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Advances in the pathway and metabolic control of pyruvate metabolism
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Abstract Pyruvic acid, as an important intermediate product in biological metabolic pathways,
plays a pivotal role in the metabolic process. As a renewable resource, it is a precursor of many bulk
chemicals. Compared with traditional chemical methods, the production of pyruvic acid using
biotechnology has advantages such as environmental friendliness, process efficiency, and sustainable
development. The main pathways and principles of pyruvate metabolism are summarized in this

study; The regulatory mechanisms of pyruvate metabolism in organisms from the perspectives of

2023 4% 11 1 27 H Ithi (Received: November 27, 2023).

* [EHRRHE A (51808433), BRPGH F MBI AR (2024SF-YBXM-598 ) , BV Bk A5 BT 41 A (2020-2023) (22JP036) Fil
VY TR AR AA TR E (959202313062) % ).
Supported by the National Natural Science Foundation of China (51808433), the Shaanxi Key research and Development
Program ( 2024SF-YBXM-598 ) , the Youth Innovation Team of Shaanxi Universities (2020-2023) and the Research Project (22JP036)
and the Science and Technology Association Youth Talent Lifting Program Project in Xi 'an (959202313062).

* * JB{EEXAR A Corresponding author, E-mail: R.Wang@xauat.edu.cn


https://doi.org/10.7524/j.issn.0254-6108.2023112705
https://doi.org/10.7524/j.issn.0254-6108.2023112705
https://doi.org/10.7524/j.issn.0254-6108.2023112705
https://cstr.cn/32061.14.hjhx.2023112705
mailto:R.Wang@xauat.edu.cn

1196 7N 54 1t 2 44 3%

biosynthesis, decomposition, and key enzyme regulation are summarized; A series of works on
blocking pyruvate metabolism pathways through gene knockout, breeding of nutrient deficient
strains, design and application of pyruvate dehydrogenase inhibitors, and other means are reviewed in
this review. Introducing the feasibility of using key enzymes such as pyruvate dehydrogenase as
entry points for metabolic process control methods; We have constructed a vision of utilizing
pyruvate or its link for waste resource recycling. In order to provide theoretical reference for the
efficient production of pyruvic acid through biotechnology, and promote the laboratory research
process of waste recycling using pyruvic acid or its link.

Keywords Pyruvate, metabolic pathways, process control, resource recycling and utilization.

PN ERERAER 25 Tolk . HAL T 4B T Tolk S5 5t 3z Y, Hoo 1250 v B T 2 A R 2,
JEARZ i B IMELAL 7 it B RO A A= W A g A v, D R T W T A Y e 8 7 ), i 4 2 W I i 5 =
RGN S5 F R i W e K AL & 1 A A A QO A ) B b ) 201, DGR U S Il RS I8
Sy e RE A 7 =X, 2 B G N TR I G i 0 AAH LA i AR, 200 P 0 % A A I i A o T
PR RH EL i 4, AR AR W0 P 9 Bl (5 5 TR ). LA ) B R VR A T N R BR ¢ 0 A= 7, B L HOR 214 T
PR B IRAL ], SR AEAR AT ST Y 7 ).

FIRT A= 7 P BRR ) 20 T 2R A 55 S, AP AR08 1 Qe 5, SRR ] A AR A R A= W B 1
A AR R B AT AR B PR A SRR A, e — PR B0 R AT 2 AR SO A AR i A R N TR B TR
PR AW B B R EERLH], 2838 LU TR . A=W & Rl . S50 3 B+ FUAE Py i o i i e A
AR AR IS B E S, LR DO I R A W AR AR AE S, O A W BOR 2 i Al A 7 TN B R AR B 4, e
LA AT I PR 5 L2 g AL 5 AT 0 B A [T T 8 B

1 A9 (Biological metabolic pathways)
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4 1 2P U WL AT A 0 Qi i A B A 2 A T 5 o Je 1197

------------------------- : LT T T Sf?‘.dl*imm@
i ' ' 5 ' ihydroxyacet
@ 4 ameane 2 & T T (2) L e NADPHAH'

