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Figure 1 The structure of morphine
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Figure 2 Biosynthesis of (S)-reticuline from L-tyrosine
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Figure 5 Morphine biosynthesis pathway starting from glucose in yeast

(S)-2F O SR 78 R (R)-4 0 Sk ) Tl 7 A SR P
TR ELGE A, A &5 E T LU o il TR
P VR B R TRl G, MBI TS EH, i
R T DL 3% 2 b1 ﬁﬁtﬁ, . AN B7 1k el = 4
M, B AR,

(i) WAL Z5A S AR A . SEE AR
i ) Fe AR I8 B O VE B Bt A 45 S g R

" /©/YCODH
------- L-tyrosine o el

BEE

Glucose
|

| ARO4

wH{ N\
2R\
L-DOPA  \
DODC
2O + 4;275@“

Dopamine 4-H
NCs|
(S)-EPSHTH
(S)-Norcolaurine
60MT|,
CNMT}
NMCT{
4’0MTl
(S-FINR,
(S)-Reticuline
STORR(DRS){,
1,2-fREFINRE

HO.
-NH
HO'

CH;0.

T e,
HO. b,

CH30

1,2-Dehydroreticuline
STORR(DRR) | o0
(R-EFINRTE v 7o Mon
(R)-Reticuline "
Sa|Syn+CPRl i
I BREE
Salutaridine
salR|
SHHBRERE
Salutaridinol
SalAT|
SHDBRER-T-E-28
Salutaridinol-7-O-acetate
spontaneous

CH30.

Thebaine
T60DM)|,
BEE
Neopinone
spontaneous

TR RE

Codelnone

o =
"' & NCH; HER

CH30

CcOoDM

BRIRIL

Oripavine
{T60DM
=]z

Morphinone

ST

R N Mo;phme

7{%
Codeine

CODM

PESER SR R, Bilhn, SalRfEALYD 2 78 HER AL
*?ﬁi%%mLiﬁfu& Sl ] 7 ) AR
PR S e T EEIA BT RS T A pHL A il B — 2P I
TE H fiz 1 E_E’JHP‘EP# AT RLBIA i i X =

1k (subcellular compartmentahzation)E’J B, 7H
JH T 240 6L v 1% 45 o 48 2 19 A [i] 2 o s A A

TE RN T AR, K5 AN [ 52 B2 38 23 73 B 21068 B2 A9 A

1441



4 % B & 2016%E58 H61% £13#

[) SV 401 B 285 4 v, R v B I R R AL %R #2013
4F, Avalos%E NPV T B A Al rp A9 348 I 7 PR R 40
JiL ST RS AR L AR i, (RN T 2,64

UEAbh, %5 B LA B A e — i R, SRR
%, F53CODM, T60DM, COR:X 37 g4 Y i 7 /g
FH, A RESZEE AR N 2 m g MERE Ak, Xk, BT LA
it N T A S AR 1 72, S BRG k 3 il A ]
FE | HEFRE IR e RS Bk B R b, DA e
ITRA T —, W32 B A ™ %t o 7= 4 14 43
W, P A AR R

4 Iheh

b6 B — A P B B R T, AR T A A
0 185 3 A A TS AR E AR AN W K. fEtt A b
B A A ol BT B I R R R TR AR,
KRR GL)Z A, L2 A R DN 4 JZ T B o A
Wi 2 S i PR S S5 A BRI B 4
T Ty RE Y AW 28 et R A A T R B A SN IR AR

%25 3k

A BUE B A )00 TR B 0 R 5 R Ak e AR
TR R, EOR A4 B S R A0k, %
AENANA RS | AR IRk, R R Y
A LR FRURRE 0L 5 B0 7 it A S e B4 4 R 25 )

LI B 5 RS BRI A Wy e ) 7 iR AR, iR
RERE T T Tk A 7=, (HIR B & AW~ 1) K
Ji&, LR D BB A 1 AR, 25 A R G
FATH AR, Wy A 2 B A B 3 I,
o 1 2 M 1% AR 5 A D T 5 B % 3k B
i, JFl S Z2 B B A F A7) TR A, $R
Ay

(G Fof o 7 2 R, ph T M S BT 2R A )
T D A A R B, e A e AR R
FheA e R AT RE 2 B L TR, ARkl 2y
A FIEE A, CBCH IR, A I, TR SR
PSR 5 91 58 8 M OCIE L ML, MVE & A
RIS, AR SRAIT ST N 53 o R 40 552 40 A i 48 BRI A
Yol g ) R, LI o RS R ST AR

Gates M, Tschudi G. The synthesis of morphine. J] Am Chem Soc, 1956, 78: 1380-1373, doi: 10.1021/ja01588a033

