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Abstract: Plant secondary metabolites are an important source of drug discovery and development, but their
low accumulation in plants and the long growth duration of the plants make their production costly. In recent
years, an alternative route, microbial synthesis, has been developed for producing plant-derived secondary
metabolites, which is cost-effective and sustainable compared to routes through plant cultivation and chemical
synthesis. Benzylisoquinoline alkaloids (BIAs), representatives of plant-derived alkaloids, are a family of ~2500
alkaloids, which have become attractive for microbial synthesis owing to their pharmaceutical functions and
potentials in this regard. Recent advances in the elucidation of biosynthetic pathways of BIAs, together with the

discovery of a variety of enzymatic tools, have facilitated the assembly of the synthetic pathways of BIAs in
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microbial hosts such as Escherichia coli and Saccharomyces cerevisiae. However, most production of BIAs
remains at a laboratory scale, due to the long metabolic pathway and the broad substrate spectrum of those
enzymes for their microbial synthesis with various side-products generated. To date, only the production of (S)-
reticuline, a major precursor of BIAs, is closed to scalable production with a titer of 4.6 g/L, which was reported
by Martin’ s team in 2020. This review comments the development and current status in the microbial
production of BIAs and highlights critical aspects on overcoming the bottlenecks. The broad substrate spectrum
of key enzymes including methyltransferases, norcoclaurine synthase and codeinone reductase for the microbial
synthesis of BIAs has been demonstrated in vitro, and thus this review also summarizes the possible effect of the
catalytic properties of these enzymes on the metabolic flux, indicating importance of the selection and
improvement of enzyme catalytic elements. At the end, the challenges for the microbial synthesis of BIAs are
highlighted, and the importance of enzyme engineering and the design of new artificial microbial synthesis
pathway to address these challenges are expected for more efficient production of BIAs through microbial

synthesis.
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Fig.1 Skeletons of BIAs and the proposed pathways for their biosynthesis

(The green box represents the seven skeletons of BIAs, and the purple box represents the shared-upstream synthetic pathway and key branch points
for synthesizing BIAs. Red color indicates the key intermediate (S)-Reticuline. The solid and dashed lines show known and unknown pathways for

the synthesis of BIAs, respectively)
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Fig. 2 Pathway for the microbial synthesis of benzylisoquinoline alkaloids

(The microbial synthesis pathway of BIAs with enzymes highlighted by blue color is a mimic of the natural biosynthetic pathway, while enzymes and

hydroxyl highlighted with red color represent the artificially designed pathway for microbial synthesis of BIAs. The bold and thin arrows indicate

that the substrate recognition of the enzyme is relatively broad and specific, respectively)
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AEBL (7.2 mg/L) BTG RGO E B A

N\ 7\ 7/

@

MeO E MeO
HO NS
e CTS HO

HO (CYPB0G2) Ho

MeO I MeO
S-SR
(S)-Reticuline

S-EEH LR
(S)-Corytuberine

(b)

Wi R & R AR AP [ 4(b)) P
TAZRAEV WA & IR AT R, JTH 2
R YR AN — S8 S B R B M 2R & B AR IR
TECH AT R A K PR AUR 2 AR AT DL A
otk 2 6 o

2.3 [FNSERFNNEEIRSE AR FFHIERESE

JiR /N BERRRT /N BE B SS DL SR IF 3EE 2K 8 T BIA
LRB B PR, BATMED . FEE.
B YU 0 B OR S 2 Bl A B Y, K
B KRG BORAR TR AR EN . B AT R T i A
Y& R BN /INBERE. (berberine,  JiRZNBEGRAN /N
BEBRR) M ARAH (sanguinarine, X JIfIENEI),
P AV G ORI 2 S- 40 B AE B R
A ALEE BBE [/F H R B[R] Hp [a) 44 S- 4 2055
Bk [ (S)-Scoulerine]. 1% M i 47 1R 7l 78 il 42 %
X R-A 0 B LA B KB 43 e 40 2R AL ) # AS R 1R
| I (= A A A VIV X - EWAN G R = K £ 95
Jiit & 4 ¥ 45 BB (dehydroscouierine) 7. Ffi J5 ,
S-<p T B 22 T FE AL B SOMT1 . P450 il CAS
AL L JE B STOX AE F AT BAJE /N BEBR 75 &
VU4~ P450 B CFS. SPS. MSH Fil P6H, — /> H 3
AL TNMT F1— 4> 4638 J5 i DBOX (45 HI R AT

