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Advances in biosynthetic pathways, enzymes, and
fermentation strain modification of acarbose
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Abstract: Acarbose, an a-glucosidase inhibitor, regulates the postprandial blood glucose level by
competitively inhibiting the activities of sucrase, maltase, and glucamylase in the intestine, serving as
an ideal drug ingredient with blood glucose-lowering activity. Acarbose is mainly produced by the
fermentation of Actinoplanes sp., and its biosynthetic pathway is mainly divided into four modules:
Cr-cyclitol synthesis, deoxyglucosamine synthesis, maltose integration, and extracellular transport of
acarbose and its homologues (carbophore cycle). This paper reviewed the advances in the research
fields mentioned above, aiming to provide ideas for further exploring the biosynthetic pathways of
acarbose, catalytic mechanisms of related enzymes, and molecular modification of fermentation strains.
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Table 1 Main references studied on the biosynthetic pathways of acarbose

Biosynthetic module Research content

C;-cyclitol synthesis The process of conversion from precursor to C;,-cyclitol was studied by testing the reaction mechanism of

Deoxyglucosamine
synthesis

Maltose integration

Carbophore cycle

various enzymes. During the process, an ATP-dependent phosphotransferase activity of
2-epi-5-epi-valiolone was identified, which was later verified by experiments to be derived from the
protein Acb M. It is speculated that Acb M may catalyze the first step of acarbose synthesis pathway, and
the functions of Acb O and Acb K are preliminarily explored[ls]

By cloning the DNA fragment containing the conserved gene of dTDP-D-glucose-4,6-dehydratase (ach B),
two genes involved in acarbose synthesis, ach A and acb C, were identified, and their functions were
subsequently identified by heterologous expression. Based on the analysis of 3-dehydroquinate synthase
in eukaryotes, a possible five-step reaction mechanism for Acb C-catalyzed cyclization was proposed[lg]
Acb M was found to act on 2-epi-5-epi-valiolone-7-phosphate by enzymatic reaction in vitrot'”?

This paper summarized the physiology, genetics and enzymology of acarbose biosynthesis, and put
forward a novel pathway and metabolic cycle called “carbonation group”, which provided new clues for
the further development of acarbose biotechnology™”!

The researchers found that 1-epi-valienol and valienol did not directly participate in the biosynthesis of
acarbose, but played a diversion role, and the diversion products had an impact on the synthesis module of
deoxyhexose. Strategies to minimize the flux of the diversion products and maximize the partial supply of
aminodeoxyhexose can increase the yield of acarbose!*"!

The researchers experimentally verified the reactions after the first three steps of the C;-cyclitol synthesis
pathway, correcting and perfecting the entire acarbose biosynthesis pathway!'”

In this paper, the biosynthetic pathways and mechanisms of several new deoxysugars in bacteria were
summarized, aiming to provide reference for the synthesis mechanism of deoxysugar unit in acarbose!®*
The researchers explored the differences in the synthetic pathways of acarbose and validamycin A, laying
the foundation for revealing the unique coupling mechanism of the two components of acarbose and
validamycin A via nitrogen bridgel®’!

Based on the comparative analysis of gene functions, ach A, acb B, and acb V were the genes involved in
the synthesis of dideoxyglucosamine units. Then, the deletion and replacement of these three genes
proved that they were all essential genes for acarbose biosynthesis, and the in vitro enzymatic reaction of
Acb A, Acb B, and Acb V successfully revealed the synthesis pathway of dideoxyglucosamine®*!

In order to determine the origin of maltose units in acarbose, the resting cells of Actinoplanes sp.
SN223/29 were fed with 3%-or 2%-labeled maltose or maltotriose, and maltotriose was found to be an
effective precursor of acarbose and maltose!®

On the basis of excluding the participation of dTDP-acarviosin-7-P in the biosynthesis of acarbose, the
catalytic functions of Acb I and Acb S were explored, and the specific reaction steps of maltose
integration were finally determined!'”?]

