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As chains of isoprene units are built up, the resulting terpenes are classified
sequentially by size as mono-, sesqui-, di-, tri-, and tetra-terpenes
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Triterpenoids include various compounds known as main
active constituents of medicinal plants (crude drugs)

ﬁlycyrrhizin (licorice, Glycyrrhiza sﬁ

Glycyrrhizin
(hepatoprotective drugs,
natural sweetener)

- Avicin (Acacia victoriae) : anti-tumor activities » Betulinic acid: its derivative
(PNAS 98, 5821-5826, 2001) (PA-457) is being developed
:%% as an anti-HIV drug
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Problem: Research focus
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Elucidating pathways at the molecular
level will help increase the production
levels within native hosts and facilitate

engineering of heterologous hosts



Licorice
Glycyrrhiza spp.
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glycyrrhizin



Introduction Licorice root and its products

.

» Licorice is a plant belonging to a genus of Glycyrrhiza in the legume family.

> The major active ingredient of licorice is glycyrrhizin.

> Glycyrrhizin is a triterpenoid saponin that is a group

of natural organic compounds that are constituted by “Licorice
6 isoprene units.

Licorice roots

Glycyrrhizin is 150 times
sweeter than sugar.

e Anti-inflammatory
* Hepatoprotective

LN

e~
Glycyrrhizin % medicinal drug
\ j Licorice root is used in 70% of

Chinese herbal medicine Kampo formulations.




[ Glycyrrhizin is isolated from “Rare Plant” }

Primary & secondary processing /
isolation & extraction

glycyrrhizin glycyrrhetinic acid
(Sweetener, pharmaceuticals) (Cosmetic, toiletry)

Licorice root
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3-5 years for harvest

Market(Japan)
120 t, 2.4 Billion yen 30 t, 2.4 Billion yen

Potential risk of shortage

Restrictions on exports



0 Glycosylations
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Glycyrrhizin is derived from -amyrin, one of the most
commonly found triterpenes in plants

\_ B-amyrin Glycyrrhizin

A series of oxidative reactions at C-11 and C-30 positions of 3-amyrin,
and glycosyltransfers to C-3 hydroxyl group, are involved.

5 B
Identify relevant enzymes, CYPs and UGTs



Licorice Stolon ESTs : a resource for gene discovery in
glycyrrhizin biosynthesis (Sudo et al., 2009)

Generation of full-length cDNA libraries from the stolons of G. uralensis plants

. =

Collection of approx. 56k single pass sequences, subsequently
assembled into 10,372 unique sequences

. =

Mining of putative CYPs (ca. 40 genes) by database searches

.=

Selection of candidate P450s (highly expressed in “underground parts”)

/ Glycyrrhizin (+) Glycyrrhizin (-) \
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In vitro enzyme assays of candidate CYPs

Selection of candidate P450s

GL(+) GL()
® )
2 & "

bAS

CYP88D6

CYP93E3

/-tubulin

l

Expressed in insect cells

S N —

66 kDa
55kDa -

Prepare microsome fraction
(containing ER membrane)

1

Mixed in vitro with B-amyrin as
potential substrate

CYP+LIEP§

|

GC-MS analysis of reaction products

«—Licorice P450s




In vitro CYP88D6 enzymatic activity assay
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In vitro CYP88D6 enzymatic activity assay
CYP88D6
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CYP88D6 C-11 oxidation steps

ing josynthesis

9088dAD

GIcA-GIcA-O" :

glycyrrhetinic acid glycyrrhizin
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Seki et al. PNAS (2008)
Seki, Sawai, Ohyama et al. Plant Cell (2011)
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Saponins in foods (crops) are sometimes “undesirable”

- Group A soyasaponins contained in soybean seeds
are recognized as undesired compound because
of its unpleasant bitter taste.

- One of the goals of soybean breeding is to lower
the saponin content.

- However, the breeding programs so far have

apparently not changed the content of saponins Group A soyasaponin
in soybean seeds substantially. (triterpenoid saponin)




B-amyrin could be redirected to the heterologous pathway

?

B-amyrin D

(triterpene skeleton)

“Re-direct” B-amyrin to the heterologous
<€— | glycyrrhizin pathway by recruiting glycyrrhizin
biosynthetic genes (CYPs/UGTs) from licorice.

