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Strategies and tools for metabolic engineering in Bacillus

subtilis
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Abstract:

As a typical food safety industrial model strain, Bacillus subtilis has been widely used in the field of metabolic

engineering due to its non-pathogenicity, strong ability of extracellular protein secretion and no obvious codon preference. In
recent years, with the rapid development of molecular biology and genetic engineering technology, a variety of research
strategies and tools have been used to construct B. subtilis chassis cells for efficient synthesis of biological products. This
review introduces the research progress of B. subtilis from the aspects of promoter engineering, gene editing, genetic circuit,
cofactor engineering and pathway enzyme assembly. Then, we also summarized the application of B. subtilis in the production
of biological products. Finally, the future research directions of B. subtilis are prospected.
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Fig. 1 Research history of B. subtilis and its application in metabolic engineering.
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Fig. 2 Structure and regulation of promoter. (A) The structure of promoter and the mechanism of regulating gene
expression. (B) The schematic representation of the double crossover recombination events. (C) Gene expression

regulated by antisense promoters.

Wb 45 47 5 (Ribosome binding site,
RBS) 7£ RNA BHiF AR 1o 8 rp & #5945 B 24
Flo eSS 2E AP P, Jiang %17 i RBS
calculator F U Al 55 ZE FUAT B 19 RBS #EAT404L,
454 SUTR ®748, )L T Z Wi & Bt i
(Diacetylchitobiose deacetylase, Dac) AL E
82 1%, 1% 1548.1 U/mL.

2 EERERS

PR R A A 1 Tk ARG s vh 2 o R
YRR, Gn R DRI R o 5 DRl A R ] 5 AR
S5, I LA RS8O R A ) R TR g e T XA AR
KUt AT . TSI TR 2 AT
R EL ] EE g, RELFRE RS
PR R R, A B AR A R S AT L A R
3K, MRS S R R C R B e R L
Fr 5 Sk 4 (Site-specific recombination,
SSR) Fy KL [H 44 R 4 ML T CRISPR A4 5 [H] i
BA%.

21 ETFrkETFEFCHEERRBERS
FEF R 0] G e AR TC A0 L DR 4 4 R 48 LA A

http://journals.im.ac.cn/cjbcn

TSR I B S RGRA IR E4LRE S,
AU DNA F BEokexh HE 4 #E47 2. dn
F 3A FiR, HABd BT . E i DNA A
B A0 [] 5 55 3 R 4 =[] 1 XU ks T 75 B 4&
Mgl AR b, X — ) B 5 2 5L
VE R bR e R AR B va b s o~ T SEEXT FE A
U MIELL AR, AU b2 (A T 5
MIERZ b A B, P 7 01 25 DR VR o i A —
it ) 1) 5 42 7 40 P 3 R 4 8 A RS s O T RE
g PR AT IE B A TR, 20 S TR e AR I S 4T
PSP — ke B[R] ) A P AN 2 8], R A
PEBOEAER, ik & A B S8 3 J o 5 DR R ]
PRI bR 25 A SO . H R 2R AT R
238 B B 1) 0 2k AR 0 kR B AR upplt®l,
mazF | hewlVF manP®H4 . sk, (i FHI T
IREF, BR T ERRBUMEIER AL, SRR S ) i
VEARICHER, 1T 52 ) 0 e 7 10 ok PR — e i i 2 ff
FEMS SRS 313k, GG & B 2Rk
AE N, P BELAE B 11 o o gl (o 745 356 R 6 T T 5 P9
Wy H BEAE R R, X0 T DNA H Byt 2k
AR, R 2 B AR R B A 55 A A 5 2 T



BEF SIREF

[EfinEi &
22 ETNUmHRUHEEHNERRERA

FE T R M 2 Y R g i R 5 (R ol
&R FPE R DNA R B irds i o) A S
FEORIAT R SR A b, — Mt 2 (il I 6 I
HEAT BV e B R O 6, AR o I IR A T B A
W0 = AR T R R S A, TR
T PRI R SR S 2 B DNA R
Brox e 180° I e , A [ 1] (9 IR 516 s =2
) 7 B ) 2 i o, R abe mT AN P8 e )
PERRICHEDN . Hond FEg Crellox RGP, Hit
DK 2 S B AN 1] 3B I+ R0 PR 7 o A
T 24~ 1] A AT LA Cre BRI AG B 240 44 lox71
H1 1ox62 , X A¥: 56 U [F] 4 i i ok 75 3 Crre i
35, fHEAE lox71 1 lox62 22 [a] iy H k3L B 2 1
IR RUH B B LA lox72., B8R lox72 £ s A &
A T RIS T A lox 37 22 ) JE 4 508
B2 lox72 Z A A — B JLAR & A 2 (R
lox71 1 lox62 ) 10%)?3, [Hitt, #3415k
A2 lox72 (g, IAMANMER S KL
AN DNA R BEEIE T EHR
2.3 E T CRISPR (ERE BB RS