H— A -6- R -6-BiTR YRE-1.6- I | +]

| A At Gluose-6- : E Fructose-6- T‘,‘GﬁFruc;osc e i ®I

| Glucose () hospl ! ! Diphosphate ' @™ -G L3-_ Wi H il

L e e, ' Gl,\?ccmlﬂcl\) do- 1, 3-diphosphoglycerate

3-phosphate ATP )‘
ADP
B Ee
Ll 3-phosphoglyceric acid
3 '
ATP ADP G : l

i N/ s T E o
| [, | mmae o

acid 2-phosphoglyceric acid! |

i E OO0 HIRF O CRERNE /% s OB A5 F e QBRI s OB 4 ;OB T Sl
@R Bl S8 ;ORERR H R BN ; @ BENL H i A (NG ; @R EELN ;OPT IR B
Note: M—@@in the figure represent: (D hexokinase/glucokinase; @ Phosphoglucose isomerase; ) Phosphate fructose kinase;
@ Aldehyde aldolase; ) Triose phosphate isomerase; 6 Glyceraldehyde phosphate dehydrogenase;(7) Phosphoglycerate kinase;
Phosphoglycerate mutase Enolase Pyruvate kinase
HlEE 3R

i h
b ATP ADP NADP" NADPH-+H" H,0 H,0 ' glylcemlﬁhyge;sm\ “@
. gt g B H 3-phosphate ] !

®) gaw N mwwesn N e comumn o mspaenmg o poR .
Glucose ® Glucose-6- @  6-phosphogluconic And 6-phosphogluconic ® 2-keto-3 dehydrogenation- H 2ATP | EMPits H
phosphate acid inlernal lipids acid 6-phosphogluconic acid ! w...- EMPpathway }

' . '

i i

i Q@3 OCHEME; QmE] -6- BERNEME; O 6- BHIRH & fNL bkl ; @Rt 4l
Note: D—@in the figure represent: (Dhexokinase; @Glucose-6-phosphate dehydrogenase; 6-phosphogluconate dehydratase; @Aldolase

T m e 1
) ]
() ATP ADP 6NADP' GNADPH+H I
o N W otimimo-ile N\ G-BIAIHE--RE | Do kRS- % R W6 N ool
gﬂlﬁﬁe [©) { égﬁﬁﬁc.’ i n}-Phosphog!t‘n‘conalc- 5 E Dj\\lgoﬁs@ﬁ; - L gﬁfﬁﬁ,ﬁﬁ” s ?ﬁtsﬁe T(ﬁ?@ — é’fﬁg’s{fi? — g‘ﬁ?ﬁ;ﬁ*m
L (_)-.pP?s_p_hT? ___________ 1_n£e_rriu_l fd} :)_ e st phosphate Toxyacelone ® di ( @  tetiohosnl hospk
@ D-YLHii6-GR AT~
D-Fructose 6-phosphate Glucosc 6-phosphate
§ P e - - .
ommman—_ PMESHR | Gecnidehyde -G YRR —— AR
6-phosphoric hosphate ®  at’3-phosphatc Erythrinosc Fructosc Glucose 6-
gluconic acid phosphate 4-phosphate 6-beta-phosphate phosphate

e S HmEph :

Nucleocan sar 7-pt at 3-phosphatc
5-phosphalc sugar Phosp EMP pathway

i B Q@4 3k OCT S QM o- Bk N ;ON AR ;@6- PR A &ML I 288 ;O HBERR 2 11 FA4 5 ;
C©WEFERG QR -1,6- ZBERR ;@RI & 52 17 H I
Note: MD—®in the figure represent:(D) Hexokinase; @) Glucose 6-phosphate dehydrogenase; @) Endolipase;
@ 6-phosphogluconate dehydrogenase;(®) Triose phosphate isomerase; ® Aldose enzyme; @ Fructose-1,6 diphosphate;
Glucose phosphate isomerase

(d)
ATP ADP
- NS OF 4HE-o-BhR
T 6 Glucose- ‘
Glucose @ 6-phosphate
1120, NAD
Mo
NADH+H
AT G- A AR ED&f%
g"lﬁﬁl@cm 6-pélosphogluconic ED pathway
acl
NADP~
1720,
L@
NADPH+H
P ) — S A
2-ketogluconic acid 2-keto-6-phosphoggluconic acid

i B O—Qa iR OMEEEE ; QM & EmRE/LEE
Note: (D—Qin the figure represent: (D Glucose oxidase; @ Glucose oxidase

B 1 AYAENREHERE. (a)EMP 57428, (b)EMP #5428, (¢)ED 42, (d) #MZiM i Bk E b
Fig.1 Biosynthetic metabolic pathways (a) EMP pathway, (b) EMP pathway, (¢) ED pathway,