P R

R'; R*=H; OH; CH,0; —OCH,0—, etc
R’=H; CH,, etc

MeO
-~
Ho ® K
RNMT HO
or CNMT O
MeO

S-AR AL
(S)-Magnoflorine

B4 BANEERAE I AR 2450 () MIRUEMI & g (b)
WEY LA R RPN RN A R, TR
Fig. 4 Skeletons of aporphines (a) and their microbial synthesis (b)

(The red color on the compound indicates the bond formed in each step of the enzyme reaction)
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LA B AR Bk 777 *, H 0N BERORT If AR Bk T i
R kB ZAEER, W BBE. £ P450
Mg 5, D] Ik W e FH BB 20k R AR 1) RS % BR A R
ER IR R fE £ . BAAE 2008 4, @ IT ¥
C. japonica 1 4ut% BBE [¥] 2 K 5 A\ BRIPGEERE, A7~
A0 ORI R AT B TR 3L 7%, s s ila
A YK 2 BT A RS- TS B, (8.3 mg/L,
2.2%) By A H] DL K Posomniferum SR R
BBE % i 3L [K F1 T. flavum K5 H) SOMT Fl CAS 1)
i B 5 PRI 5 N 7 A o0 SRk P TR P8 P B TR 5
PA AN BE 1) 4 25 W 55 PRI 9 B4R, (IR 3RS /N BE
Bl & B3 A v B T AR DY AR BT 2% [ OS)-
tetrahydrocolumbamine | (%] 60 mg/L) #1445 /N EE
. [(S)-canadine] (%) 30 mg/L, # 1L % 1%~
2%) B, G SR SR E DY SN BEB T DL B R R
ANBEBR, HATRESZ PR TSN BRI Sk, IF R IR
EH/NEEW R A . HE 20154, Smolke 2538
TG & AR EE K - CASIRIAE, 456 %M
T« B IO Ok DL RO AR AR AR A, I
VOS/NEEm = e | 1 70 245, S 1N EE
B (39 pg/L) BIBAE A RS, EE— IR,
ZE MR Z W R =Y, SN K

Berberis wilsonae Y5 1] STOX 4 i & K] I A 2 %}
ZINBER ) fi 24 77 B A A, W] 1% STOX 7 fE T
BAAER AT D e . AEWE BF b 7 Ui R 08 S
PEFAF STOX, W] AeA B T3 m /N BEm v 7= & .
X AR Sl ) S s 2014 5, Martin
BA K 1 R Bk 25 W 38 42 | 60OMT. CNMT.
4'0OMT L & CFS. SPS. TNMT. MSH. P6H [ %
il B R 5 N RS I BE, DL AR YA e 1R 4 25 FE 55 P
DNHT AR, Ry I R R RE A R T A I AR B
(dihydrosanguinarine) % L 4 1k A7 4= 4 ifiL 4R B =
(E5) o AZERRIE = A2 1 B N-HY 2 < 5
(N-methylscoulerine) Al N- B 2 74 i 45 55 Bl (V-
methylcheilanthifoline), 7] §& & TNMT J& AR 7 6
ZFE A SO HEN TNMT B84 58 v 4 DL &
JEL B P R T 1 T e s R ) R R A . R
5 Smolke 1A 2 T AL SREME , @I x iR b
Te AR B [(S)-cheilanthifoline] ()77 & 31711
b, NIRTS T AR B A AR a2 b a4k, £
FG 2 SE, (stylopine, 676 pg/L) < cis-N-FF 3 i 22
SEH (cis-N-methylstylopine, 548 pg/L)« J5 B B
(protopine, 252 ug/L) FIIMARAH (80 ng/L) ™. &
A, Sato BIPA i LK BBE. CFS 1 SPS 44