CRISPR & i i i) FLHE 1] B % 1] S 52 7 1)
(Clustered regularly interspaced short palindromic
repeats), ‘2 2 B A TR HERAE 1R 0 B AR B —
FIARAF I S 248, AT AU I WD H1RE 2 i) DNA
5 RNA J7 41 o ARk A 4400 FIE T B9 2800 28 i 40
AT LK M 2 28 (Class), AR 4 ELAA fity i o A5
AT HA o 6 F R (Type) . 45 1 2% CRISPR
RGN VBN A%, SR 2 AR
M R AA, IR XGE 6w A 5L
R GE; M 2 2% CRISPR RS HIRLN 1Y
AR T AR 2, R B 245 R,
H I H AT CRISPR A4 3k [H 2 i 22 48 446 K 43
HBIEH S 2 28 CRISPR RGHUGE R . Hi b
MRz g 2 255 117 CRISPR/Cas9

&: 010-64807509

AP AR RS IRE 3C FR: B AR
PR A5 LB ) bR 2 42 (Spacers-repeats) 4 %
4 Hi & CRISPR RNA (pre-CRISPR RNA ,
pre-crRNA); X J5 Je 203 7% RNA (trans-activating
crRNA, tracrRNA) 21 pre-crRNA H i EE ¥
Y %A B ANEC T, 3751 5 RNAREIIL (Ribonuclease
III, RNase III) %I pre-crRNA #A7H1%], MK
A crRNA; ZJ5 tracrRNA: crRNA —Hik 5
Cas9 25 [P iU =05 AR AT AR T i i) IX.
FEHIARE 3 Y (Protospacer adjacent motif, PAM)
573t 1 H AR S XS DNA B —FR 1T V)
H PR A SR S ) AUE BT 24 (Double strand
break, DSB); 5 i i 5 AR E B[R] J5A& &2 1A,
AT DAAE A6 5 328U W 24 %) ] P 4 Pl 5 B A8 4 5 |
AFNEERIH b, (6] A B U0 P8 s A 7 I B
B R A AFIZ AL R TR DI T OB R 2
AW, AT ARG D — 4 e F R 0 28 BE 7
SeRE, T H G PR RN L BRPTIE R . SEPR)Y
b T — X Z R g1 fifh, JF bk
tracrRNA J RNase [TIX} 35 K 2 5 (52 00, 38 2>
¥ crRNA 5 tracrRNA #1581 H—5]
RNA (Single guide RNA, sgRNA), Xtf HiE%EE
iK—~~ Cas9 Fil—~ sgRNA i ] LA X 1% 52 1) DNA
LA T U1 (K 3D).

R A AT R E 2 ARZ A CRISPR/Cas9
P 0 S DR i R 4, A3 1 T, K TT LACKE Cas9
F1 sgRNA JICE T [Fl—Jws b, o a] DR HS TRk
BHFWARR L, R LR T A RN H
Fo T Cas9 FEH A S KE L 4 000 bp,
ISR T 3R R A RR B DR g i B 10 [] RS
Mt B SRR T ok b, i DUER BORL Y R 48 i
wARE K, Rk, POk pR T RRAETEXERE
X TR RS ORI, T S B PR Y i 2 T
O g, 58 L — B0 g R R T SR I Al T Y
SQRNA Fl[R] AR Kt , RIEHFAT —4
Pl 4 48 BT 5 11 SQRNA 01 ] A Al , A1 ot i [A] 2 %

. cjb@im.ac.cn

BT EICH TREERNRIES TR 1623



1624 ISSN 1000-3061 CN 11-1998/Q A:# T.#2%:4 Chin J Biotech

............................................................... e EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEmE .-
'

{A Genome /4= -——qu

Double -Crossover \ - Tnducible promot%
" Direct repeat X,rwﬁsglgtaencel —

-~

stream RepressorC0untcrselcctablﬁ Downstream
homo ogous arm markers omologous arm

= - .