(d) Direct oxidation of glucose

1.2 Ao
VAR LA ) 3 i AR 42 B =1y, TR A6 0 i 28 TR Ak 46 A [0 1T 45 A AR [T A 40T e = i Bt
e, AP e AL TR, AR % A6 h £ BE-CoA 281 — SRR PR Ak 2L S 461, W= (4) | & 2.
Z-CoA+3NAD+FAD+GDP+Pi+H,0 — 2CO,+NADH+3H +FADH,+GTP+CoA 4
FETCRSRAE T, 597 R AR A E R AR, T = 35 20 B, AN BB TR il S8 2 1Y — IR TR G 5.
PR 2 I 25 1) o3 it AR R AR, Bl A S RN A Wy R S AN [RI T AS 8], AH L AR 25 0 L 728 . I g il
WA, DR 2 | 3% 1.



1198

woo%m o 44 &
Isocitric acid
-
CT:H‘?E? d a-Ketoglutaric acid
CO. SYATAME o
O % Lmcon AR5
Ace%li?ﬁe(n‘/gtidin- Krebs cycle U
CoA HEHIBECoA
Succinyl-CoA
Tk LR
Ketosuccinic acid
CO.
Q o ZW
Aldehyde Alcohol
Q@ .
L — BUHLRIE O
Aldehyde Sulfated hydroxyl
PR R acetaldehyde
Pyruvate CO,
Lk —— LE
Aldehyde Ethanol,
& [H] Acetic acid
7L
Lactic
T 2R . # R BEIHR B Pilid-CoA
}_u)j N BRHIMR SH1- H LT~ E-CoA Pyli-Co. e
Ketosuccinic E?ﬁf? Allomaleic Butanedioic Cokambe Methylmalonyl- Acetone- Propionic
acid acid acid acid r-CoA CoA CoA acid
TR 1, ADO+Pi  ATP
Phosphoroclastic 4
(@  reaction 2H H,0
- COA+c0 +Fded ., LBEOEECoA P BB TEE-CoA A, JHENE-CoA —— | #8-CoA —— TWE . THE
Acetyl- C0A+C0 +Fded Acylacetyl-CoA 5 -Hydroxybutyryl- cmonoyl Butylene-  Butyralde  Butanol
CoA CoA CoA hyde
Pi
N\ CO, 2H ADP
LB U I SR T
k- Acetacetic Acetone Isoacetone ATP Butyrate
Pacetophenetidin- £l acid
P Alcohol
ADP 2H
ATP
om o
Acetic acid Aleohol
Co,
g  TE
ﬂ‘@ Formic\ H,
acid

[H]
w2 B ST 23-T i
a-acetolactic 3-Hydroxy 2,3-Butanediol
acid butyrate
LHE-CoA
Acetophenetldm-

H] Aldehyd ;

A]cohol

BN
Lactic acid _HI®& _~ €0

Formi

acid H,

Pi  CoA
LBE-CoA N\, ZB-® s
Acetophenetidin-  Acetophenetidin-® Acetic acid

CoA
H
M
ZiE —~— Z
Aldehyde Alcohol

ADP ATP

B2 YRR, O=RRIGIN, QmER: Y5 — BRI, QR RE R 1055 — Uk B, (DRE R 1 Y 55 = Rk
O LR, ONRR AT, OTIRARE, @T M &R, ORI AR

Fig.2 Biodegradation metabolic pathways. (DTricarboxylic acid cycle, @First type fermentation of yeast, 3)Second type
fermentation of yeast, @Third type fermentation of yeast, ®Lactic acid fermentation, @Propionic acid fermentation

@Butyric acid fermentation, ®Butanediol fermentation, (OMixed acid fermentatio

R1 AR &R

Table 1 Different types of microbial fermentation
Y KRR S 7Y S it A E BN
Microorganism Fermentation type Condition Product Reaction process  References
SRR R4 pH=3.5—4.5 LT 2@ [14]
REEHE R AR (3%) it 2@ [1s]
iRy 3 R4 pH=7.6 i, 28, 2R, CO, E2@ [16]
FLIRTH FLMR K I e FLIR E2® [17]
BRI BRI Wz, LR, COo, [#2©® [18]
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2 HEYRIEERITTHWLEH (Regulatory mechanisms of biological metabolic pathways)
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iz . NAD", FAD)Z 5, iX 8l 2 [a] IR SAN 455, MRUCHEAL K AR =R SRz, WL 2020,
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Table 2 Composition of pyruvate dehydrogenase system

ik ] L AL
Component Abbreviation Prosthetic group Catalytic reaction
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JFA AR A T R el , AT £L 22 BELIT H AR = 90 0 AR 14 30 J O 1 O