Glycyrrhizin



A research group, with research teams from universities,

public institutions, and a private company
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Functional genomics of triterpenoid
saponins (licorice, soybean)




Two CYPs were identified in glycyrrhizin pathway

oxidosqualene
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Isolation of UDP- glucroindase in licorice

é coog o
glycyrrhetinic acid monoglucuronide @ glycyrrhizin
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(negative mode)

In vitro assay of yeast extract with substrates (glycrrhetinic aci
monoglucuronide and UDP-glucuronide).

Seki et al. (unpublished, Patent filed (April 2013))



Two CYPs and one UGT were identified in glycyrrhizin pathway

oxidosqualene
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B-amyrin N

CYP72A154. ,

‘ﬁEBRAIN glycyrrhizin




Progress —to isolate first UGT

Unigene (43,882 genes)

' Ramilowski et al. PCP (2013)

BLASTX search (NCBI)

Database : All plants
Query : Putative cDNA genes

Search UGT-like genes
= |55 genes are applicable

UGT 71 72 73 74 75 |76(78(79| 80 |81|82|83| 84 |85(87(88| 89 | 91
fasr::ti)lyBCDBDEBCBCEFBDFDBABAAAABAAAABAB

Hit (4 2 1(14 2 2(1618{1 3 4 3|1 1|2|1|7|3 1(1(2(7|1 1|30|{6|11j1 2|3 1




Progress —to isolate first UGT

Color Key

@ root_high_summer
@) leaf high summer
@) root_high winter

Estimate

UGTs are expected to exhibit similar expression
pattern to the genes involved in Glycyrrhizin
biosynthesis

H—"_ @ root_low_summer
Row Z-5cone

sample @ @ @© @

Ugene_28583 <€——
Spere—taied
Lgena Jil6.

Ugene_20598 &—
i

Ugene 22470
Ugene 25821

UGT73P
Tty

—
Ugene 23948

Ugene 4b23
R msae el

Remove the known or being
examined genes (36 sequences)

: Black lines

8 genes are novel UGT-like sequence

Unigene 28583
Unigene 22470
Unigene 23948
Unigene 4623

Unigene_ 19098
Unigene 20598
Unigene_ 25821
Unigene 29474
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[ Concept of the study } AP g LR b e

through targetdriven R&D

Started from Oct. 2012

Licorice, a rare plant, is dependent on 100% import from
China and other countries. We aim at production of
glycyrrhetinic acid and its derivatives are by yeast
fermentation for stable and sustainable supply

Priﬁiary&secondary/ Ext. & Purif. B g
i Hydrolysis & Purif. : :
processing vy Fermentation

Cosmetic, toiletry, pharmaceuticals



Reconstruction of the pathway for glycyrrhizin aglycone,
glycyrrhetinic acid, in an engineered yeast

---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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Reconstruction of the pathway for glycyrrhizin aglycone,
glycyrrhetinic acid, in an engineered yeast

o e HO” /- HO

Isoprenoid pathway  «ssssseseess » 2,3-oxidosqualene — lanosterol — ergosterol

...............................................................................

bAS: B-amyrin synthase

(L. japonicus)
\ B-amyrin /
ergosterol ‘
M : T B-amyrin
L_Ih*ijjﬂ,,.ll. ervere e e e o]
102 200 300 00 500 400 20
o AW N

16:00 18:00 2000 22:00 24:1

GC-MS analysis of the ethyl-acetate extract of bAS-expressing yeast culture



Reconstruction of the pathway for glycyrrhizin aglycone,
glycyrrhetinic acid, in an engineered yeast
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bAS: B-amyrin synthase

: CYP88D6
HO™
B-amyrin loxop-amyrin

| bAS/CYP88D6 11-oxo-B-amyrin “
: B-amyrin 3 &
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GC-MS analysis of the ethyl-acetate extract of bAS/CYP88D6-expressing yeast culture



Reconstruction of the pathway for glycyrrhizin aglycone,
glycyrrhetinic acid, in an engineered yeast

Endogenous sterol pathway Z | 3 \
< |G
: |
H O _E_ HO ", HO' E

Isoprenoid pathway «««sseesee » 2,3-oxidosqualene — lanosterol — ergosterol

o
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bAS: B-amyrin synthase

: CYP88D6
HO
B-amyrin

loxof-amyrin

CYP72A1 5>




11-OXO--amyrin
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CYP72A61

—— CYP72A154
CYP72A63
s

— CYP/2A65

CYP72A59

— ¥R IAR]

CYP72A68
— 0.1

- CYP88D6
—— CYP88D3 o4
—— CYP88D2 &%

- CYP93E3
L CcYPO3E2

75.5%

[T
-
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: Seq. from G. uralensis

..........