MeO.
S60MT/CNMT/4'OMT ~ HO
OMe
MeO Berbori OMe
S-4= 2 W5 P ST erberine

(S)-Norlaudanosoline

-0 8 L
(S)-Stylopine

TNMTI

ST P45 S T,
(S)-Cheilanthifoline

P6H

SN FF ) 2 S BT BT
(S)-N-Methylstylopine Protopine

(S)-Reticuline

S-4r T H,

(S)-Scoulerine

spontaneous

Ji /N BRE RN /N BE R 2K
Protoberberine

BBE STOX | Spontaneous

OMe

OMe
S-PUZIEH B o

(S)-Tetrahydrocolumbamine

S-TH &L/ NBEDK
(S)-Canadine

AR TR,
AR Sanguinarine
Dihydrosanguinarine AT
Benzophenanthridines

RIS /)N SRR o AR el ) i A 400 5 P 4

Fig. 5 Microbial synthesis of berberine and sanguinarine
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B RS N BRIV B BE, E k%%ﬁ%%*u%w
%TEWMMWWWW R TTES =R 1P
A RE I8 T AR P R AR g R JEE ) B A )
BERG A DL K 2 5T JE e 28 BIA M kA i 12

,

2.4 BIERSTEREMELEYRE
I BRI BIA b RE RNy —, H

o BARER 2 1 A R (noscapine) » 1 H
K ah B W) ik B 4k % X Robiquet 7E 1817 4F M
P. somniferum 143 B 455E, SR IE N L% 25
HTIRR, AW attn, AL 1998 4 5 il 4L 4k

RIEBA TR USSR B BN I
MR AR [R] 9 =) bl 0 2R P A 22 iy ) A

S-& TR, B )5 (E SOOMT (SOMTI1). CAS
YEF R Be/NBEGR 1) AR DU SN B, B 75 BB S
ANBET A S ARAR R s B ST DY SN BEBRAE TNMT .
CYP82Y1. CYP82X2. ATI. CYP82X1. CXEI.
SDR1 1 N4'OMT % 8 1~ B /E Fl T JE i i 7] k&

MeO.

MeO.
o 0
HO _BBE _HO N
MeO

MeO
SOMTI_ Ho _CAs

OMe

OMe OMe
S-2F LR S- G AT, S-PHELE T s
(S)-Reticuline (S)-Scoulerine (9)-Tetrahydrocolumbamine
g ( YP82X2 N
l IO OMe OMe R OMe
ACO
OMe OMe OMe
S-1- % N-TT1 2 (13, 14R)-1, 13-~ f23E-N- (138, 14R)-1-FE - 13-
VU NBER F O DU 0/ N BE B T - NS DU SN B

(S)-1-Hydroxy-N-
methylcanadine

(13S,14R)-1, 13-Dihydroxy-N-
methylcanadine

GO e
— ’E&)
OMe
HO O
OMe

-0~ T HE- B SRR
4'-O-Desmethyl-papaveroxine

Spontaneous

B SRS A

Narcotolinehemiacetal

ISDRI(N()S)

Narcotoline

&6

Fig. 6 Microbial synthesis of noscapine

CYP82X1
—

(13S,14R)-1-Hydroxy-13-
acetyl-N-methylcanadine

1 [76, 90-92]
T8} °

2016 £, Smolke ] PA ™ i 1& T
N4'OMT & P9 A 2k B 4 B9 1 2 UR — 5% 4k i
(OMT2/OMT3), RE 7 EMAMIE A A ik al R
an R B e — AN A . T 7R B B R 3Rk 16 AN ]
R AR A R TR, DA A 25 H ST P O A
e, IhAE T #E RS [(1.6440.38) pmol/L].
A0 DY S0/ BB 21 1 = R B R 2 AN B B A
BRNTEZMIRMIEENE, SrfE2Ms Y,
SR AR RO R & — MR R PR, BT DAORHR
Gy R A s AL R B AR, Bk
wE R (B6). BJE7E20184F, Smolke HFAH
SKEHYI . AN E P 30 2 A3 R SO\ BRI B B
$,A¢@%7Aﬁ%Wﬁﬂiuhﬁl X
SR RS BRIEKE R, AR,
& Dy il ﬁ%#M%A&Twﬁ%m<%2&@m>