2 Hagel J M, Facchini P J. Benzylisoquinoline alkaloid metabolism: A century of discovery and a brave new world. Plant Cell Physiol,

2013, 54: 647-672

3 Siddiqui M S, Thodey K, Trenchard I, et al. Advancing secondary metabolite biosynthesis in yeast with synthetic biology tools. FEMS

Yeast Res, 2012, 12: 144-170

4 Guo Y, Dong J, Auxillos J, et al. YeastFab: The design and construction of standard biological parts for metabolic engineering in Sac-

charomyces cerevisiae. Nucleic Acids Res, 2015, 43: 88

5 Kavscek M, Strazar M, Curk T, et al. Yeast as a cell factory: Current state and perspectives. Microb Cell Fact, 2015, 14: 94

Yoshikuni Y, Dietrich J A, Nowroozi F F, et al. Redesigning enzymes based on adaptive evolution for optimal function in synthetic

metabolic pathways. Chem Biol, 2008, 15: 607-618

7 Paddon CJ, Westfall P J, Pitera D J, et al. High-level semi-synthetic production of the potent antimalarial artemisinin. Nature, 2013, 496:

528-532

8 Paddon C J, Keasling J D. Semi-synthetic artemisinin: A model for the use of synthetic biology in pharmaceutical development. Nat Rev

Microbiol, 2014, 12: 355-367

9 Avalos J L, Fink G R, Stephanopoulos G, et al. Compartmentalization of metabolic pathways in yeast mitochondria improves the pro-
duction of branched-chain alcohols. Nat Biotechnol, 2013, 31: 335-341

10 Steen E J, Chan R, Prasad N, et al. Metabolic engineering of Saccharomyces cerevisiae for the production of n-butanol. Microb Cell Fact,

2008, 7: 36

11 Buijs N A, Siewers V, Nielsen J. Advanced biofuel production by the yeast Saccharomyces cerevisiae. Curr Opin Chem Biol, 2013, 17:

480-488

12 Aiikumar P K, Xiao W H, Tyo K E, et al. Isoprenoid pathway optimization for Taxol precursor overproduction in Escherichia coli. Sci-

ence, 2010, 330: 70-74

13 Ye V M, Bhatia S K. Metabolic engineering for the production of clinically important molecules: Omega-3 fatty acids, artemisinin, and

taxol. Biotechnol J, 2012, 7: 20-33

14 Desgagne-Penix I, Khan M F, Schriemer D C, et al. Integration of deep transcriptome and proteome analyses reveals the components of

alkaloid metabolism in opium poppy cell cultures. BMC Plant Biol, 2010, 10: 252

1442



15

16

17

18

19

20
21

22

23

24

25
26

27

28

29

30

31

Liitke-Eversloh T, Stephanopoulos G. L-Tyrosine production by deregulated strains of Escherichia coli. Appl Microbiol Biotechnol,
2007, 75: 103-110

Liitke-Eversloh T, Santos C N, Stephanopoulos G. Perspectives of biotechnological production of L-tyrosine and its applications. Appl
Microbiol Biotechnol, 2007, 77: 751-762

DeLoache W C, Russ Z N, Narcross L, et al. An enzyme-coupled biosensor enables (S)-reticuline production in yeast from glucose. Nat
Chem Biol, 2015, 11: 465-471

Trenchard I J, Siddiqui M S, Thodey K, et al. De novo production of the key branch point benzylisoquinoline alkaloid reticuline in yeast.
Metab Eng, 2015, 31: 74-83

Minami H, Kim J S, Ikezawa N, et al. Microbial production of plant benzylisoquinoline alkaloids. Proc Natl Acad Sci USA, 2008, 105:
7393-7398

Fossati E, Nsrcross L, Ekins A, et al. Synthesis of morphinan alkaloids in Saccharomyces cerevisiae. PLoS One, 2015, 10: 0124459
Hirata K, Poeaknapo C, Schmidt J, et al. 1,2-Dehydroreticuline synthase, the branch point enzyme opening the morphinan biosynthetic
pathway. Phytochemistry, 2004, 65: 1039-1046

Winzer T, Kern M, King A J, et al. Plant science. Morphinan biosynthesis in opium poppy requires a P450-oxidoreductase fusion protein.
Science, 2015, 349: 309-312

Farrow S C, Hagel J M, Beaudoin G A W, et al. Stereochemical inversion of (S)-reticuline by a cytochrome P450 fusion in opium poppy.
Nat Chem Biol, 2015, 11: 728-732

Thodey K, Galanie S, Smolke C D. A microbial biomanufacturing platform for natural and semisynthetic opioids. Nat Chem Biol, 2014,
10: 837-844