Seq. from Medicago truncatula

%  Aminoacid identity to the respective
G. uralensis homolog

-Phylogenetic tree was generated with ClustaW program-



enetation of bAS/CPR/P450 expressing yeast

Endogenous Sterol pathway in yeast
2,3-

Isoprenoid =) 0X'C'OSCIUa"'me-b-}Ergosterol

Lijfé P450

B-Amyrin

GC-MS



29 30 Comparison of the function of licorice
)" CYP72A154 and Medicago CYP72As

30-hydroxy-11-oxo-B-amyrin
\ 29-hydroxy-11-oxo-B-amyrin

ll-gxo-B-amyrin /\N\/
4 CYP72A154 MJ

(licorice)

glycyrrhetlnlc acid

4+ CYP72A63 EJJ l
(Medicago) £ '

4+ CYP72A62v2
(Medicago) - -

24:00 24:30 25:00 25:30 26:00 26:30 27:00
Retention time (min)

Regioselectiviy (C—30) is high in Medicago CYP72A63



/ Genomic copy

~

MET3 Promotar ERG7 proaomer | ergZA
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Avoid side-reaction Production of intermediate was increased



Optimization of CYP72A63 promoter

Induction time
4 ™\ Marker O 4h 8h 1d 2d 3d 4d 6d
Grenomic copy
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QGALl/ADHZ-CYP72A63o pt/PGALlO-CPR1/PGAL1-CYP88D60pt/

€ PADH2-CYP72A630pt-MYC  pnti Myc
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Productivity of glycyrrhetinic acid was increase



mevalonate

J; Two relevant CYPs were identified

2,3-oxidosqualene

0 :COOH
CYP72A154 ...  AL-
“Ox
GL
HO™ ) HO™
11-0x0-B-amyrin

bAS
CYP88D6

CYP93E3
S-tubulin

soyasaponins

Seki et al., PNAS 105 (2008) 14204-14209 -
Seki, Sawai, Ohyama et al., Plant Cell 23 (2011) 4112-4123




Three distinct CYP family
are recruited in the
modification of B-amyrin

~
72A154

B-amyrin

Arabidopsis P450s

11/14/2004

ClustalX 1.83 Windows

Gonnet Martrix

© Seren Bak and Suzanne Paquette




Gene co-expression analysis tool of Medicago truncatula

THE SAMUEL ROBERTS Noble Foundation | Plant Biology | Mf Gene Expression Atlas

NOBLE

Medicago truncatula Gene Expression Atlas

NDATION

Current Version: V2 (July 2009) @ Sample Selection MTV
# of Experiments: 64

# of GeneChips: 156

Co-expression Analysis

Quick Search:

Probeset ID:
Return the highly correlated gene expression profiles according to provided probeset ID or gene expression profile. Correlation

[Random] Go measurement can be based on either Pearson's Correlation Coefficient (a.k.a Pearson Linear Caorrelation) which is around mean, or Cosine
Correlation which is around zero.

MtGEA:

Microarray Sample Selection MW

OR, Query expression Input numeric values corresponding to the experiments selected below, and in the same order.

Multi-transcript Viewer New profile: Values must be space-delimited (white space, tab, or carriage return).
Search by... e le)
xample
« Probeset D
» Homolog Probeset ID Hew Clear Example) y
« Gene Annotation...
= Gene ID Calculation based on: ) Select all _ Clear selections
o Gene Description " 1:Leaf M 2: Petiole
» GO Annotation # 3:Stem W 4:Vegetative Bud
o Protein Domain Mew ¥ 5:Leaf-2HA-1wk B5 ¥ 6:Leaf-2HA-1wk B5+NAA
« KEGG Annotation @ 7: Leaf-2HA-2wk B5+NAA+BAP '21 8: Leaf-Jemalong-2wk B5+NAA+BAP
o Transcription Factor W 9: Shoot (split-root exp)-sufficient N2 W 10: Shoot (split-root exp)-imited N2
< Fa—"]'g . # 11: Shoot (split-root exp)-sufficient NH4 W 12: Shoot (split-root exp)-limited NH4
q o = = = =
: :;L:;T_ce: ‘anmen W 13: Shoot (split-root exp)-sufficient NO3 W 14: Shoot (split-root exp)-limited NO3
« Genomics Features # 15: Flower @ 16: Seed: 10dap-late embryogenesis (heart
(Genome Browser) stage
e W 17: Seed: 12dap-transition phase @ 18: Seed: 16dap-seed filling
) e T O T @ 19: Seed: 20dap-seed filling @ 20: Seed: 24dap seed filling
- iEE e e ™ 21:Seed: 36dap-physiological maturity W 22: Seed coat (16-24dap)
Analysis W 23:Pod V! 24: Transg. Seed: 20-22dap (empty vector