EIEE 1 180001 XA A IS 1A B
AR B IRTR 1 R BV IR 2 R 2R, mT DAAS 3%t
B R B R RS AR, R T RE A
FRAE Q3% 22 T 0 BIA T AR W0 IR0 72 B FH A8 7

=

E N LN O _cvpsayl,
OMe
OMe

S-N-HHE DU S0/ BE
(S)-N-Methylcanadine

S-PUZ/NGETR
(S)-Canadine

I
O g OH
OMe
e
OMe

(13S,14R)-1, 8- $33E-13- 2, i 5t
N- B PO 0N B

(13S,14R)-1, 8-Dihydroxy-13-
acetyl-N-methylcanadine

Spontaneous
B A

4-0-% I JE-3- 2T 2 SE A
4'-0-Desmethyl-3-acetylpapaveroxine

TBA]VT 45 e

Narcotinchemiacetal

ISDR](NOS)

OMe
57 F:

Noscapine

R R A A S R



726 BRENE $2E

2.5 Bk

nh e 2 AR P B AT I PR B TR 3
LW —, H 1806 F M BB 5, HAEY
B IR B AR Y, IR A R B A
H % B R-2F 0 SRR O i o ST I AR
B B M S AR BRI 3 R SAE T R-AF 0 A
A G BOSE AR, R AL —28 R BB i i
R AR R T A, B A AT A, B A
P. somniferum K5 1) TOODM. COR. CODM %ifil
BRI FABIHEERE, DL ELA (thebaine) JMEFREHET
e, RAF— RFIGHERE = B E B 2015 4F,
ndy il AR W) R AR TR AR SR S- A 0 SR B AL R
R-F 0 BUBR ) 22 1] 55 K B (REPD 2 f# #r 27,

S-F DA Jasr
(S)-Reticuline eopine
REPI COR
(morA)

MeO. O

HO NS
ne

MeO

e

Neomorphine

g A5 38 1 AR P\ Sk B B R e 2 AR B A DA
S (B 7). REPI/Z HI N 3 (1940 fifd 2 3% P450 4544
BN C i 18 R 38 I B Caldo-keto reductase) &5 4
IF ST R, B 1 5 B STORR . Smolke [4] BA AN
FoAR AN PR 3L [F 4R TE T REPT AR . 7
W RER SRR THEY) . sh¥n. A DL A BE
21 25 A1 23 S M S5 LHE ], Smolke [1BA 73 71 ££ 1%
BEFRSEEL T MOBE 25 L AN E AT Chydrocodone)
H& . B E L RA 7.8 ug/L0.3 pg/L, #E
B Db B H i 75 2R M8 FE AL AL, H % AR A
WEFI AR )& RO e AT VAR AE T B FIUESE e BR
4, Minami A A LUK AT B 818 £, BT REPIAE
KIaF P RIETE A, 1ZHEIBNEE B & Pictet-

R-0 B 0] o)
(R)-Reticuline . EGSL G 14-F2 55 0] 5 Rl ¥ ] 45 R
SalS Neopinone Codeinone 14-Hydroxycodeinone oxycodeinone
alSyn
(CYP719B1) morB COR
T60DM (morA)
MeO

~NCH,

(0]
B Ig HLIE # SR 14-F2FE I 5 R
Salutarudine Thebaine Hydrocodone 14-Hydroxycodeine
SalR T THS I morA
Spontaneous

2 T 2R g

Salutarudinol

AT RIE-T-0-L1R

Salutaridinol 7-O-acetate

I i
Dihydrocodeine

B7 e A MR A S A ) BB AR
Fig.7 Microbial synthesis of morphinane
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Spengler [ NAEAE R-2= 0o B3N DU 25 B B A % 5 =X
MH MG KT #ER, 2EEESRE R &R
3001 fEUEELA E484E 5] N T6ODM Al MorB i it
FER, FIHJE Bl (neopinone) | A] £F [ i
(codeinone) MJHKIL, Ak 1 ERTH 7.

