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Metabolic regulation in constructing microbial cell factories
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Abstract:  The regulation of the expression of genes involved in metabolic pathways, termed as metabolic regulation, is vital
to construct efficient microbial cell factories. With the continuous breakthroughs in synthetic biology, the mining and artificial
design of high-quality regulatory elements have substantially improved our ability to modify and regulate cellular metabolic
networks and its activities. The research on metabolic regulation has also evolved from the static regulation of single genes to
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the intelligent and precise dynamic regulation at the systems level. This review briefly summarizes the advances of metabolic

regulation technologies in the past 30 years.

Keywords: metabolic engineering, regulation of gene expression, synthetic biology, microbial cell factories
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Fig. 1 Schematic diagram of the principles of regulating gene expression by using different promoters. (A) Static
modularization control. (B) Inducer regulation. (C) Metabolite concentration regulation. (D) Quorum sensing regulation.
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Table 1 Summary of the reported intercellular communication systems. The numbers in brackets shown in the
superscript in the column of “Synthase” and “Receptor” correspond to the numbers shown in the column of

“Source”, indicating the source of a particular gene.

Inducer Synthase Receptor Promoter  Source References
Isovaleryl Bjal BjaR Pyia Bradyrhizobium japonicum [81]
p-coumaroyl Rpal RpaR Prpa Rhodopseudomonas palustris [82]
Salicylate pchBA® NahR® Peal (1) Pseudomonas putida [83]
Irp9® (2) Pseudomonas aeruginosa

(3) Yersinia enterocolitica
2,4-diacetylphloroglucinol ~ PhIACBD PhIF Ponir Pseudomonas fluorescens [84]
Methylenomycin furan MmfLHP MmfR Pmmfrs Streptomyces coelicolor [85]
Naringenin CHS®, CcHI® FdeRW Pigen (1) Herbaspirillum seropedicae  [86]

(2) Petunia X hybrid

(3) Medicago sativa
C4 RhlI RhIR Prhi Pseudomonas aeruginosa [87]
C6 Luxl LuxR Pz Vibrio fischeri [88]
Cc8 Cepl CepR Peepi Burkholderia cenocepacia [89]

DIk A 27 FCIREE A LuxR ATy A Rk 2 22 2 R
fig (Acyl homoserine lactone, AHL) f% Luxl E§#ZH-5H
i, AHL 55 LuxR %% R FAHEAERT, JTERCRT LABE
FEHFIAA LUXRIAHL Z A9, T AHL 1k
SHMREERIE L, IAEIEIEET, AR LuxR/AHL
HEYIHE R FRE, WDAE AHL FRRJGERIAH
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A
Synthetic regulatory small RNA Riboswitch
; + -
L1gand —_—
RBS Ribosome
Ribosome
ON state OFF state
C
CRISPRi asRNA
RNAP
S T\'\ﬂ'\{\a{‘o“ TED mRNA_] Il =EEw === Translation
Tﬁﬂ% I~k Ribosome
. - @ P ]
d(»asg's‘gRN/?\ﬁ Ribosome
complex fansonbr RNAP mRNA_II ” e
fOn ef()n = s ‘)(
Satjoy, i “ ”
RNAP o« asRNA

2 MFELE RNAFEH B REREE

Fig. 2 Schematic view of different RNA regulatory mechanisms. (A) Synthetic regulatory small RNA. (B) Riboswitch.

(C) CRISPRI. (D) asRNA.
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(145 R S IT 1% Boumezbeur 250711 %
TR AR BOGE R T O vk N R
— BT RR R A, A R 1k Kk & e I
B, KRR S E MR R T TRIRES . R )T
A1) B9 TN o AN 2 5 i) S At — 2 RN = R 454 B TR I
AN 5 L DR A A D BE o 38 o I S MR SRR
FBETFOE (pur) B 2B IR Ja 0 A% A 6
(rib), fHOCHEEL R FRIAIKF L X BRER = T 90 £,
TR W KA S0kE EYE
BT 53%), AAZE R A KIFET .