. d
Single-crossover

‘B

Genome /4= o B —
. /7 AN 4,

N ¥ N ’
N A
Double-crossover Pl A

7 N
L7 v loxT7l lox62," s

.

Upstream  Resistance ~ Downtream
homologous arm  gene homologous arm

Cre recombinase

lox72
\VA pi
=~
C _Spacer  Repeat D B _ Repeat Spacer
7 Wommmmm— | feem— e 4
crRNA array tracrRNA : sgRNA : crRNA array

RNase III @

pre-crRNA ? i ./_?

Cas9

DSB /—PAM E
S T GG T s
3 HNCE— 5 N

3 WMEFANEMNERRERS

-
:
:
:
i 1+ {11
s .
:
:

Fig. 3 Gene editing system of B. subtilis. (A) Genome editing system based on counter-selectable marker. (B) Genome
editing system based on site-specific recombination. (C) Genome editing using CRISPR/Cas9 guided by crRNA array
and tracrRNA. (D) Genome editing using CRISPR/Cas9 guided by sgRNA. (D) Genome editing using CRISPR/Cpfl

guided by crRNA array.

G AR KA TSR IR g, HREZN
%A HAth Ty T 2 A B A B R, A0 T B A
VB S SR NTT= N E BT 1 & 6 10RO\ = )
PRI R G, fEFEH g R Cas9 3k
KRR L —HAR B, BRI g iE Nl e
b 55 Hh— A& A5 AN TR sgRNA Fi1 [7] 964 i 1) Jo
1]

Fx T CRISPR/Cas9 LAk, TEA: L 2E 7 AT 5
WIF & TIHTEE 2 2855 VIl CRISPR/Cpfl (H#k
CRISPR/Cas12a) 1y gl R 48 . an&l 3E P,
Cpfl AL Uf% Cas9 —FEXT DNA #E4 781%™~ A=

http://journals.im.ac.cn/cjbcn

WEEWTZL, ] LLXF pre-crRNA BEF 7 7= A4k i
B crRNA, 1 X — i #R I AN TG 2L tracrRNA 1)
25, WJGTE clRNA 5 Cpfl JE U o &)
HIAVE T 58 BOnt B AR 8 s g R0 Al . R,

CpfL HENIE & F ALK A [ i g . W 260
TEAL B ZF AT R R T — 2 F CRISPR/Cpfl
Y XUURE S R i R S8, 430K Cpfl #il crRNA
HCEE] 2 AR, e, AT RTEE L
B, R B KW ER AT M Natronobacterium
gregoryi 1 Argonaute (NgAgo)#E [ ik & T
Cpfl #Ak L. it & 248w 75



EEE SHESHAEANTIENESNERSTE 1625

*1 MEFBHEFTRET CRISPR WERERERS
Table 1 Gene editing system based on CRISPR in B. subtilis

Classification Effector Application (efficient) Reference
Single plasmid Cas9 Single gene inactivation (33%-55%) [25]
system Cas9 Knocking out of a 25.1 kb fragment (89%) and a 4.1 kb [26]

fragment (97%)
Cas9 Single point mutation (100%) and single gene knock-out (100%) [27]
Cas9 Single gene editing (76%) [28]
Cas9 Single gene editing (97%) [29]
dCas9-AID Base editor: three points mutation (100%) and four points [30]
mutation (100%)

Genome Cas9 Single gene knock-out (100%), double genes knock-out (85%), [31]
integration and single gene knock-in (69%)

Cas9 Prevent phage SPP1 infection [32]

Double Cas9 Single point mutation (68%), single gene knock-out (100%), and [33]
plasmid single gene knock-in (97%)
system nCas9 Three points mutation (65%), single gene knock-out (80%), and [34]

single gene knock-in (90%)
Cpfl Double genes knock-out (100%), six points mutation (100%), [35]

and single gene knock-in (100%)