R- 0y B E SalSyn.  SalR Al SalAT ({4 H R
TE T AR S AV B R B -7-0-4 1
(salutaridinol 7-O-acetate) “*'*", 1% R {4 7 A #H i
FP A A R B R B B, HZ pH &
Wi, 7E pH=8~9 I 44 F| T ¥ 4k Jy # K, £ pH=
6T, 2 B REALBE] Y . HZE 2018 4FAE
B SE R BLRT DA AL 20 B A R AR B A R
THS, VL2957 ORI, 15 R E3H i EE R
TR M THS, 4 [P &2 k2 THS ) 24 1%
RUPEEDAENZE RN RABS 50, #FE
P54 % 7£ TOODM 1 F T #% 4k i e 57l 1Y, ]
H R S T 45 K ld - (codeinone), 4f4:7E COR
A1 CODM HIAE I R AKX TE B AT £ Al (codeine) Al
3 HE - (morphine) "*'. H T COR 1 CODM K414
oy gz, DR I AR A R G SR A )
BRI AR A AR I 7 1, AR — 21, 1)
B e 288 A el 1 R TR T 2R B AR e
1k 50% A& gl =g B o e G, FERE SR SOR B
— 5 K1 NISO AJ DA AL JE B -1 1 A A5 X 1 1)
¥k, {EEE B TR W H 3 A CODM. T60DM.
COR Al NISO % 14 2 [X v] DL 3K 43 7.6 pg/(L-OD)
MR AF R, 7 R R 3N NISO 2 i 56 K] 114 42 1%
k5 T N Pseudomonas putida M10 K5 ) morB 7]
K15 35 ng/(L-OD) A AJHlil (hydrocodone), »& Rl
ATINISO GhS LRI 30 15, W] NISO fER AL E
FH AT 6 A2 I ase J& B [va) v 4°5 BRI R 60 e 46, (2 i ]
AR TR R ey IR £ A D B O AR 2R R 55 S I AR
B B0 e g A AR R ) B A A G AR TR
Ft R, IRZIERIL T BIA IR AR =&
BSGEAR AT R AL R A A E )6 O A ) L

3 HhikSGHLE

L HFER T E, FATIAE 1R 235 5
MR A WA R B A S ORI NI L PR
REIF R ENRE, 8§ PHENTTRABEDNE

B AR BT, B — AN T AT B A OGS I Ak
SN S FEHLER ) ) B . BRIk, K2 BIA AR &
BB NHI SRR, AR (pavine) « Fh$L R
% (cularine) VAR HZE EREMHEASE (KD,
AR KK FE BIA A& g 2ok 1T B R #E
o BRICZ AL, BIA A G BSR4 H BT 1 (KA
JRA Ik 0 22 A R UM AW R A AT R
I A e AT A e . BT 2, R
W7 B AR 0 A B R () R R KRR 1 3-ATTRE R
SR AW A SRR MR AT R B, o8 K JE BIA
(R A B B AR FR R T R R B 22 T I 07 02 ) Il
oot SUCERE, B TR RD SR AR S kR R
K4 7 LR AR AL R . TR AT
FER T 2 P07 58 25l Ve B IR A ok ¢ 1k 22 51 i AR
PR AS AT 95 ) R, T Y O A U A = A
M 38 I B[R] RD 23 [R) (1) 1 %, BHOIE B S5 A T AR
W A B, AT IR B A AR T R
R T NG 12 A FEBREE W B3+, #H
FEDR IR P8 DIE S s 5 U0 R 36 5 g O A (7] 48 fif
i DL R B R TR AT 2R IE TR R RS B i 54 10
AR A A A, DA R e o 1 5 i AE AS [F] B[R] R 3R
ik, R RE— B IEA, FEshEsE
FH g Rk, AT AR A A ) A R — 2D
th, AR AR FR . A, WEREATR R ik
HURDR A 9512 1 B DL AGE I il TR 590 A
DR A RE T, AT 55 57 W) =3 e A 22 AR
WA LAY, RS S R BIA P & .
HAT, A& RBIA 1845 B H 36 AR 2
B H AR YR I RN AW & g e, Bk,
@A ITCK . BEo kst o RIR, HiK
TG RIER RN . BT E A REEA
i, REENARELAFENEG TERR, &
BT AE YD ARG OSSR AT BN N M . B A 1
A 5 2T T AS B 35 AT 3R 15 1 5 AL F B B AR
R, WFAEATX BIA A& OS5 1% iE A H
R T 5 ER BRI weh B, BT 4R
B 2B N TRUAEY) & oS4, s i ) %
I JR B AT I A BUE, 3RAS T AT SLAR R — 1
W 1-7R 5 A T R R R AL A Y A 1R 2R DY A
S WER AL A W) IO R R, 42 CNMT fiE 1k
Ak — B A O R, TS T %%
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i 280 B0 A e BB SR AL B 2R 1 R I
fae Lol AR R 2 Bl BIA AR P & I o TR Ak
EE G BT D ME S A DTl L /N BE AT o 1K R 2 (1
BIA N LA & g fe i it, Nk EEZEE
Yot it 2 P i@ A SR it TN Z M e s, AR
B AT B B AT BIA B 2E W) & R 42 F 78 7R 1
HLiE .