2 BRI 1A N 1) SR SRAZ AT SR T 1 N R 2E

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

PR TG . b, R AT B R R A
AR KR I S TR AZ MR TT 56, e AT 13l #5367
BRA TRk, IR = R BRIE A i i
A Zhou OSBRI i AT I DA K 9K it
GATR - O A B M T O A3 it S R - T T " R T
K, IR R R G o B R 1 A R
FTIF BRI XS AR AR, T RE
lysE JE[H (SRS ARG i2 8 1) MRE, £E
ZH A AR AT 1A HP SE B S R 5% s 1 sh S R %
SRR 7 L R MR S T 21%.
2.3 CRISPR Fif

CRISPR T4 (CRISPR inference, CRISPRI)
i FAZ R Wt 175 1 2 85 Cas9 & 1, 7E gRNA 5]
ST 254 B 4 B3 B AN A IR R -, AT
THRILH Y IEH £k (K] 2C). CRISPRI AL K
HAERE YR BN R AR, X R AT
P AR OB AEMN B PRI TV TER A ™),
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UG FEA B B, CRISPRI 7£ KMFF1# .
FZFAA I . AR AU LR Rk e
HERZMNE (& 2). AT ELN S CRISPRI
FEIX 3 AN FE £ RS B SE B

2015 45, Lv 25 izl i CRISPRI JE H
ORBHE R MR FL, TR PHA & 4-
BRI TRRA SIS, kR — RGP ) —
AT P RAETY, Li SN A
H1 CRISPRI 72 45 [w] Bt ) AT i) P il P S A 1
WA, TERRI A/ LA RLRE FR 1% CRISPRI
BRI 7 A 10 1 Sk R AR T X B B A AR = T 60
£ 15 f%, I HIZEER SR ZLER SR - Y —
HAERFEMOKE, BLH CRISPRI 245 0T LA i B
R I 7R R — R PR A S A 0 B Sk TR I A 77 o
CRISPRi 7E A} TR S5k iy g FH A A 435 - i [v] — A
R bR R N Ak B . i, Kim g1
FIF CRISPRI £ A , A KWAFF B UL AL B 8RR
FRILIN SRS T (-)-0- 2T 35 25 W F1 3B Al 21 2% 1
7=, R T 2R RABGR IR B AR
ST A R AR

FIFH CRISPRI 4 AT 41l 4t i A 0 75 BE R (1)

%= 2 CRISPRIiHAB TR LI AEBERNENRLE

ik, FEAIEMEPUSRAiEAER, Ditar=ma
PR R AL A4 Cleto 4 MR 28 G MR B AT 1
CRISPRI Z 4 fifi A% 1) Cas9 (dCas9) H il #l a]
BEIH L IZWFFORE poi F1 pek FEDH Y ZRIKFEAR T 98%,
B pyk FE[R A FIRFEAR T 97%, =AY L-#5 2R Fl
L= 2 IR 1A% 4R 5 b 238 mT 5 35 DR M ok Pk 21 7K
S—%. Westbrook 27 Az 77 175 B 5 IR F vl 2 2
FUFF R P CRISPRI 3 43 5l 2 H % Bk vh
pfkA T zwf JEH Wk, DI B &4 1 i B R
B K-

H T CRISPRIi/dCas9 Z 4t E £ $IL s B e 4%
W A e e — e R, g e A e T
25 XTI R RS . S, X
T 280 5 ¥, CRISPRI/ACpf1 71 5 Ky
f& . dCpfl H H 5t HAA RNA JiiEME, A6 2 gRNA
R 1Y pre-crRNAAN T 8043 25 19 gRNA 351 -
— oYt B 2431 F] CRISPRI/dCpfl iy 5LAith
WIS X RS, Zhang 21O F H] CRISPRI/
dCpfl 7EH [ f# 5 £ Yarrowia lipolytica FF 52 #K
TR SMIE N AR AT B R R A2 SE I vioA | vioB
1 vioE By # ik, Ji 2™ A CRISPRI/dCpfl

