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Metabolic engineering tools for Saccharomyces cerevisiae
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Abstract:  Since its birth in the early 1990s, metabolic engineering technology has gone 30 years rapid development. As one
of the preferred chassis for metabolic engineering, S. cerevisiae cells have been engineered into microbial cell factories for the
production of a variety of bulk chemicals and novel high value-added bioactive compounds. In recent years, synthetic biology,
bioinformatics, machine learning and other technologies have also greatly contributed to the technological development and
applications of metabolic engineering. This review summarizes the important technological development for metabolic
engineering of S. cerevisiae in the past 30 years. Firstly, classical metabolic engineering tools and strategies were reviewed,
followed by reviewing systems metabolic engineering and synthetic biology driven metabolic engineering approaches. The
review is concluded with discussing future perspectives for metabolic engineering of S. cerevisiae in the light of

state-of-the-art technological development.

Keywords: Saccharomyces cerevisiae, metabolic engineering, systems biology, synthetic biology, genome evolution
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Metabolic engineering technologies of S. cerevisiae, including classical metabolic engineering, systems

biology-guided metabolic engineering, and synthetic biology-driven metabolic engineering.
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0.036-2.52 =z mPY, FIRPIADHIFL I FR L L
FE 038 1 7 T mRNA 2 2 A MEJR 5 2 R Y
FEIRAK, DI g T PR T e R A A TR s
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loxP-mediated evolution, SCRaMbLE)™*1_ % s}

— Fhok A OME R KR 2 HRE A (Serine
integrase) L i 2 I TR ERE O, R T
Cre-loxP RG5, ZZEIREEA M R FAUTE N S A
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TEBR P W BESC I T e AL R 4 4 4, CANL FI
ADE2 JE [H 14 B B R $23E 100%°Y . 1535 F
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[R] [7] A o 25 AR 00 % 25 1 859%°%). Lian 2511 Shi 45
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D25 o Shil SEfE BRI RSN R T %
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BDO) & Migfe (EIKiE 24 Kb), M SZE A 5]
BDO I8 ik ixX 46 T 50 F iR T CRISPR/ Cas
PR AE TR R R QI T e 5 S B TR 4 1) e i
5 T SR KR S AN B R RS

2 RENRMIEBA %

PG AR TR S R P 260 A% 200 R A a5 o 28 7
SOMEZA DNA HOR, LX) G 3+ ML kiR
FE L LR DR, SR TR, A RO R R
T T B 1) 240 LA DO 2%, AT o805 2 g LA 5
BLE AR A B L R, TR R A
M 48 2 4, R ZEOE Y D BE i AR A5 207
AT ) )RR o RO S A T 3 AN AN 2 S 3 O
BT A R . Re R TREL SR
TR L, 45 G R AW i TR,
TE RGeS R TR AT el s Tl A
RL B AR A T 4 PO Bl R AR A 2 R LA e A 4
BESEA | EARALE R AL A A Y 2R R
SR A BT T SRR, 38 R S DR A AR ) 353
BUACHSEAL, AT A L A T 2P iy, ) an e 5f
P BRI L RBR I A R AR A
HEFINEE E . 220K B RGN R
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2.1.1 EEHAES

FE PR 2 2 0 B g LA 4 FE DL A e i JE i, 2
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b B 28 B ) PR R B A 2 B AR Ry T aE
— PR R R T AR R A MR i I R v
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BN P 0] TR TP T B ) e Sy LA AR 2 Sie RIS 1 0
H, LIRS H AR (Microarray)® | ik F 41
FRZEH AR (Expressed sequence tags, EST), Jt
[H 2 3K ¥ 41 20 M B R (Serial analysis of gene
expression, SAGE)CHI SH4] RNA ¥4 A
(RNA-seq) 2507, ot HLA 155 4 TR0 ) R e B 14
PRFNE A R G RR IR T i SR b, TUBOT 5808
WL SO AR BE L, AT R — 2P T kg AL
M B EE S . Wahlbom 53 i 28 ML fh 24355 AR
AT B AME A I Ae ) & TH R BRI B e AR, A
TR EA , #izek B Bk 5 R A TR PR 1 42 2
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Z PP IR AT B S 5 WG 1 B 20 B AR i £C 5,
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P XKS, DA i R AR S8 A2 AH DG ) GND L
TALL Al TKLL 2% 5% 8 5 42 i 0% F0A% 40 M s 31
R TR P B 200 i 308 2 A 7 24 0 B 1A A
T, R T A B AL R A ke =
T, TEEAZ AN A B AR AR TS 2
Huang 5 1) FH 8 4175 48 TGO A TR T 4332 12 AR T
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213 HEHRAFT