crRNA 41, % 22 88 0 L — U 56 OSSR s
6 M IR LA KBRS BE R R R A 5 T ELAAT]
I T —Fh crRNA BRI [ #4 22 7775 SOMACA
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XU W 24 RN R ISR, AR 23 T ATz
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I8 2 D e s g 2 A oy T iR e . e i P
R JoORE 2 ) -BR R R R R 2 AL TR A
Tk T Hsk, Hrb dCas9 Fisk [ /\ H 18 195 S
15 M mE nE i 2 B (Activation-induced cytidine
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IPTG S M B3 7 Pgrac WRsh#ik, Arasml
sgRNA A] L it Golden Gate £H%& 2 fFik: |, #
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il 4 AL A 1 [ i 2 00
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W ) e SRR IR -t I A R, IR RS T
RegulonDB ., Sigmol il TRANSFAC 2849043 1)
B E o IX SR SR AT LA SRy 5 DR [ i A A% o
JU, W LA RE A% e AN [ A 47 7 2 A [l
BEHEAT AR 45 i s AR . Bildn, wu 2Ol
T N 6-WERR A AL A (GICNGP) 1Y% sk K+
GamR, & T — R HA AW 3 &
GICN6P i Ji X Ty i 5 PR [] (8, 38 o ok 366 K] (] g
B A WO Al B ZF AT T £ W A Ak R A b
(GIcNAC) & i As, [T sh 284 GIeNAc 1)
TEAIRAR, B TR T LY GICNGP ¥k i
(R B Bl , i GICNAC 7E 15 L & Bk F =&
i 81.7 g/L $&/5 % 131.6 g/L.

B 15 sk -, BB OCd ) iz v T
PRl i g A e . B R 0 AR TG 1A R e kAL B
A (Systematic evolution of ligands by exponential
enrichment, SELEX) AYK &, HlE mLhifk H
Z M REAE IR AN [F) A6 & 0 1) RNA/DNA JE L4
XL RNA LR 5T RIS 8 A wT LA )i AH
WAL AP TRREITS00 ol Deng %P1
JHE ) 107 LB DNA 38 e AR 1 B I A 15
16 PR L DR (0] ¢ (] i 23 i iy 86 1T P RN 3 i
PACHE) 3 T 5 IOl A0 ) TR IR [T B, DA ARAS T AT
LA 7 L A 86 I kA P A e R IR [, i —
AR FZ B B B, A BT A AT R
2- SRR FLNE G BURR R R K, IF 3l
AT TP RB RN RILK, &l 24

&: 010-64807509

LR RS T 27.3 £, 5% 674 mg/L.

3.3 Moz 40 AR E 89 5 F = B

M 7, 24 e 286 g 2 DR [ e ——FE AR 1, 2R
(Quorum sensing, QS) J&fiA=Wy M4EFE A SRR
B0 T 8 U PR R DG 2 DR 3k B e SRR R A
B G A K R S Y L TR 240 38 R A —
SR A W) G B AR DG IE IR AE . A F B iR
H PRI AN A TR R SRS, AR N 3R G AN O T 41
TGS UL M ARk B, A2 B i B By
WA S B EERD HRTRE SRR DR
Wi 1N 22 45 42 2% EC N Vibrio fischeri 9 LuxI-LuxR
AR5 WREARKESRES, Luxl AWHE KA
T mE L R 22 LN BE (N-Acyl-homoserine-
lactones, AHLS), MEBEA K| —E®ER,
AR AHL B I35 B B A, s LuxR 251,
LuxR i — 2L 84 T i 3 R g 235 . Corréa &6 o
¥ Luxl-LuxR RSG5 A B R ZEMAF i, IR
H#EgEA R B12 G R R R Rk, 45
RN, SAMARRIGEER B12 F SR A
KL, LuxI-LuxR RGifligEA: % B12 4
S AR AR ARG, A YEE R B12
WARFN T AL A3 P, KB ZE AT A A
TEREIRNA Y 2258 Phr60-Rap60-Spo0A . A X} T-4h
TEREAR I Y, RS, N IR A 1V, 2R 455 R 06 ik e &b
YRR 115 AT 20 M 3 R AR . Cui 25058
ik A A B AT TR B R Y RS T
Wi 17 240 0 %86 3 1 A L) g 26 DA [l %, 9 ) L s 28
FIRYEER K2 GG R Y FRIE, AR
TS F R A IR B FRIE , i E K K2
AR e T 40 fiF, 5% 360 mg/L.