Table 2 Summary of the applications of CRISPRI in metabolic regulation

Organisms Biotechnological applications Gene targets References
E. coli Polyhydroxybutyrate phaC [118]
E. coli Polyhydroxybutyrate dxs, glmU, murA, murC, murD, murE, mraY, ftsW [119]
E. coli Polyhydroxybutyrate ftsZ, mreB [120]
E. coli Polyhydroxybutyrate gltA [121]
E. coli 1,4-butanediol gabD, ybgC, tesB [122]
E. coli n-butanol pta, frdA, IdhA, adhE [123]
E. coli 5-aminolevulinic acid hemB [124]
E. coli Malate acn, ms [125]
E. coli Pinosylvin fabD [126]
E. coli Pinocembrin metK, proB [127]
E. coli Arginine argR [128]
B. subtilis Surfactin yrpC, rack, murC [129]
B. subtilis Amylase epr, nprB, mpr, bpr, vpr, wprA [130]
B. subtilis N-acetylglucosamine zwf, pfkA, glmM [131]
B. licheniformis  L-valine alsD, bcd [132]
C. glutamicum L-lysine pyc, gltA, idsA, glgC [133]
C. glutamicum Shikimic acid pyk, ncgl2809, sugR [134]
C. glutamicum Citrulline argH, pgi [135]
C. glutamicum Putrescine production carB, ilvH, ilvB, aroE [136]
S. coelicolor Actinorhodin actinorhodin pathway genes [137]
S. pneumoniae Teichoic acid murT, gatD, SPD_1198(tarP), SPD_1197(tarQ) [138]
P. putida Pyoverdine synthesis pvdH [139]

&: 010-64807509
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WA RKIAAT A A KO EE R IKEHL, 125
TR A R

DL L 4RiEZRBT, CRISPRI &R G Y&
BRI E R SRR A AT, W TR AEY)
B AR, U AR T A G AL i A
an B P AL ) B AR ) B AR S LR A
B|EMAE . B0 AT DL SE AR R AE A
ML )RR R, IR A 2 Tl B
B 7 i o
2.4 X RNA (asRNA)

Jz S RNA (Antisense RNA, asRNA) &—Ffifift
FT AR AR RNA J#50F . asRNA 352 T
VAR TR, DAL AR I R (1) e 18 /K-
asRNA 12 IF 7 5 2 R R ARG A 5 3 T L1043
KIGFF RS EE MR E A RIEE £, AR
Rt H 7 A ) 2R S A 2R 1 A . Kim 2R
asRNA SRBEFEAR T KBTI 1 SRR UK, ¥
HArsE IR B g T 2.1 5. asRNA FR W w]
FH T2l 25985 P I A 2ok AR R - A 200 i A K ik
A SRR, i, A asRNA RGEH
AR ROk B, TR MR A i, 7
AN A EY R ZELT , ¥ TR K
FEB A He A KRR T 50%%1. 4% asRNA £
TR R R A, AT L CE s 2™ Y
. Kang ZE1Mh asRNA 17 T T 38 52 4 1 B bk
e, e T 7 . A asRNA HR,
Meng 25 M K AT 1 6-Jli S IR B8 B A4k
AR ER T 296.2%. Yang Mt T KA IR
NN G A RS R, T 4-RIF TR O
BRI 2R B 7 4R T 2.53 % 1.70 %
1 1.53 1%,

asRNA EARTEF 22 [CHYE R A3 77
(47 Wang 25140 ] asRNA 145 T Al 25 2E
FETR H AE W R R AL 1T AR5 FE ] yngH A9 RIA
il Fe 1w T MR AR = B 13.37 /L, X RE AR
T 43%, Rebekka Z:M°VR Y asRNA % W& 17T Bk ¢