B 1T AL 2 2 T 2 R 5T 40 %) 2 P 5 AL R B
HARE A ) F AR, REAS B B G 1k pp £l L 1R
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HFEUOL, R R B bR KAY 446 TE i AR
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AT 2 TR R K I . Pham 25 % KAY 446 T bk
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413 PR AUAOCHEE 11, i 25 Fh s A LR
AR B 2 I BT RIR KRR, 12 R e A G
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7, LHRE CmRy 7w Chen ZExI g iR A 2
PR P B R AR A T2 1 TR A A, %5 H 500 £
B, o 82 B 1T 2Rk B i 2 Rk
G SR . SRR BRIIR G A . — FRIRTE
W, CEERRTEIS | WERRICHRAE . WP DL Rz i A
LS ARG T RA R EE, S 5. M
RS R4 6 5 J R G 2R 1 R 1 T O X e A
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SAM {57 B Bk R T A% T R 0 B R 0K
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Fig. 2 Schematic diagram of COMPACTER for combinatorial pathway optimization!®.
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Fig. 3 Co-localization of metabolic pathway enzymes. (A) Two or more proteins were connected by a flexible linker
for fusion expression. (B) Protein scaffolds are used for the co-localization of two or more proteins. (C)
Compartmentalization of multiple enzymes of the metabolic pathway into the same subcellular organelle. Enz: Enzyme.
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Simple sugar —> PP —>  DMAPP
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Met — | erg9:: Py ERGY lll CYP71AVI/CPR

Artemisinic acid

lll Semi-synthesis

Artemisinin

Fig. 4 De novo biosynthesis of the artemisinin precursor artemisinic acid in S. cerevisiae™”. Overexpressed genes are
shown in blue, genes up-regulated by editing the regulatory protein UPC2-1 are shown in purple, ERG9 down-regulated
by replacing the endogenous promoter with the MET3 promoter is shown in red, and the foreign genes, including ADS
(amorphadiene synthase), cytochrome P450 CYP71AV1 and the electron receptor CPR from Artemisia annua are shown
in green. HMG-CoA: 3-hydroxy-3-methylglutaryl-CoA; IPP: isopentenyl pyrophosphate; DMAPP: dimethylallyl
pyrophosphate; GPP: geranyl pyrophosphate; FPP, farnesyl pyrophosphate.
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1. Wild-type brewing yeast 2. Genetically engineered yeast 3. Synthetic oil yeast

Glucose Glucose

Glucose

Ethanol

Bl 5 @i E HA ST I8 =8 M M S B B R T R B B 1Y)

Fig. 5 Oil-producing yeast generated by metabolic engineering and adaptive laboratory evolution™?*!. The main carbon
metabolism flow is shown in red, arrows indicate the carbon metabolism flow for cell growth, the energy supply
pathway is in green, and the central metabolites are shown in yellow. In order to transform S. cerevisiae from ethanol
fermentation to oil production, ATP citrate lyase (ACL) was introduced to synthesize acetyl-CoA in the cytoplasm, and
then glycolysis, pentose phosphate pathway (PPP), and tricarboxylic acid cycle (TCA) were finely tuned to provide
three substrates (NADPH, ATP, and acetyl-CoA) for the synthesis of FFA. Finally, the ethanol fermentation pathway was
knocked out and adaptive evolution was carried out to completely reprogram S. cerevisiae into an oil-producing yeast.
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e 3 AL R ER AL T R R Pyklp 1
A%, I HAE b FE R Pyklp JUF&ATEE,
MNP T EEfRE f5 FRA A L K P 3
Z B o DA 2T T 380 i i A o ) e AR 1
S 56 U8 BH TS e B 20 B ) AR L mT 8 IR
I R TS SR = S &
] RS 4 T A TR I B 2 A 10 45 1y Th 123,
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i) N-H 5L 13 25 8 32 fk B (N-methylcoclaurine R J5, X Z LB SEH A SalSyn (Salutaridine
hydroxylase, NMCH), 23 722 3(S)-4-.00 0 synthase) A7 B ek , i (R)-4=.00 SR A0 7= i
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((S)-norcoclaurine Synthase, (S)-2 1 14 25 5 & il PsSalAT, i T 7E B P B e S8 T35 B R A AL
W T ] (S)-A O R A A . B, VBSE KA R, B RUKFIAE] (6.4£0.3) mo/L. A
HRUSE L2-B A4 DR AT 12- A4 R YA GRS 20 AN SR SR R R 2 4
A8 5§ (1,2-dehydroreticuline synthase-1,2-  RARFERA AL, Z@ M BN BIERL TH &
dehydroreticuline reductase, DRS-DRR ), FILL  BiAEY 07 3K s i A TR e etk b & B &
1R RO IEAT ()40 SR B (R)- 4 L SR B e AL MEMEY .