An ATP-dependent phosphotransferase, Acb K, was isolated from Actinoplanes. The function of Acb K
was preliminarily identified by enzymatic reaction in vitro, and it was found to be related to

phosphorylation of acarbose and its homologues>®

An enzyme activity was found in the supernatant of acarbose fermentation broth, which was identified to be
encoded by ach D gene. The functional difference between Acb D and CGTase was analyzed, and it was found

to be related to the formation of acarbose and its homologues by radiolabel-based catalytic experiments’”

The researchers constructed recombinant strains associated with acb D, acb E and ach Z by gene knockout and
replacement, respectively, and found that deletion of the ach D gene had a negative effect on acarbose synthesis,
while deletion of the ach E and ach Z genes did not affect the synthesis of acarbose™™

In this study, the researchers analyzed the specific function of Acb Q by reacting with dextran of different
polymerization degrees in vitro, and determined that Acb Q was related to the formation of acarbose

homologues®®”
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1999 4F, Stratmann 25U K €8 55 55
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*2 MRRERHREER

B F1 acb B HfllAY3EA acb C 5 acb A, B
R B RS T (Sreptomyces lividans) 66 % acb C
SRR, I SVIESS T Acb C IOYE
SEMELL SHTP 774 C-FREERT AT EEV, Acb C
JBTREZETRRAE DHQS Kk, H5EK T
() 3-J A2 TR B AroB)TE A KR P41 FATR
FRARLE ; DHQS & 5FFRAEY & IR,
JUPAFAE T FA e A Bl . 2019 4,
Schaffert 252 F Fl PSET152 Wik s s Fid %k
T ach C, {Hil FRIKEMRAI TR WSS B 2R AT
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Table 2 Enzymes in the biosynthetic pathways of acarbose

Biosynthetic pathways of acarbose Acb protein Name or function
C;-cyclitol synthesis Acb C 2-epi-5-epi-valiolone synthase
Acb M 2-epi-5-epi-valiolone-7-kinase
Acb O 2-epi-5-epi-valiolone-7-phosphate-2-epimerase
Acb L 2-epi-valiolone-7-phosphate-1-reductase
Acb N Cyclitol oxidoreductase
Acb U Valienol-7-phosphate-1-kinase
AcbJ HAD family hydrolase
Acb R Nucleoside transferase
Deoxyglucosamine synthesis Acb A D-glucose-1-phosphate-thymidylyltransferase
Acb B dTDP-D-glucose-4,6-dehydratase
Acb V dTDP-4-amino-4,6-dideoxy-D-glucose transaminase
Maltose integration Acb 1 Glycosyltransferase
Acb S Preglycosyltransferase
Carbophore cycle Acb Z a-amylase
Acb E Acarbose resistant o-amylase
Acb Q 4-0-glucanotransferase
Acb K Acarbose-7-kinase
Acb D Acarviosyltransferase
Transmembrane transport Acb W ABC transporter permease
Acb X ABC transporter permease
AcbY ABC transporter ATP-binding protein
Acb H ABC transporter ATP-binding protein
Acb F ABC transporter permease
Acb G ABC transporter permease
Unknown Acb P NUDIX hydrolase (putative)

http://journals.im.ac.cn/actamicrocn
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dTDP-acarviosin, W58 E A 17E K IGFFE 5 THE
KT ach B[R H AT RE N GT 2L A AY acb | F1 acb
S, {H¥FL Acb 11 Acb S 5 dTDP-4a6dG Fi
GDP-V — & HEH TR AY, XFEH
dTDP-acarviosin tAANZ SR A= P04 Rl
Sk VI BT BB A B AR 1 e — B 4, AR
WIS H D, 4-aminoDGG A BE & i
dTDP-4a6dG F1 22 2 HE b (K 5 32 2 Wl i 4ok 5 W ik
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SR ABECTE K, Tsunoda &5 MR 28 ASE IR UE R T
Acb 1 REfE AL dTDP-4a6dG 137 ZEHH SN A A
AW 4-aminoDGG, HAMRRAZ PR 42 2F
W SSE I R 7= A AR AT P o, X 3R] Acb T R
A TR E YL — 1