R I 23 P R 2 0 At i A 56, Yokota 2509 1 Fl-atp i R 5 AR 3 R 75 35 BB 19 K
JFE TR W14851ip2 H, 3 &1 ek ¢ 6 W 12 At ok 2 1) SRR, 12 VA1 Ak LA BT 4 M W IR, 7 32 h =R 4
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A2 ) 26 R TR T B T ok 55 A I IR A o A O T R, AT K 3 DN R R AR R B LAY
Tomar 20 BB T K AT 1 9 B R B S50l 2 45 TR 1) aceE L aceF . Ipd 3N, ¢ BB I (R Bk 35h I LA
25 BE FEE R M Y, AT P2 A 35 gL' I TN B R . Bruno 559 5 B K7 #F 5 1) aceEF . pflB. poxB. pps.
ldhA FER, X5 2 TR AV 25 B A0 L B2 A7 V8 45, 76 30 h PISEBR T 62 gL' WA AR 7~ 1. Moxley 2511
TERIGAF BT T ace SLPAE IR, 31 ELAR T 1dhA F poxB JEH, LA AR R IS4, TN BRR B A5 %
7 0.66 gg ! PR BRI FEIR KA HE ) IpdA SEIR, LIRS ATRE . SRR AR H B BRIE, TN R R 1Y
BHREE T 0884 g-g". 0.802gg". 0.817 gg™". 0.808 g-g™.
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Benson %547 3 o #i 4k 40 1 BB BRI PCCT7942 By GlgC HE A BH. 1F 4 54 1, 76 Bk &0 LA B 280 FR il 4% 14
T, PN TR R A4 v B AT 55 0.24 mmol L™, SE3 T K BEER#E PCC7942 14 ffk i & 8597 4 1], {HAR AR T Hifh T
FE A bR, PO R B R /b

Suo %1 B bR FLAR FLER E h LDH ., PTA. ADHE M, 7243 LM RH & B2 T 52 B 54.6 g L' BY TN i iR
J7 L T2 VR AR 55 TR TR A1 P R A 3 4 A e BELT, 3 80% 114 ffic il et 182 Ik ) A PR, AT SIZ 3 T
PR R 114 i 80 7, R L AT R 1) R 3R 5 9 42 A T T P i 38 2 L A G
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Table 3 Modification of pyruvate biometabolic pathways and production

EX7L S Ui TR iL7] i WERRR/(g L) ER(gg!)  BEIHk
Biological species Transformation strategy Substrate  Culture method Pyruvate Yield References
E.coli K-12 Introduced F1- ATPase A PRI 31 0.62 [38]
E.coli CGSC6162 AaceE,NaceF,Nlpd  H%H, BiR KIS 35 0.72 [39]
E.coli YYC202 IdhA::Kan AldhA, ApoxB LR, Hi%bE K 62 0.83 [40]
E.coli H106V taceE, AldhA, ApoxB b PRI ns 0.66 [41]
E. coli MG1655 Silence aceE Gkt TR 26 ns [43]
S. cerevisiae Y2-1 Apde5, Apdel A REiims e i 25 ns [44]
S. cerevisiae XY-49 Apdel, Apdc5, Apdc6 AR SRR 105 0.5 [45]
S. cerevisiae FMME-002 ATHI2, ATHI3 A EEE i 8.21 ns [49]
Y. lipolytica ZSGP 1POS5, 1GPD2 Hh K 8.5 0.175 [46]
S.elongatus PCC 7942 AGlgC A PRI 0.2 ns [47]
L.lactis FS1076 Aldh, Apta, Aadhe, Nals Gkt PR 54.6 0.73 [48]
E. coli W1485 TRF IR E TR A Gkt I 25.5 0.51 [50]
B.adeninivorans VKM Y-2677 BB R B SRR A PRI 432 0.77 [51]
T.glabrata CCTCCM202019 Bk ?%gﬁ;éﬁ R Gkt KPR 55.8 0.64 [52]

ns, JCEE. ns,no data.