Sugar
; Oﬂlljcr opioid
6OMT rugs
E4P+PEP 1O H CNMT ll{i(()) A
Arodpiik iy ! E
DAHP HO Me()(S) reticuline E
Arolp {S)—norcoclaurme DRS DRR
Aro2p
- NCS
AroTpr26!
Tyrlp o V\Q‘
Arol10p D/\/
4-HPP H HO
4-HPAA Dopamine
Aro8p
A DODC
CO,H
COH TVI‘HWR D/Y
L-tyrosine L-DOPA

Salutaridine 7-O-acetylsalutaridinol
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Fig. 6 The complete biosynthetic pathway of thebaine from sugar in S. cerevisiae™*. E4P: erythrose 4-phosphate; PEP:
phosphoenolpyruvate; DAHP: 3-deoxy-D-arabino-2-heptulosonic acid 7-phosphate; 4-HPP: 4-hydroxyphenylpyruvate; 4-HPAA:
4-hydroxyphenylacetaldehyde; Aro4pQ166K: DAHP synthase; Arolp: pentafunctional arom enzyme; Aro2p:
bifunctional chorismate synthase and flavin reductase; Aro7pT226 I : chorismate mutase; Tyrlp: prephenate
dehydrogenase; Aro8p, aromatic aminotransferase I ; Aro9p: aromatic aminotransferase 1I; Arol0p: phenylpyruvate
decarboxylase; TyrHWR: feedback inhibition-resistant tyrosine hydroxylase (mutations R37E, R38E, W166Y); DODC:
L-DOPA decarboxylase; NCS: (S)-norcoclaurine synthase; 60MT: norcoclaurine 6-O-methyltransferase; CNMT:
coclaurine N-methyltransferase; NMCH: N-methylcoclaurine hydroxylase; 4’0MT: 3’-hydroxy-N-methylcoclaurine
4’-O-methyltransferase; DRS-DRR: 1,2-dehydroreticuline  synthase-1,2-dehydroreticuline  reductase; SalSyn:
salutaridine synthase; SalR: salutaridine reductase; SalAT: salutaridinol 7-O-acetyltransferase.
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Fig. 7 Acetyl-CoA pool engineering for highly efficient biosynthesis of farnesene in S. cerevisiae?*!. Blue arrows
represent native enzymes, and green arrows represent the heterologous enzymes for the biosynthesis of farnesene. G6P:
glucose-6-phosphate; F6P: fructose-6-phosphate; FBP: fructose-1,6-bisphosphate; GAP: glyceraldehyde 3-phosphate;
E4P: erythrose 4-phosphate; S7P: sedoheptulose 7-phosphate; R5P: ribose-5-phosphate; X5P: xylulose-5-phosphate;
RL5P: ribulose-5-phosphate; Acetyl P: acetyl phosphate; HMG-CoA: 3-hydroxy-3-methylglutaryl-CoA; xPK:
X5P-using phosphoketolase; PTA: phosphotransacetylase; ADA: aldehyde dehydrogenase acylating; NADH-HMGr,
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NADH-specific HMG CoA reductase.
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