Acb I FINREIIINZ IS, Acb S BHENE
A AT RES 5 BT R OB 5 Rl R B 20 TR A .
Tsunoda 210K 4-aminoDGG 5 NDP-valienol
[i] Acb S —EWE 7 HY™H2 ESI-MS/MS # il ,
W78 7= ) BT R . Acb S JE T IER A R
(GTs family 5), 85 FATER S MM Acb I A
42.5% M — b, H AL R, H
B HEAGAEME T B AT L, T 5 A T B )
o
2.3.2 PRIEHE-7-#E8(Acb K)

1999 4, Drepper %' Actinoplanes sp.
Hh a3 T ATP AR A B R SR B TR e R I
BI Acb Ko WF5ERBL, R h&H —FhZ
ZERHNG, BRI 2 S 2 SR R T 1
M7 Acb K A7 17 B -1 08 - 7l R ) 32 Pt F 41 1)
VEFD 22155, 30 158 BT 0 R AR - 7 - Wl A X 1
A—ERPYEM . 1A, EHEN Acb K 5Bl
WS L v 22 2RI 2R 22 250 S kU )
BRI IAHOG . k2P ARSI A i A A A
AEFHIHEE, Zhang Z°HE 2002 44EH) S lividans
AR RIE Acb K, K IUHS W R e 7% Il ) AR
it R T B A B AR L OF H S ach M AF7E T
[ — D25 YIRS RP], Acb K
ST BT -R ol b LR 2R 9, DAy
TE Carbophore JEFHEAER . 2009 4F, Rcokser
SEUTR I Acb K 5 —ANRAE AR 2SR
G 57.9%FUNE , IZEE 5T ) g Ak R B
P (Streptomyces sp. )3 PRI ZH H o3 A9 Tl 114 2 iy
PRIAHAR

<l actamicro@im.ac.cn, & 010-64807516

233 [RHEEZTZEE(Acb D)

Hemker 2577 BT < b8 & B 0 E3 b &
BT — PGV, 22555 X2 acb D B g
i ; Acb D J& T o-TEN I glycoside hydrolases 13
MR, BA oW A S5 HRHE, IS
2 G T I P MRS Bl L % 7% T (cyclodextrin
glycosyltransferase, CGTase) 3 46%H)—2(1:, {H
Acb D #HIA LRI H CGTase HZNHEE; HeTF U
Pricik L SC 3 3R, Acb D fg LA ZFh Bl <3
W L [R) 2R VR A BT 4 S5 AL A i 22 ol 25 %
T E IV L2 AR, AR D) B2 e B < 4k S
RN AZ AR 5>+ F IV BB R b S LR 29
Leemhuis 5505 120 5 5 28254 Acb D {57741
RS 140 fLZFEMR R AN His 8 25
CGTase ) His140, & 3 — 2 WAELL TS 4 7T LA
Ay E Ao B TR B L R Y R o
afifbis Acb D, JHHAE A BT -R o0 A SRR &
Y2 T BRI R Y 4b (acarviosy-1,4-
glucose-1,4-glucose-1,4-glucose) T R AL . 5K
Jk %S ach D 3 [N B IR, SE0 R
BEA A IR 42%, 8 RL IR R R A LD [ £,
HA BRI XK IER , WE T Acb D FEBT-R
PRI R vh R R, B
1E K7+ Hi (Escherichia coli) BL21(DE3)H 523
T Acb D WRIIEYERIE, 5T T ROVEFE] .
FEF pH X4 Acb D fifb s b s, 48R T
Acb D7E 21 PR [ REALAT AL iE PE i 22 72
Rt — LB Acb D TERT-REBEACETE A H 1y
TER$EHE T2%

234 4-o-BEREEEBE(A Q)

