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Research progress in energy metabolism design of cell factories

YANG Yiqun, LIU Qingqing, TIAN Shuo, YU Tao"

Shenzhen Institutes of Advanced Technology, Chinese Academy of Sciences, Shenzhen 518055, Guangdong, China

Abstract: Energy metabolism regulation plays a pivotal role in metabolic engineering. It mainly
achieves the balance of material and energy metabolism or maximizes the utilization of
materials and energy by regulating the supply intensity and mode of ATP and reducing electron
carriers in cells. On the one hand, the production efficiency can be increased by changing the
distribution of material metabolic flow. On the other hand, the thermodynamic parameters of
enzyme-catalyzed reactions can be altered to affect the reaction balance, and thus the production
costs are reduced. Therefore, energy metabolism regulation is expected to become a favorable
tool for the modification of microbial cell factories, thereby increasing the production of target
metabolites and reducing production costs. This article introduces the commonly used energy
metabolism regulation methods and their effects on cell factories, aiming to provide a reference
for the efficient construction of microbial cell factories.

Keywords: cell factory; energy metabolism design; substrate level phosphorylation; oxidative
phosphorylation
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Cellular energy regulation strategies and applications

Regulation strategy Strain Product Yield References
Regulating by substrate-level phosphorylation
Strengthening or  Overexpression of pgk or  Corynebacterium L-Arg and L-ornithine — [5]
Introduction pyk genes glutamicum
energy-producing Overexpression of purB  Bacillus licheniformis y-polyglutamic acid - [14]
metabolic and adk genes
pathways Overexpression of pck Escherichia coli Succinic acid - [15]
gene
Heterologous expression  Clostridium Ethanol - [16]
of ack gene
Adding high Adding ATP Streptomyces albulus g-poly-L-lysine 2.3 g/L [17]
energy compounds
Replacing energy  ure2 replaces durl,2 Saccharomyces cerevisiae - - [18]
consumption
pathway
Regulating by oxidative phosphorylation
Regulating pH pH 4.5 Streptomyces albulus g-poly-L-lysine ~1.5 g/L [19]
Regulating oxygen Adding n-heptane Pichia pastoris S-adenosylmethionine 1.4 g/L [20]
supply Adding n-dodecane Rhodosporidium toruloides Lipids 0.2 g/L [21]
Overexpression of yhb Yarrowia lipolytica Erythritol 55.8 g/L [22]
and fhb genes Aureobasidium Amylopectin 101.4 g/L [23]
melanogenum P16
Bacillus licheniformis y-polyglutamic acid  46.4 g/L [24]
Regulating Feeding sodium citrate Bacillus licheniformis y-polyglutamic acid  35.0 g/L [25]
precursor supply Saccharomyces cerevisiae  S-adenosylmethionine 2.8 g/L [26]
Feeding formic Escherichia coli - - [27]
Knockout of frdl, frd2 Corynebacterium L-Arg and L-ornithine — [5]
and NOXA genes glutamicum
Knockout of amn gene Corynebacterium glutamicum  L-Arg and L-ornithine — [5]
Escherichia coli - - [28]
Regulating Regulating by nuo, cyd,  Escherichia coli B-carotene 2.1g/L [29]
electron Ccyo, atp operon
transport chain Knockout of cydB and Bacillus subtilis N-acetylglucosamine ~ 20.6 g/L [30]
activity cydC genes Bacillus licheniformis y-polyglutamic acid  43.8 g/L [14]
Regulating of cell Overexpression of fabB  Escherichia coli - - [31]
membrane gene
components
Regulating proton Heterologous expression  Saccharomyces cerevisiae ~ ATP - [32]
pump of rhodopsin Escherichia coli ATP - [33-35]
Transcription arcA, fur, pdhR, ihfA, Escherichia coli - - [36]
factor regulation  ihfB genes regulation
Knockout of arcA Escherichia coli Lactic acid - [37]
Overexpression of fnr gene Bacillus licheniformis y-polyglutamic acid  40.0 g/L [38]
(5%)

Z&: 010-64807509

P<:

cjb@im.ac.cn

1101




1102 ISSN 1000-3061 CN 11-1998/Q A:# T #2~44k Chin J Biotech

(B 1)
Regulation strategy Strain Product Yield Reference
hapl and hap2/3/4/5 genes Saccharomyces cerevisiae - - [39]
regulation
oca3 gene regulation Saccharomyces cerevisiae  — - [40]
ocab gene regulation Saccharomyces cerevisiae  Fatty acid 2.7 g/L [41]
Construction of new metabolic pathways
Construction of PPP pathway combined =~ Saccharomyces cerevisiae  Fatty acid 20 g/L [42]
new energy supply with mitochondrial outer
system membrane NADH
dehydrogenase (NDE I/IT)
Overexpression of xfpk Saccharomyces cerevisiae  Farnesene - [43]
gene
Thiolase reverse reaction Escherichia coli Fatty acid and its - [44]
derivatives

Computer model optimization

Fermentation Computer dynamic Escherichia coli
process simulation balances

optimization growth and production

Optogenetic Dynamic constraint model Escherichia coli
regulation combined with

optogenetic control

Lactic acid 266.8 mmol/L  [45]