Galanie S, Thodey K, Trenchard I J, et al. Complete biosynthesis of opioids in yeast. Science, 2015, 349: 1095-1100

Kraus P F, Kutchan T M. Molecular cloning and heterologous expression of a cDNA encoding berbamunine synthase, a C—O phe-
nol-coupling cytochrome P450 from the higher plant Berberis stolonifera. Proc Natl Acad Sci USA, 1995, 92: 2071-2075

Lee H, DeLoache W C, Dueber J E, et al. Spatial organization of enzymes for metabolic engineering. Meta Eng, 2012, 14: 242-251
Hosse R J, Rothe A, Power B E. A new generation of protein display scaffolds for molecular recognition. Protein Sci, 2006, 15: 14-27
Dueber J E, Wu G C, Malmircheqini G R, et al. Synthetic protein scaffolds provide modular control over metabolic flux. Nat Biotechnol,
2009, 27: 753-759

Flagfeldt D B, Siewers V, Huang L, et al. Characterization of chromosomal integration sites for heterologous gene expression in Sac-
charomyces cerevisiae. Yeast, 2009, 26: 545-551

Ronda C, Maury J, Jakociunas T, et al. CrEdit: CRISPR mediated multi-loci gene integration in Saccharomyces cerevisiae. Microb Cell
Fact, 2015, 14: 97

1443



44 %8 & 20164558 #%61% H13H

Progress of biosynthesis of Morphine and its
industrial manufacture

FAN ChuYao', LIU LongYing', SHEN Yue', CHEN Tai', ZENG XiaoFan' & YANG HuanMing'*

' BGI-Shenzhen, Shenzhen 518083, China;
2 James D. Watson Institute of Genome Sciences, Zhejiang University, Hangzhou 310058, China

Benzylisoquinoline alkaloids (BIA) are a diverse family of nitrogen-containing plant-specialized secondary metabolites.
Morphine is one subclass of BIAs produced in only a few plant species, which is the most abundant analgesic opiate
found in the opium poppy. Morphine has been used as a pain reliever for years and has been classified by WHO (World
Health Organization) as an essential medicine due to its use in pain management and palliative care. However, the supply
of morphine is not adequate to the demand in the world, especially in the developing areas.

The primary source of morphine is the extraction from poppy straw of the opium poppy, but yields are poor because
the metabolites accumulate at low levels in plant cells. An alternative way of producing morphine is chemical synthesis,
but this way is high-cost and hampered by the complexity and chirality of morphine. As such, the reconstruction of
morphine biosynthetic pathways in microorganisms has attracted more and more researchers in recent studies, because
microbial systems can improve not only the quantity but also the quality of products. The developments in synthetic
biology, combined with continued process in systems biology and metabolic engineering, have enabled the engineering
of microorganisms to produce morphine in a manner that was previously unfeasible. And the biosynthesis of morphine is
regarded as the most representative example after the successful biosynthesis of artemisinin.

A number of recent reports have successfully reconstituted BIA pathways into Saccharomyces. cerevisiae, Escherichia.
coli and combinations there of in co-culture systems. According to these reports, we clarified the related metabolic
pathways and synthesis design of the morphine biosynthesis in microbial systems in this review. We divided the whole
morphine biosynthesis pathway into three modules: module ( i ) is the synthesis of L-tyrosine fromsugar; module ( ii ) is

the production of (S)-reticuline from L-tyrosine; and module (iii) is the synthesis of morphine from (S)-reticuline
including the configuration transformation of (S)-reticuline to (R)-reticuline. In module ( i ), more work has been done in

E. coli than in yeast to achieve high L-tyrosine production. However, given the limited ability of bacterial hosts to
functionally express endomembrane-localized enzymes, such as plant cytochrome P450s that are prevalent in BIA
biosynthesis, no steps downstream of (S)-reticuline have been demonstrated in E. coli. S. cerevisiaeis preferred to be the
host because of its stable expression of many heterologous enzymes for the extensive BIA biosynthesis pathways, as a
result of which, module (ii) and module (iii) have been reconstructed in S. cerevisiae for morphine production. And

then we displayed the complete biosynthesis of morphine from sugarin yeast based on the study of Smolke’ team, who
engineered yeast with a medley of plant, bacterial, and rodent genes to turn sugar into the baine. Finally, we put forward
some suggestions to optimize the pathway, including the modification of enzymes and the use of scaffold proteins.

In this review, we not only showed the whole process of the landmark work, but also discussed the potentials and
future prospects of synthetic biology for industrial manufacture.

morphine, Saccharomyces cerevisiae, biosynthesis, synthetic biology, industrial manufacture
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