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

FEILIA hemZ, Wi/ B K ZEFAT T PO ML g ik 428 14 i
ARSI, BERS THRNGELER By
UM . Desai 25U DR T BSAR T h T RR L
RIS R S T WEAL B 0, A 76 40 31
FE X BE A 70%F1 80%, 1% B 19 A K1 Eb X B AR
28%, XSLERIA KW T BRER A AL E N2 T IR IR
A BB K S R4 . Tummala 2252158 T asRNA
LERPE X N R T AR I ATCC 824 HA N i JE [l
WA B —— L L £ BRI R B RN G A 5 RS il
TR, RS A A B N A A AL
o 1) B T
3 BEKTHEE

BEM R B R ARG B, il E
B KAZAE AT RBS U454, RBS HIIR B F4s &
ZENREE N FAAY . EA R X RNA 1
SEAAT, WIS M 2L DR A0 2k K- 53— i,
R o T A d P, B e ] S %85 5 )
U 2 T A 35 TR A 30 3l R AE T A 2 B4 4l
B 225 00—l D A0 2 ok 2 o) G B B A R PT E
B ACRAIEE . mRNA Fae MR 5T DL
R [ TS AL R ek

31 ZHERGEEALS (RBS)L#E

FERIIR R LA B B M IR 35 1 mRNA
BOWAR A LS & f 5 (RBS)M, e 41
RBS i i H #MiC XF 5 16S rRNA it 3/ Ui J 51 AH
HAEF . 25 A ELAE 0B85 6T 1 50 DL RGx
AHG el 5 X R T T RS R A L R E T R
AR (K 3A), HE— SN, i
M RTE ok 1 5 RBS DX I 1) At 5 1k 2 %o R 5
PR AN, X RBS 2045 # dnfif e & B
PERCRINE BT R, (R #E RBS X
SR IR S T AR SRR R R SE R A b A
WAGER B RBS X 8 Al i % 18 F 2 M A%
iR, BHIFRCR 5K TE RBS 19 mRNA 43T H
) 2 ) A o 10
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BWEIARLE & 015 B4 (RBS calculator) J&
— ol 000 AR 4 0 TR R G AN R 1 TR A
BT i o %7 AT PATII mRNA B s As Fr 4
AR 2 1 B G R, I T DA AR A
RBS 741 A3k HARBIRRLG% . FIH RBS 3153
i, T4 A AT LITE 0.001 3 10 J1fi
B He 9 FE N AR 2 A B A s . R, A B
BEORBKFNREI A EAR PG E 2K
B AR, AREE mRNA % SE4H 30S Kk
(UNGCRER Pl R ey R (S K i S s
IR, R T N LA RBS 1 B 3 ikikit T
HLIPISOIS8] I B RBS 3144 2% T S50 -HE B A Tl 1k
KV, TR A3 1 B A L A A i (4198100
. RBS kMg 4 A S IR . S M. N
TR, DM R H A R AR A W 4 001
Aok RBS T #n ik A R LA S 4 %, & BRI
A L TR [m] i v 2 1 5 (1 3k K OF- . il RBS 358
N 3R TR 28 J 1) o TR 2 36 B — A~ LAY RBS
JP A, T 35 R b B o s R AR AR 1 1 2R A KOF .

* res o®

32 BMABAEHMTIRARERRIE

FRRCR DL R A AR 7%, 2 Bk
128 R R AE AV R P 1) B R AR L o R i
BRI R B AOATR 1T 50 A e R s )
BE L TR R . BRI AR BL, BbEiR S
MRNA 254, I BRI %1 g i 5] . Rtk
w3 AR, (HETERMIEKTE EE
FERM LN R kR NS ATG R W LG
wir, H—LeERWEH GTG, 1 TTG W
LI R RS K B GTG B HR AL
RILTF ATG, AHF&H ATG fUE: GTG LI e
£ E0 wu 20 RFP . GFP il lacZ
VE RS L, 2 R IGAT B A T S SR
RIRKFEH SRS, kT —MHH
RS T AL A TR LA AR 22 r B e s, I
W FLR T R IGAT I Bk 88 A ik #2 3 A JE
crtZ . crtY A crtl AYIEHE, JE T B — Rk EOK
BT O 6.33 mo/L MR BE, 77 B R R AR
T 10 fi.