4 HWHEFIRE

Tt 2 20 i A A Al 2o A A T Bk A A AR T
PF, B E ARG PRI R R E TG ke
AR . i SRR IR A DA —E AR 4R
FlEE AL, (HM R AR —E WEH),
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filg ) = B S TG A OV SRR AR OC M, B BE A i =F
JE R, MR AL AICR AR Bl ), [
Bf, KL R R RS 840 B SR >k 7
1, Hd— A2 R R 2 T 5 R AR
g AR T s PO, BN TR AR S E R
I RE A% S BLIE H Ak IS PR — 2k, &
#& NADP (H). NAD (H). ATP/ADP. GTP/GDP
& N IR, B ERTFSTEYSE. A
TR, ol . F AN AR A
W, WTEE AN SRR, P
N e A O T I  E s 5 i e/ B R (15 AL P S
SREE AR AL IE M SRR, RASCHRHE RS
B B RAE I ) B R QR A 0 — G TR
sl R AR A R A D T
7. PSRN ERIES . EWHTIN A4 iss
g Rm (8 5).
41 WEBETEFRE

7 DA AR 2 A I R ) 4 Q3 0 3 o ) 32 B A
RZ—, WAL ANEHE A RGRRE, BInprER
A7 DR W B RT LA A e e e T A A A R S0 PR

®NMN

l NADH oxidase

¥\

<
NADH .M[/.
o0l o . glle RQ
AcCoA
Isc

NAD* NADH

é

[

GeP GAP G3P PYR

Cofactor level enhancing

5 WETFIER=KKE

NAD*

il GMP. GDP. GTP %4 F /&4t DNA &
il skl B AN AT BB SR R R, X
&4t R 17 200 A P T A o A A S B S B LR
tk, H GTP W[LLY5 ATP M EHEAL, I MiF£E
b PR HE R . TR B ZE AT O R A
SEEER IR, GTP AMUARHE T RER, T HiA 722
M B BRI A I ) ——GDP-L-5 T bl
AR GDP fitik. JET I, Deng 2Pt
GMP. GTP., GDP A= =i AR i 4T 1 X iy el ik -
AL Ik S IR . AT R IR A . RIS
BERAZ M AL BB, PR SN GTP MVRE,
X ZAf GDP-L-A 3 ik BE 4 & 1 3.97 £ .
42 HETFFE

JIE PR B A1 - e R 1 R % A 2 S B A b 5K
RRNAEM Iy —EEAMF . By bR —H A
TR L2 A A% B RE AT OB A B A it S BR A
{2 DR — oty D] 8 e vy T 3 S 400 L PN P B3
R %M, NADP (H). NAD (H) 2y HAa 3
PER)—JEHT R, B AT AR X B Lo 25
PSR JFUR A, T 40 i T P 2 S B K T ok

NADH NAD
0AA Y, .-~Mal

Cofactor recycling  Cofactor biosynthesis reconstruction

Fig. 5 Three strategies of cofactor engineering. G6P: Glucose 6-phosphate; GAP: Glyceraldehyde 3-phosphate; G3P:
3-phosphoglycerate; PYR: Pyruvate; AcCoA: Acetyl-CoA,; Isc: isocitric acid; Mal: Malate; OAA: Oxaloacetic acid;
NMN: beta-nicotinamide mononucleotide; RQ: Reduced quinone. Step I includes: pgi (glucose-6-phosphate isomerase);
pfkA (6-phosphofructokinase); fhaA (fructose-bisphosphate aldolase); Step II includes: gapB (glyceraldehyde 3-phosphate
dehydrogenase); pgk (phosphoglycerate kinase); Step III includes: pgm (2,3-bisphosphoglycerate- independent
phosphoglycerate mutase); eno (enolase); pyk (pyruvate kinase); Step IV includes: pdhA (pyruvate dehydrogenase E1
component subunit alpha); acoC (pyruvate dehydrogenase E2 component); Step V includes: endogenous malate
dehydrogenase; Step VI includes: BmgO (malate dehydrogenase).
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PR RIS — D EEAR A . MRk
NEERFE I, BAR YIS 8w Y
AT SRRy AR, 20 R T 80k 5 )
M ATFR= Y E M., WRARKELSRE, DE
S M N 1 S AR I AR S o Y NADH Yk
FERS R, 20 PR RE A A, A AL T
AARIRE, IRPITEFE I, KPR REAIT. DA
IR RUFFRCA R AR R BEAE T N- T2 A
ZBEEE, GIeNAc 1A AU 2 330 NADH 1yt
P, Mt FA NADH 285 FI T NADH i1
7 2,3- T RS R & . 2T, Gu
2Bl SR A 3L % NADH AL Bk 52 3
it PN 48 AR T -, NADH 48 AL DL O, M+
ZAK, REMK: NADH %4kl NADFIK, 4R,
M R4 AL S 3 1 P43 ik NADH A AL
B, B FARRS RS Z, RN ICEIEA LT
JFoFA5, GleNAc By &5k 0.86 g/L, I,
WE— R G shF TR NADH EALBEES T,
fiif3 GICNAC R I it i 2R3 T 12.46 g/l