3.2 BIRHH

PR R R o e A a4 v 1) S B il , OB AE M SE R BN P2 5 F, A e A IE# MMEILIEH. B2
HAS IS REHLIAAS, e T H R REIE # A X S0 Bh R 10 75 37 BB R T Ak, TR 5% BE 75 3 2 1A 1 7R AR 2R
(1 B 1.

Yokota 255 4 B HY — MR B 2 5 75 Bt 6 78 K o AT R (W 14851ip2) , 75 Bk = B = R 1) 35 7 3 vh LU
50 gL' M AR Y, TR B IR 7=k 25.5 gL' B~ R 7 BB 780 TR AR FE B e BR B = 25040, TR R
J U P ARG, AT 55 1 PR A R 1) 2 AT I A RO AR I ik o

Kamzolova 25051 k1 B e 258 R BRBE L (0 VKM Y-2677 BEBE Bk, 70 & BERESS S5k B b, DL
HWEABRIE = 43.2 gL IR BR. 7687 25 A0 BRI T, TR 1 Mo 0 T 0% 2k A A1, P AT 8 R
] S HEE

XS A AE 2 Z R e B R — R DU E 4 AR R (B L RS, AR R | R 1078 FR B A
W BRPAEEFE B, 7E 300 L & B H 68 h AR AR TN SR /K -k 5] 55.8 g- L' H:Hp A e 22 J2 1R T R At 88 it
R T P I T R P R, s I 2 B 100 A 35, A 0 28 TR T P 28 T 1 56, AR R 2 9 T 1 A g
OETE- S

B IR BB B R A B R RE A BT B B B S B R T, A 5 35 3 PO AR S Al 3, nT DL
b 2 TR R 17 AR %, DA T s 0 R R T R 1 £, D3R 3. R B R R AR AR B TR TR B R J
SR 5, AT DL7E 0 I AR IR E R AR A R E .
3.3 AP

s A Xt AT T R AR i 3 420 ) it 0, — SR 9 N B AR T 1 PG S 2R 114 A s, B2 AT LA BRI
TGP A IR 3R, 5 R S R AR ) A9
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Chan %059 &3 T —fh 5B & (TPP) Z5 M AH LAY Y fFi—A derivative of 16, ester 19, J&—Ff A %k
() PDH E, ZEBE 550, 905 LUTS Rl iR JBd Sl 22 A R AR, A0 o AR IR I (3R) R AiT A=
AW, Song SEPVHFFY A& B, 7F Bacillus sp. FS2011 & % 1 13 Az 3 M AL i 2 o 8 Jon V9 T 7 o & it A2 15
Py R, mTREARA QI R - 7

g5 b, LAV TR I It ST 2 A A A 40 50, R L AT P T 1 0t S it R ) T P, A o R R R I 8 1Y)
f A AR, A IR B AR A AR, DT I8 B4R i E Y.

4 455 5B (Conclusion and perspective)

LA A TR 22y i S A ) s BT IEL AL 2 i AR 22, R AR L) AR TR S8 05 s, AR )R AR VE A 7 I
M2, HA B RS ARAR . PREEACUF S5 A, LA WA 7 N R R T 58 2 Jee DL e . AR SCo i 1 A= WA P TR T
M L o AR IR A, A48 T WRGE N B3 N 1 FUWH 3 ik e PR T T 4 15 25 ok 8 O B TG0 P 1) 22 971 T
1, £33 T 38 1 A WA A AR A A ™ PR R A e . R PN b 2 3 A ot 2 — B ] 1N, 38 X A= )
AR, SEBL T AR S — B IR BRAR SR T HEA T R BRI A= 7

MNP R A @A i A2 B 2R, AN R R D RS N BRI T 2R I Sl L FLIR . INIR . SR T
Mt 56 i 2 DU B . BEAE A AR AR B R R B R I A SE R B AN W & e, LA BB U N
FR) 2 F40) S SIS, X A 0 TN T T ot St 2 oA A 0 D B i A7 R 4, A A 4 A i R 1) 259 00
i, B A AR AR A T RN, AR R Ry 7 1 S 1) R4 T B2 IR 1T Wi, s P R R 7 4% A
PR S b o P A A b 7 X — AR, DO [RIZEALAE Y o T, DA ERER Ry 41y, A [ A A G ™ g
IRARARERE, HEAT LN R R A v 6] 7= Wy 1 5 R M B 05 A 7, B R T R B BIFSE i 5t
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