engineering w RBS
cdium RBS
o &

. 4 B

Weak RBS

Rare
codon e

3 MMENFEKFIRENS R RETEE

Fig. 3 Schematic view of two translation-level regulatory mechanisms. (A) RBS engineering. (B) Gene translation

regulated by rare codons.
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FER R R R LR B RN, I T A S 1) B
A A A BE AR R i B R s 1YL R
Ty 39 238 i I 0 5% A A 3k 28 K AT 3y 5] kS B Y
Rk . i B35 TR tRNA BH#
A AT BRI, DRI, A RS A X R AR
AT DL R R 2 11 B 2R 3K (] 3B). 1E A R I AT
W R A %S T, AGG, AGA, CUA ., AUA,
CGA Fll CCC T 5 AN ] N AR 2 11 i) ik v ke
T T X SR A AR 2 R R A
XL 5 K A R 1 AR 8 R K
A WA, Finger 45 MSME K AF B 2
525 L EEBR I Streptococcus equisimilis i 5 #Y 5
BREA BN AL ske, JF7E+2. +3, +5, +8. +9 Al
+11 RN BB EI AT AGG %L1
GERFLH], FE+2. +9 FI+11 A B 5 A“AGG A Bl
FEALRE, MBEHN+3 M+5 (BN IEFRK,
1 ML TOLYE Fy e Sk — B A IR B BRI, R TR
i B IR AR, 5 2 P AR A% OC B I 2 Tk el
fiti A T L 5L B I HMG-CoA & i 1Y ik 7, 78
FERFGIAT 24 AGG i g H 1, [HEFHA
oA A OB B Y 2R 0K &, I R iR
T 73%.

FERIR ATy T, — oA i B s 2
tRNAs PR 1) %055, B E (s Bk, B
R T DR, B SR N R A —
S S R A SR DR i S oY e U A ]
55 F2 0l Gt B R DT, T A 2R i
2R (1L RR T 91 . LA i o o i
i 31821830 o e ) SRR P R S AE R T
BT AL — 2 R RS R R AR 1 Ak R
FE o SR, AR SR VF AL MR R S B B s T
FERM, R R A R 3D T 22 (R A
SIS s EUR A MBS R, BT
4 A 2 5 A 5 ) T T g ] 8288
BT TR, [FJE tRNAs Ba 80 A
PR IR NS, DT S B R A A R
1871881 S e gk LR R i A T
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JEN (RNA 3, AR P tRNA 2 AR 5
NS R 5 e ik 4T 28

4 BMERRE

T 20 A S DR Ty 8 AN S A 4 [l B AR S
&I & T VF Z A5 5K F B K s
FEH IR o (HX e ik AF e B, BiE
TR RRZ LB IE B = i A A, (R TG I3 R 10
SEAFTEMIEE 153 F RS o TSEAEAE I 77 ) 32 2
WA KR R R R PR FmE A,
A RE T 2 E5 2 ML A B A i o B
T AR B LR FEAVE ALK, #E e,
S5 R84 1 I 255 P T e 2 2 BIAR R 1Y, 7K
1 J5E 56 i 2 18 1 200 L P A 5L Y — oA 8 R AR
BLE, TE4ERFANE MRS it B B H W IE
FH o 38 2 2R T B R A & $5 T BE 1 B 11 VR B A
P TS TR sh S s b . &Hi
Jo i 25 B AN S RE Bk 8 45— B A 0 R e B
fift, IRBEFEA AW 2FHERE T & T g T 2
RPAT R 22 DRE, B WnTE Tl Sk H e R R
B0 SF- 98 4 ok S BRI O 0 4 e 100 A
Az Py 2ok i v 4 R TR 3R 58 R S B S B A A B A
B RIS e ) T A P : PO R PO 8 S 211
Az KN A A (S B DA T B2 v A 4 A L T
i TAE R,