Acb Q J& THIEIKMGRERE, —F 4-a-
HOERME BN, 5ok A W mTE
(Haemophilus influenzae) i ¥ #; 22 ZE 4 il MalQ
A R AER S MalQ L2 5 BT AR Wi 4l
L PR ) 22 RN 22 2R i A, AR R 2
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K B A TR o 1,4 RE TR MO 5o
PR A R ILEE AL B - 1,47 M 2 AR 1)
ek 550, Tsunoda 28175 1 52 564FFH Acb Q
NS GRS A G R, HEIH AT B S B
OB AR DG . Nolting 22 E. coli th S
FIKT ach Q I trLge, kI HE R A
AT 70 a-LA-F R AAEN Acb Q FUJIK
Yy, HoZZE=HENEEIRY), 2 Acb Q AR
MEA o-1,1-F1 a-1,2-BEF IR . AR,
MalQ RAEM T 8 KEADTF 2 M E I T
(R LIRS o 22 28 DU U BT b
Acb Q i RMHL I Sy (RS2 4R, ER R
BMEABEE I B — KW, FLATHE Acb Q fE7EI
I8 3 2 AN TR K B 1 22 25 SR R TR B 22 F BT
R R, X455 Acb D ZhREFIRL. 76
B A B AR R, Acb Q 5 Acb EEH
FH A e 8 PR M, AR e kA2 B
o ], 3k e B AR 11 B D 0 A Qi s
P, — SRR, Acb Q IR AT R
THERR AL BT R R0, UL HED Acb Q
FE A0 M IR W 2 O BT R g TR R -7
@;@2[26,39]0

3 F-RBAEAEFEARN T KE

R FH U ) 0 TR T A 7 BT R g e r 2
BB R R Z (45 AL B, C. D. 4a,
4b. 4c FMEBTR RS, W 3) e T i
AL TAERIMERS, 1525 T Actinoplanes sp.
SE50/110 43 H4LF B MERS A, PRk
W T DA R 1) 93 —F s B T AR R A e o I 4
ok, I AT 238 i XA S FE R g R
[ eh 24T e 2 SR T ORI I PR A 5 1T g s
TR %) R T R R LA 5 BT Jp 3 1 7= A o

SN ERR T, 2015 4, A 0TI RAR
i T E. coli ET2567 Flilfe sl i £ 18 Z [A] i) 45 5 5%

BRR, RAREELH AN tre Y IEE P17
B, BRI R EER R A2 A5y C R E b 3
BRI Y 10%.2016 4, Wolf 2 EF pKC1139
AR EE, FIFH CRIPSR/Cas9 R 4 4 A fil
B4 Actinoplanes sp. SE50/110 &[5 20 o i 22 iR i
gL MelC, fii AR R AR &t i
EREAR, UEH T MelC 5 &R BB AR P
HHE 02019 4F , Xie ZE1 1 %} He Actinoplanes sp.
SE50 5 HAfi 4= Hikk Actinoplanes sp. SE50/110 )
ach L[R5 KF-, # Actinoplanes sp. SE50 &
PRIZH b & AR 28 1Y) 8 ANFE DR A0 Sl i bR 3G, 2 R
CWT_4325 K& Ay e 2w fuff B = 5 b A 7 it 4
B 25%, HEN CWT 4325 A9tk B4 8
Nkl A MR R, FmFE T G-
INBERTARY BT 7-W IR - 55 K B (SHTP) Y 7
W o [RIAF, AR R R A A 2o A AN () 22 2 A
BT B R UM B R S SR IR R 2 SRk, R
A7 TEMIH P A S 2 (R B DY) ach W G SR
MR ach W SLRUBASFE = R BT R, IER T
ach W LE BT = M 4 G B R AN AT sl s 43 1A 0
K acb Wil ach WXY i35, BRI & i
P T 6.4%F1 8%, 2020 4, Zhao ZEPViE 4
W SEgeUE ] T R TR TP AFEAE 2 Fh A3, IR
RAY T B S B R OK SR B R K E R
R T BT R, R K A O A
ACPL 8310 Fl ACPL 2834, Jf4 acb J 3L
JA B PR 55 5 3 WVp Fl kasOp*, ] i
R R JEE S8 01 22 L I R RS A3 A B ol BT & gk
PEE A RS T 7.4 g/L.

