolic machinery as higher organisms

‘Well established industrial microorganism from ancient
~times

‘The first eukaryote whose genome was sequenced

' '~  t is composed of app. 6,000 genes; collection of deletion
0, ?:a: rains available for most of them

‘Additional info on yeast interactome, yeast
anscriptome exists



Acetate

ACST. ACSZ
SEAC:S{LEM Fi

Acetyl CoA

ERGTD
AtoBf

il Acetuacetyl -CoA

Husr

HMG-CoA

HGT HMG2

L 4

—_—
mevalonate —,
ERGE,
ERGT2
ERGTG

Gene upregulation:
ALDE, SeACS(LB41P)
HMGT, HMG2

o

ERG20

B8BTSt

LPP1, DPP1

ERGS
LPF1, DPP1
GDHY

Gene downregulation:

DMAPP

o1 “ >—“’ cpp Y

IPP NTSE

Monoterpenes Sesquiterpenes

Protein engineering:

HMGR

GGPPS

TPSs

sterols Diterpenes
ﬂ] TS
squalene CPP
ERGY cDs'
arsif
FPP  ——r PP
GGPPS®
sTg'he DTse
Diterpenes

Synopsis of terpene biosynthesis in yeast
Indicating the genes involved and the
‘metabolic engineering interventions employed
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Strategies for further increasing production of
terpenoids in yeast

Use of new enzymes with increased catalytic activity

Protein stabilization

tve thehee trez they trez pEabass

’ 0-expression of terpene synthase interacting proteins which
stabilize them

Jse of strong promoters
tegration of multiple gene copies into the genome



Genetic interaction in yeast
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f digenic interaction as a double mutant that shows a
_significant deviation in fitness compared with the
pected multiplicative effect of combining two single
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~+ Positive Genetic interactors in yeast identify a

new set of targets for Iimprovement




The ERAD complex

The Doa10p complex
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Yeasts do it ..




In yeast diploid cells deletion of one allele, in the
.. vast majority of cases translates into almost 50%
(9 suppression of gene expression



« Developing heterozygous deletion strains

Mat alpha,
' pUTDH3mM/Sf126 ca

X

Mat a deletion mutant

Mat a/alpha, x/X, pUTDH3mM/SF126




Solid Phase Microextraction (SPME) sampling
procedure
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Adjustable needle
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: « Screening for
@ heterozygous
deletions which
o enhance terpenoid
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Foldimprovement
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T reproducibly increase
«  caryophyllene yields over
time

i Heterozygous deletions
T

2-5 fold induction over control strain

Fald improvement
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‘Strategy. Select a deletion which gave
consistent induction of caryophyllene production



‘Double heterozygous and homozygous deletions
In ubc?

NES

Fold im provem ent

Foldimprovement

g
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In heterozygous strains, tandem deletions
lead in many cases to additional yield
increases

In contrast, in double homozygous haploid
strains most strains suffered serious grwth

. and production impediments

Selected genes: UBC7, SSM4/DOA10,
PHO86



Engineered new yeast strains for high
caryophyllene production

- Khol (732)
__ : EcoRI (699)
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COD7
2428 bp
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Matale P -HMGAEER):HOXZ wrad spl, 53, Proe- pUTDHSREAZ26 2uTRAS Pry -53f125
HMGHEBR): Jeu? X2 FRODere 9 De tived fiom AM0
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Improved strains produce 50-fold higher
yields of caryophyllene in yeast
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-eterozygous deletions increase Hmgp stability
in engineered cells

HMG1-TM-EYFP




' Non-targeted screen for new deletions enhancing terpenoid production

- The sesquiterpene yield increases did not coincide with diterpene
productivity

'mingly unrelated genes and pathways could play an especially important
e in the pathway efficiency
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7.8-Dihydro-B-carotene
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Plasmid construct
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Materials & Methods

YEplac195- Stu |
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- j F '
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Stul
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» Integration into a wild type Mat alpha
yeast strain

S. cerevisiae
Eenome

| — URA3 Integration should eliminate plasmid
; l instability issues during the screen
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Mating of the Mat alpha, YEplac195-crtYB/crtl/crtE strain to

the Research Genetics yeast deletion strain library

30°C

Overnight

Matings

 Plating in
selection media

Library (Research Genetics): for diploid strains

) deletion mutant strains

""""



s, Cross of library strains to Mat alpha carotenoid producing strain

EGY48-YEP195 linear

haploid

HHHVY 54\‘)

URRYNNRY

.....

b

diploid mutant
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Diploid heterozygous library strains

a4
oy

N

.im. showing greater percentage of orange colonies or deeper red color were selected

Iliv

for ‘i‘ ther evaluation



Carotenoid production in yeast as visual marker for
the identification of genes participating in enhanced
GGPP production
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i To the selected set of deletions identified,
 the corresponding haploid library deletion
/. “trains the following plasmids were

fiitransformed
1/ » YEplac195-crtYB/crtl/crtE
» PUTDH3m/Sf126 caryoph. synthase
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Quantification of carotenoids
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yor029w
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» Cultures grown after 5 days incubation
period



Carotenoid production of selected haploid mutants
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Tandem heterozygosity can increase
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Current aims
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 |dentify tandem heterozygous mutations which boost
terpenoid productivity

&= =+ Genes which do not participate in vital functions can
W Dbe fully deleted

'_ Understand the mode of action

- Develop optimized yeast strains for diterpene
- production
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