=it ]

AT —— BN
acyltransferase

BBE —— /NEERH
berbrine bridge enzyme

CAS —— WU /NEER T
canadine synthase

CFS —— WM B
cheilanthifoline synthase

CNMT —— S24h0-R-F IS

coclaurine N-methyltransferase

CODM —— 3Rt AL R S A il
codeine O-demethylase
COR  —— WA R iid i i
codeinone reductase
CTS —— RERZWMAH
corytuberine synthase
CXE —— RIREN
carboxylesterase
CYP —— 4Hffuff 3 P450
cytochrome P450
DBOX —— & AJFAENE A ALRE
dihydrobenzophenanthridine oxidase
MAO —— HEE LA
monoamine oxidase
MSH  —— %00 2 Sl 14-F2 4L Jig
N-methylstylopine 14-hydroxylase
MT —— WA
methyltransferase

N7OMT —— X H 7508 7-58 3L e 4 i

norreticuline7-O-methyltransferase

NCS —— LM BZMEHE
norcoclaurine synthase
NISO  —— Je BVl 7 ki

neopinone isomerase

NMCH —— &5 250, 3-F2fl
($)-N-Methylcoclaurine 3'-hydroxylase
NMT —— AR
N-methyltransferas
NOS — ifdl k&
(SDRD) noscapine synthase
OMT —— AN
O-methyltransferase
4'OMT 3Rtk O 2 4 IR R RS i
3’-hydroxy-N-methylcoclaurine 4'-
O-methyltransferase
60MT  —— % H1.5 240 -5 FH S e Re il
norcoclaurine 6-O-methyltransferase
TOMT  —— PSR 7-58 R e A2 il
reticuline 7-O-methyltransferase
P6H — — JER o 6-F2 AL i
protopine 6-hydroxylase
REPL  —— A0S0 17 S A4 il
(STORR) reticuline epimerase
RNMT  —— “F 0 SR & R A5
reticuline N-methyltransferase
SalAT W IR HIE 758 S B
salutaridinol 7-O-acetyltransferase
SalR 1B 75 BLIE 4 5 il
salutaridine reductase
SalSyn W IR BN S
salutaridine synthase
SanR  —— MARGRIL )5
sanguinarine reductase
SOMT —— &8 H0 9O- 5 H AL H AL 1
(S9OMT) scoulerine 9-O-methyltransferase
SPS  —— il SEH A il
stylopine synthase
STOX —— USSR/ NEE AL
(8)-tetrahydroprotoberberine oxidase
T60ODM  —— 5 LA 6-2 4 AL AL I
thebaine 6-O-demethylase
THS —— #FEHEAH
thebaine synthase
TNMT  —— DY EE 0 S A 2 g

tetrahydroprotoberberine

N-methyltransferase
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