LR IR T, 2022 4E, SRR R
LN acb E. acb Z F1 acb D By FHk, K
ach E Fil ach Z F A 14 ke 2 Xof BT - 302 A8 118 15 e i
JoREm, ach D A Ak S BT R RS I A
% 42%, ¥ ach D FEH FIME , Hk LAl IE
B A BRI, UESE T ach D 7ER-REEAE DY)
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AP EEEM . W4, Li F95E % Tet R
F I SR R 7 1 SE R TetRL s B A E1 AR, HiE
SEHAT LI UE acb B 1 ach D BE[H A 2635, SR
RBHE AW 6 A AR

TFRIE T, 2017 4F, Zhao ZEHNE T 7
PARIAE AR 20 it A B0 T2 e8], B A T 8 7 sk )
BrFRHE T MgClL VR FE i FH AR AR 280
il R T R A FF B AR K, B2 T A Rl G
HRMRCR, ARG IEREAE 20K ach
1 BB -R R R T T 35%.

LRSI, 2023 4F, FEfdsEETL T
PRSI 5 3%, Ny T S FLAR R R 25 i 3
TR TR BT 1R YW ) R 3 e T A R,
CRISPR/Cas9 A, B EL 4L R ML ach S
F R EESE R melC 284G, i 2 s AR I BT =
PG R 722%™, BEIF SN
B S UL 2 TS IR AT B T — R OR U5 Ui 8 i
LA SN T AcaR (ACPL_RS31540), HA
PHPEBT RS R T s FE T, R4
Y22 F-BoF AcaR #4542 Actinoplanes sp. ZFAC
9.3 F 240 itk Actinoplanes sp. ZFAC/AcaR, %
L TR AR R T Al A 7 Bl R IR A 4.86 g/L, AH
EE T R TR, B2 TR A BT R DA S i B
T 20.8%.
x3 MEEEREEZRY

Table 3 Acarbose and its homologues

Structure

Ac-1,4-Glc-1,4-Gle
Ac-1,4-Glc-1,4-Fru
Ac-1,4-Glc-1,4-(1-epi-vlienol)
Ac-1,4-Glc-1,1-Gle
Ac-1,4-Glc-1,4-Man
Ac-1,4-Glc-1,4-Glc-1,4-Fru
Ac-1,4-Glc-1,4-Gle-1,4-Gle
Ac-1,4-Glc-1,4-Gle-1,1-Gle
Acarviosyl-1-4-(6-desoxy) Glc-1-4-Glc

Ac: Acarviose; Glc: Glucose; Fru: Fructose; Man: Mannose.

Name

Acarbose
Homologue A
Homologue B
Homologue C
Homologue D
Homologue 4a
Homologue 4b
Homologue 4c

Pseudoacarbose
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4 RZ

Bl - b —Fh - Eh Actinoplanes sp. &
BESRATIY o-METTREINEIR, T2 T 1 B IR
FRAYT . BRI AR e R 2 2, HL
WRZH Acb FEELIIFIK NIRRT, FfiE I
RIZH 2 | AR A G SR A 2 SR R 8, Bl
R BRI B 1 SEAHE LR IE 5 A5 B, AH DG
ZR I 5T TN % T8 TR Pk A o th BUAS: T — 2 A ok
J&, HLUF 3 AT T . (1) HAl,
Acb P, Acb E Fll Acb Z 7efCiH& 4 HAK I fE
M ARBLUESS, X HFS Carbophore fFFMIIAL TR
UEBYBE, DR e SR TE S AR LT RE
i — 2 5 S8 BT - A A I A 2 AR ORI 9T 1Y
K, (2) O % E AT CHERAT UL EIR AT
5%, W Acb D, Acb Q S5 5B R bl K H R = )
(-G B UIAE G, WA A AL AL TR R AL R T
Xof BT = o A 4 A P IR EE AR R . (3)
AT = D 1 A B AR S 22 A UM 1) 52 4%
ARG, MEER PRI Rt EEE, HH
AT R 7 7 i o s oh i 5 . R, 3
FIRE B T RBFFT , LA = Bl R b 7 it 5 i
Sk )RR o BT I DM I A R R R
e+ RN FB
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