43 EWHETFEMRREZE

1k NADH % Al It it J2 - i i Y 4 Ak ikt 5t
J10yE HFBZ—, (HARHB IR 5 NADH &
fbid IR G2 B M N Re R R SR AL . BLRE, SR
SRR AE AR, RS A S . &
1R m AR B AR S — . AR AR AR
AR RE A ROEE S AR QMBI R 15 NADH A bk 5t
ity 3 R ML AR ZE L . PR R BRI A&
A AN NADP (H). NAD (H) Z:8 71y T
it A AR A3 N ISR Tl ) AL RICR AT DATEPRIIE
PR AR AR KA A R s, S B DR 1 B4 A X
i, Hedn, 7E57 GIleNAc i T AR i B R IE )5 118
ik, SIANEZF AT I Bacillus cereus SRR N
i R A AR 2 11 AR A i i PorAB ., SEE SRR i S it
BmqO Ui R Methanococcus maripaludis
KAL Sfe il i) H i -3- 1 B2 I =0 GoR, 737! S 30
AR 2] £ T AL SRR 31 B 2 18 F0H I
P -3- TR 2 3-WilR HyhBR ikt FE, k5 NADH
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Bt e, I SE R P SR SR, B2 GICNAC
(e AR i T 4.06 %08

RUEVF 2058 B iz R TR R Mg X H AR
PR A TR AL, AELFRATTXT 40 P 52 2
R AR ALEM A 2 > A A A
Vs R e, R s B A BRI E
fifp 2 R AT 5 ) R A 0 T B0, (H R M i
B IR T SRR E RN T, mES
AEAE S D HEZ5 A 2 Bk 3 A 4l DR - S8 QDR
R E . G, #EaEETAER. 0. sk
TR 5 BIL T 2 7 B v 0 A R TR R W 7
INELEA

5 REBAY

3 ANE S LA B AR VAT 5 B AR A AR
Yy AW A B A A T AR e 1) — T S Ak
W, SR, Hin a2 et mit s 1
Py AR AR T e f R AR R A R B i =
ahn, YRS s Ean i ey, R
S H A 7 X i A 7 A A T 4 R
]RSO Sy T RFSY BRI, AR AR T %
RGN, 2R WG FE M7 25 ] oK i AR g
AT AR IR 2 M2 A1k, LR mng AR
T 9 J5 BV B, M TTT 4 e A AR Tl B AL KR
kb R = B, A AR AT DA ] 7= )
50 M AL A 52 RN, B E T DL i
T SR Y AL 25 T LU AR B R R A TR
i A I i P 2t T Ra sk 7 0L 5 S L I
A28 Tt £ 2 5 e DR A A g 4 v R I R AR 35
H AT R A T AR S i g 1 22— o5
AR A7 £ 25 5 W AT T S R 2 %) DNA
S uleesnl  RNA S8 g e e (1 A
T 0 M B X OV B i i X 2= U7 (/% 6B)
R M

1AMk, TERTE ZERAT I h T iR R i A
WM SRR A 2, B M — I i 5% (2
DNA 37 B4 B 25 AT B P A S80S - Liu 25072
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i 3t F) FH A% 45 2 11 ADB3 Fll ADB2 4 Sk &
FEPERE N-C PR S A8 (GleNAC) & gt
HY 2 S CHEE——Z R A NS i (GImS) il
AL FIE-6-TR IR L ALEE (GNAL) St fi7e
DNA 248 b, JF4 P& n Ak 2 o b AN A TR A%
R A HEAT T A B FasY, B3 GImS
F1 GNAL By AL Fn b2 it L i fd s 1
N-Z Bt S~ &, 7 it 1.83 g/L &%
4.55g/L. 7o, R A 1SRG A 2
L SR AN G AT, 25 e 20 At AH s 5 |
AL R RE, T R R, Ly %0
W L BURC RN a5 3 N ] R 8 e
B ANME F S EEA Y T, e R I B 2R AT T
B b9 30 BE B f 5 (Functional membrane
microdomains, FMMs) A4 & lFmymf2s ka g 1k,