SSrA 2 5t S A TR AR TN I T 2L 1 2 11 R 3 O
7GR AR R SR LT 1996 4,
R GE W A% U S 38 2o 2 BT PR AR AR 25 SsrA 1)
S SR S B A 1 P A 0 ARk
C2 P& Hok—RFNIEET SsrA R GEHH R SL A
W T H, FF BN B A Y2 E i gE AR
F AR R B R 7. McGinness 2877 kg
FFE B T — £ 51 SsrA FReE 58Ik, % #5878
K955 T 5 ClpXP E AABFHIAH EAEH . R
W, T SspB KF SsrA FRic R M ELE
ClpXP & 1 I, v LAk s H bR F A R AR
4 SspB 4 FAELERT, ClpXP %% SsrA #ric iy
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U AR SCR AR = 100 f5 . HERE T, 1F
RINANAEAE SspB 74 T, i A X SEAR & 1Y I )
RESE , N SspB I KIKIG , A X SEhRZE RIS
YA B RRAR (K] 4). FET SstA R4¢, 1K
PR R T g 25 E 5 1 32 20 N e R 1 O
W, KR T A A = U g A 2R 981990,
LA TR A OC TR —— R A1 FERN
PR, LR85 T 2 f%. Durante-
Rodriguez 2L F ib R G M HE Y FENIX R4,
REBE b S PR 8 R AR SR, Rk R lE
MR FIHZ RS MEE KSR S PHB /Y
R R, Wl bric 3-H ML -CoA i i B
(PhaA), HEfLA AR B — N, T8 L4
filg AT RS T — A AT G, M RAR
WS B, PR A R AT LA A5 B R R 1) E]
PHB JE i . 1% T AR W 7E A A Wi Fe BE DUAE (C-AE
7 AR AR AR AT T R B I 28 R R R
040, BEVIERAH 72% (W/W), SSTA R5E
AT ATE R G AT I i S AR, 7R 2K
BT P R N . Griffith 2505 X
FF B 080 H AAT B Caulobacter crescentus 3 5 i
SsrA FEffEPRZ: SspB iz b ok, (i IL3E 1
FAEE ZEAAT R, [RIRESEEE T % 82 1 i T %
fiff o X ALIRAE T PP AS [ SR U5 Y SsrA AR (AT 7E 7]
— 21 160 PNk S R A AN TR B O R

Nascent SsrA tag
polypeptide (SspB dependent)

Slow degradation

Fast degradation

El4 ET SsrA RERIEARFRREIEREEREE
Fig. 4 Schematic view of protein degradation
regulation by SsrA system.
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5 R&EHRE

AR I Ao A O A 0 P R 0 45 R 4
AN A RRE T, TS AR WA B AR ALK
TR A i BT A RN B B A A0 M T R R A R
B AR PO TR I A A R T R B e
5 45K 00 L R VR A B Sk 0 s 0 4 A B A R
A, BATIESHERD L, BT R R AT
A= U I S Y O s E el U BRSPS L
ARSI L AL B (Ground-up) 1
Pt kPO HRT BT A R R, R A
A 2 AR T LS BROGEAR 3 P 285 1) 22 7K ST W D A
P, BERTT AW R G B0 fa e
SRR, SCEURS A R0 P B A A BRRT B b
T4 T A R L B A B R G SR AR L
Hbwo QI TR XA P RE A 2 B P A ™0 A b
WE, AT — e A B Y 2R T, N S bR
AR T AR e A PR P T BT OC R Y gk b
A 2 TR TR 1 B o P RAS T AR SR B AR 2
JEECMNENER 7 N 5 v S (EP R SN (R BB S
AR H TR TR 2 R 4 R S RS T T
AR T RGBTk —2 eI &8
AR TR N ) B REAL S S TR RS, R
AL, BEE A BUEY2E N T8 e B AR B AR T
HEA A MOk 2 1) Rk Jo R S R T Bobk
TEk, RN A Y R
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