Lactic acid 1 567.8 mmol/L [46]
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Figure 1 Energy metabolism regulation strategies. A: Optimize the extracellular microenvironment by
adjusting pH and dissolved oxygen to enhance metabolic energy supply; B: Regulate the electron transport
chain and ATP synthase to optimize the cell’s background energy metabolism; C: Transcription factors and
signal molecules regulate cell fermentation and respiration to enhance intracellular energy metabolism
pathways; D: Exogenous energy conversion system enhances energy supply; E: Electron-rich precursors

enhances oxidative phosphorylation and increases energy supply. OXPHOS: Oxidative phosphorylation; Suc:
Succinic; Fum: Fumaric.
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IHOMEE R AR A, Be BSCE T A bk
AL h QR M sl ReFEE R vt . A H
Tl R % I it (phosphoketolase, xfpk) B #2fE 1L 5
3 -6- 1% R / A il 4% - 5- 8 R (fructose-6-phosphate/
xylulose-5-phosphate, F6P/XuSP)#; k.~ £ Mk #
FR A4S, Bogorad MG T Al S ML A 2 fi
(non-oxidative glycolysis, NOG)i& 4%, Zi&iEn]
A 1 o RERER 3 4 F OB A TS
= ATP B NADH, H It EMP &2/DHFE 1 43
- ATP. it 7EFRIP B it 38 xfpk, 7RI
> ATP JHFER RIS, 30 Tk i ik 4y,
ST AW T 25%. AE iR s LA
AW F RN B A RS, N
Wil A WL O TR A Fefbmsk, el B
BLUHFE 1 431 ATP. 383 A FH B fi# i (thiolase)
F3% [ 1, Gonzalez AT HE T ) ] B-4A
fEAE A (reversal of the B-oxidation cycler-box),

ZAGEIA AT LA H QA A 4666 g i
MR el AT AW, RORFEAR T & 8 H bR ™ it 1y
ATP JH#E, TERMFFRE LB Tl iZE &
IR R B FLATT A Ay A 700 R T AR i D
12 A1 BN 3 A SR R IS i A WA, SEPE T
LG A HIER A MR REL G, [H
FEREN XN EHTEE A 1AW 6 B2 ek
i, Tan W BN A B- TN 24 B2 - N Fll B2
(B-alanine-pyruvate) %% 22 it 52 3 1 4 R 2 5% 1k
RN R S B AL N LS A, JF
T A6 VR 7R B 25 TR RN R B 22 46 1 R Tz R AR 5
BT g fthaE R R R G U R, R
XA 25 728 P Ao 1 A ST 0 I 1) Sy A e
rofas, XM RER LS AR, A
fF 5 AT BN B R 4 1 7 240 L b R N TS Y R
LS R G0 SIS R AR BE i R G A R A I
MHTAY AR @R, dE6REk
PR I Wl i 72 (pentose phosphate pathway, PPP) .

e SNBSS IRIPIR BEX 3 MR, 7E
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MDY ATP ok B 22 St A8 R JUHAE 2R bs
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R AAAAE B IR A ATP W BE A ;i1 AR FH X
Fi ATP Wk B 925 5, 52 T 16 K AF i Hh Bg i
MR G AR S 1.7 5 JFHIZBIBAVREL, 5
BT HMER MG IR, W ATP 30 )
SR TR A AR ER AL T R AR AR, X —
BRI R I S A AR 7 SRR R R AL TR Y
g,
3.3 IrEHAREEEM TS

BEE AT RS AR R R SR, R
AV T ERINEDALT, Bl FS5ERAEDEAR
FHECSE GRS, V25 E R B e T
) R SR A AR ) R T 1 2 T fl Ak

NADPH . wesmy NADP
NADPJ f \CNADP ( \
Trans
=) GG6P Ru5P Glu hydrogenase ~ AKG
\ PPP cycle I \‘Wd‘f/
F6P RSP e
o* L - > 4 NADH  NAD'
S7p

\ B ]
o 5
7
odg
Sl
\
/

*
& Acetyl-CoA

1

TCA cycle ATP ADP

Bl2 ANITAREEMHRERE GoP: Wh-6-WilKR; 6PGL: 6-BiMR M AR NNE; 6PG: 6-WF K %
BEBR ; RuSP: WZHANE-5-WEMR ; RSP: A%WE-5-W5IR; STP: St RPIINE-7-HEIR ; FOP: HLME-6-85R; AKG:
a-fiI "5 CoQ: Hiil§ Q; E4P: JREEWE-4-BEER; XuSP: AREIWE-5-BEER; Acetyl-CoA: ZBEHiNE A;
Glu: 7% % ; NDE1/2 Zhr K5 NADH Jii 2/ 1/2.

Figure 2 Artificial energy supply system. G6P: Glucose-6-phosphate; 6PGL: 6-phosphogluconolactone;
6PG: 6-phosphogluconic acid; RuSP: Ribulose 5-phosphate; R5P: Ribose-5-phosphate; S7P: Sedoheptulose
7-phosphate; F6P: Fructose-6-phosphate; AKG: a-ketoglutarate; CoQ: Coenzyme Q; E4P: Erythrose

4-phosphate; Xu5P: Xylulose-5-phosphate; Acetyl-CoA: Acetyl coenzyme A; Glu: Glutamate acid; NDE1/2
Mitochondrial external NADH dehydrogenase 1/2.
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