Al DAHIE A 2 AR W N IR 25 RS2 48 . 2 ),

PIRE B ZE AT B S 8 GIcNAc R, FJF SPFH
(Stomatin-prohibitin-flotillin-HfIC/K) 4% #4 8 ¥
GIcNAC & WU 1 A2 B B 2 7E FMMs |
I FMMs-Z 2 5 R4 (K 6C), 4iash
SRR AR B 12200, RBLZ R GEW] LUE A
— AR EENIKYE, RARERS GIcNAC
= o, e IR b, WHZ RS, FERIE FMMs
HEAT T HWERGE . KL FMMs 7E 40 5 F A S
P, AT LA &3O s A2 e 0 [ e RUCR , dE R
AU, T = = P& s, [RIEiE AT DL
TH 4 i B it 52 14

El 6 BRBARKME

building blocks

6 A3 RAT B R A 4 A 9 LA

RIRA AW S IR AP & Sl . Thig
B R G S I TT R R i A
SR, AR b A9 KSR AL A9 32 B TAE )
PREL, RBCRAL, LR TSR, Wil e
A Y S AN TR A S RSRE A i R A
BGaER, LS AR AP K AR, has
Fa 52 2 AR ) KSR AL 1 () AR Ak i A B 1L T
SR . LR, SERERS R IR IR AR R I A A0 A
A BRKRUAYEZRELZHRENEE, &
Ak, T8 A 5 PR g A A TR I O s
AR T B AR B £5 28 B 2E A0 IS A A i 2 &%
Dyt & BT AR Z HAT S E 0™ ah e L
(Scyllo-inositol, SN 4% (Squalene)t’™
LR RS N-Z B A AT E
FRIREA | B s 2 L H Zamt | kg
2185861 g 7)

Forr, S WURS R — R A AT 0 LR 7 A S5 4
A, BN R BT R i R ECOS 1 A S8R T 7
Tanaka 25> S8I U 50 SR HUAT 080 Hh & T bR, T
KT LA NLEE (Myo-inositol, MI1) %54k i
WA AN T 35— SI 4 i T i f b
iolR \iolX Al ioll =AHE[, I 5] A% L 7% iolE4L
PN 1), (HIZ TR E bR R e —2F 1 MI
e S1; iE— Ll KB UEE-2- i 2 101G I
Y G BE-2- B0 U 1oIW T M A 55 X ST A T

CEP

Modular

ox

Fig. 6 Enzyme assembly strategy. (A) Using protein scaffolds to assemble enzymes. (B) Enzyme assembly using cell
microchambers. (C) Using functional membrane domains for protein assembly.

http://journals.im.ac.cn/cjbcn



EEE SHESHAEANTIENESNERSTE 1631

%
%
O 9¢
%
o7
2
@
o >
=
g
o =
= [N
=)
e
= -
O:Lﬁ:m
il ”3‘
%t
INE|

v :‘-:,1:1,‘1().1“\ﬂ

RO
\005“0\
0%
o 2 ?6
i
Uy, f0, Id;
D)
10
P

Squalene

7T HMEFANERAMEEFHNARXALEY
Fig. 7 Typical bio-chemicals produced by B. subtilis
chassis cell.

7L AT LUK 10 g/L B MI S8 2 A s i i SIP8,
SR, SEIABEARLL, R MI VER RS A
AEALAIRDIANE . A T A, B ZE AT R AT LA
FHA AW T B4 L SI, Michon 2 8hst sk il 2%
o0 AR TR 1 4 5 LRS- 1-B R 5 1 (MILPS) 11
FEB inol 5 AR R ZERIAF B b, {7 6-1 1R ) 4 b
(G6P) T LUH4k >N MILP, MILP 7 LS BAff i T
(IMP) [1E T 9wtk M1, BJS 8% A4k
SI, HE— iR IS 4 ia 5 1 BE K] pbuE L)
FHEF AP MILPS {4k i i 4 I NAD™#I
NADH fyH L, [Rli Fik wia i iz 851 GlcP
T A M GIcK $27 G6P MY, fie & n] LK
20 /L HEWERE AL AE I 2 o/l T LR

YER—R LTI N, AEkEa
VFZAEYTEE =2 S Y EE A, B
Préa Al . IR SR RGSE 2P A FEE, BT
YERE A T & 5 A A3 BT . e 2
e A (Squalene synthase, SQS) AVEIF,
B4 T EEBERR L WEE (Farnesyl pyrophosphate,
FPP) i fb B i ff1 % J& FE B R g (Presqualene