Ceocenb FAmalonio Llickom,: control)
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Gene co-expression analysis in M. truncatula

Probeset Correlation

CYP72A68 Mitr.37298.1.51 at 0.9036

CYP72A67 Mtr.37299.1.51_at 0.9027

CYP72A65 Mir.24379.1.51_at

» CYP716A12 Mtr.31199.1.81 s at 07525 New
CYP89A2 Mtr51061.1.81 x _at  0.6693
CYP72A61 Mtr43117.1.81 at  0.5452

CYP93E2  Mtr.8618.1.51_at 0.4834  B-amyrin-24-oxidase

P450s correlated with bAS based on a Pearson correlation coefficient cut-off 0.4



CYP716A12 s multifunctional P450

Mevalonate

- | o

& éj
Squalene - i Oleanolic acid

9

2,3 :
Oxidosqualene --»

Fukushima et al., Plant Cell Physiol. 52 (2011) 2050-2061



CYP716A12 s multifunctional P450

Mevalonate

- | o

Squalene

9

2,3 :
Oxidosqualene --»

Lupeol Betulinic acid

Fukushima et al., Plant Cell Physiol. 52 (2011) 2050-2061



Triterpenoids similar to oleanolic acid

COOH COOH
HO”N HO™

Oleanolic acid Ursolic acid Betulinic acid

Antitumor Antitumor Antitumor

Anticariogenic Anticariogenic Anticariogenic

Hepatoprotectiv Analgesic Anti-HIV

e Diuretic Antifungal

Anti-HIV Antidiabetic Antimalarial
Anti-HSV-1

ubiquitous ubiquitous ubiquitous
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- OSCs

B-amyrin synthase (bAS, Lotus)
Lupeol synthase (LUS, licorice)
a-amyrin synthase (aAS, olive)

o-amyrin synthase (dAS, tomato)

- P450s

CYP88Ds (legume specific)

9d88dAD

CYP93Es (legume specific)
CYP72As (common in plants) o
oleanolic acid

CYP716As (common in plants)

CYP51Hs (monocot specific)

glycyrrhetinic acid



Previously...

P450s correlated with bAS

Name Probeset Correlation

CYP72A68  Mtr.37298.1.81 at  0.9036
CYP72A67 Mir.37299.1.51 at 09027  No detected activity
CYP72A65  Mtr24379.1.81 at  0.7903
CYP716A12 Mtr.31199.1.81 s at  0.7525

CYP89A2 Mtr51061.1.81 x_at  0.6693

CYP72A61  Mtr43117.1.81_at  0.5452

CYP93E2 Mtr.8618.1.51_at 0.4834

P450s correlated with bAS based on a Pearson correlation coefficient cut-off 0.4



Gene co-expression analysis in M. truncatula

P450s correlated with CYP93E2

Name Probeset Correlation

CYP93E2 + CYP72A61 » CYP72A61  Mtr43117.1.51_at 0.898

CYP72A61 Mtr.43118.1.51_at 0.746

P450s correlated with bAS based on a Pearson correlation coefficient cut-off 0.6

P450s correlated with CYP716A12

Name Probeset Correlation

CYP716A12 + CYP72A68 CYP72A68 Mtr.37298.1.S1_at 0.798

CYP716A12 + CYP72A67 » CYP72A67 Mtr.37299.1.S1_at 0.698




Conclusions (in this work)
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Conclusions (in this work)
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Summary

Engineered plant/yeast system:

Production of useful triterpenoids
- Glycyrrhetinic acid: CYP88D6, CYP/72A154/72A63
- Oleanolic acid, betulinic acid, ursolic acid:
CYP716A12

Combinatorial biosynthesis

combination of P450s
Production of rare natural product in sufficient
amount and/or to generate non-natural products, to
be investigated their potential biological activities



Diversity of genes for specialized
metabolism(OSC, P450, UGT

etc) Large scale production
of useful terpenoids
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Summary 2

» The production of abietadiene was verified in LAS-

expressing strain by GC-MS analysis.

This is the first case of in vivo production of plant-derived diterpene in
engineered green algae.

» These results suggest that C. reinhardtii could be
a suitable host for the biotechnological production
of abietic acid and other useful diterpenes.
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