&: 010-64807509

pyrophosphate, PSPP), Bifij5 7E 4 X+ NADPH )
TERT, a2 EmHIE RfEk. ik, Song
4lTThjg Sk TRk Y 4 Fh SQS (BaSQS . BmSQS
PgSQS F1 ScSQS) 51 A ZAfi L ZEHIAT 4 168
Jf F# MEP %42 H A9 8 LA dxs, ispD., ispF,
ispH, ispC., ispE. ispG Fl ispA, Z5i&HFRIHE
MRCT Z Mttt ekl &k EEgs R B R, A
B ZEFRLRF DA P O R T R R IR 2 gL

B 7T RZ KRR WHG AL, Al 251
FF B I 45 FH TR0 TOL B FE &, a0 B-FR M A A
AR B AR | LR A WG |
NS EREERSE, b, BRI Rl
Wk p-PRMIRTHEELEERL I (B-CGTase) LAY IR
ARACRBE, B2 0T B 255 R R S R 1 7
. Zhang %1% B CRISPR-Cas9 4t 245, #4
AT AL AR R S sgRNA ., Cas9 Fil[a] 46 &2
B 1) 22— A SR TR, ml Bty 2 2 A 1
ATCC 6051a 1 54 F B M AHCH 5 5K
(srfC, spolIl AC, nprE, aprE, amyE), 3R75A9%
A kk ATCC 6051a BS5 7E i % i Lk il v, 7
Tl R KR RS, REfS AR i A A B
HLAN I 0 B- SRR Bl B 45 51 (B-CGTase) 1
PEIRF] 277.8 U/mL. b4, #FFEEETFR T A0S
3 ¥ PHpall -PamyQ % ik &4, ik EH
B-CGTase 7EA H 2E 1 #F 7 CCTCC M 2016536 H
fR L AR g3k ik B 571.2 U/mLBY,

B P A T D R AN 27 2L Tl e pH 4%
P BAKBIER M TERN . ATYE N B shikmi
BUREAC S PR B4 o Horpr, a-YE R RE S
KA BE A AN P LA ST B SRR Y -1, 4- 0T
e, O TR YA T, Ying %0
I A R 2R AR R R 4 FOR TR 31T (Pgrac
Pyyias P43 il Phag) MIFRINGRELFN 3 A5 5 Ak
(SPEpr. SPYncM F1 SPamyQ) (43 iscR, K
F G 81F Payia FIE 5 ik SPamyQ 3Rk o- 7€ 45 i
B, K9 90%M1 o-JE K Al AT LA 2 il 3 B 55 5k v
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AR T a-VE R BETEAL B 2E AT R A A1 53
WARE T o bR TR BRI S R s AR T R Ab
AR A . BRI B A B BT B ot 25 5 )
TE A 04 A R AR O, i, Chen 2B
i i i e ik Sec bk A% T AYHE E 11 PrsA Fl 41
AR DnakK o] LIA SR & a-TEHEE (AmyL F
AmyS) B IECE, FE 7.5 L KR EEREH kL
R, AR ZF AT R 1A237 S0 AmyL
H1 AmyS #4351k %) 1 352 U/mL Fi1 2 300 U/mL.,
AT UL, A B ZE AT BRI S IS B 2 B T A
T Ml il o 70 EL A AR R A o R i

7T RES5RE

B ZE AT B ME  GRAS Bikk, 7Ehh. B
2 G A EW KRN T S5hi s, F
FAACH CRER AR A R 4T B At et , M
B T 1 PSS A0 PR 4R T I b A R T BB S
LAY A SO IS 2 — 35 F CRISPR JE [N 44 R 4%,
FIRE 7T/ B TR, SR F TR, sh&H
P AR T DL SC B S AN . SRR &
A TSR B A X G — o SR SRR S AR T
Ejpy gt BB BB, H 4l 5 2% i A
Jei L HE AR AT LA Ml vk AR R . Rk,
i $2 w8 B - # - T- Bh X — TR R R E
BN AR R ERL 2 — o A RUEYE . RGik
W 2% T 222 B0 58 SUSE A 5 T80 il D X — X A
FIZEE T, —J7TE, NTARE . Mlass) 524
LR AE XA AT B IIRE . AT LS
H R A ARG TRIE s B — i, i ok
b I T H S A AR KRR A gk 45 2
Sk A S o AR IS A L R T AL
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