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@ H : Economics is all you need: thermodynamics and
design principles of metabolic networks

R
» BhIBHR

BE . Efficient utilization of enzymes and metabolites in metabolism is
essential under limited cellular resources. The conserved allocation of
enzyme abundance within metabolic pathways suggests universal principles
underlying the operation of metabolism across diverse life forms. This study
develops mathematical models and derives theorems to elucidate how
metabolic pathways optimize enzyme allocation and network topology to
achieve maximal flux efficiency. By integrating data from enzyme kinetics,
transcriptomics, and proteomics across various conditions with reaction
thermodynamics predicted by our Al model dGbyG, a graph neural network
(GNN)-based model that predicts the standard Gibbs free energy change of
metabolic reactions with enhanced accuracy, robustness, and generalization
ability, we validate the theorem of flux efficiency maximization in both local
and genome-scale metabolic networks. Furthermore, our findings reveal a
universal pattern of reaction thermodynamics in genome-scale metabolic
networks, elucidated by a multi-objective optimization model balancing
pathway flux maximization, metabolite load minimization, and enzyme cost
minimization. This work offers insights into how metabolic pathways
optimize enzyme allocation and thermodynamic parameters through the
perspective of systems theory, laying the groundwork for general economic
principles that govern cellular metabolism.
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MAEMNEBRFZRIRAFEZNES, ARAEHNEIEITRIE, MEARNR
WEB UAERREBAENEEM R MARARAKRENature, Cell
Metabolism,Nature Genetics,Nature Communications, Science
Advances, Metabolic Engineering, Genome Biology,JBCEEPRINA LS,
BE5|RREEIE4000%, RERIT FLETX SERAL, HRE HWIAL
R BERRATENS, FiEFEQuantitative BiologyZE4miE; R LIE
RIRKBERMLAUY.EEAR LB RINITHTEZMREMEESFE,



A\ 20205 HESRABRABTEREES UHITS

BB AR ZNER " TE ENE _EEAERRALAN T ERSERLH
2REE. B, HIRZREEYFIEILXER. FTUNIZBEN SR EE I I
. HMNEGERRNARENFHFERNMNENBEITITEURITENGE,
EEREMNT S _EREAEEEEAEFTHNRMAEE T ANUNKLIEE
R BEEMENFERALRE IR, RMNABXEEFZTITATATPIELT
BTN 2B AT T A IR SRR B N BB R R 8%, STA It SR 4 B 3K
FHS, FEL LERATHERGITLIEME/BAENESH. HEE5EE
BRI AR P WE T AN RER LR, HIIE T 24 RAVIT-BH L
151, U NNIEE S BIBRS B IhEE.

PABET I EZEN, PERZERINEERARAR ARG NEEEEYFH
F,MARFIARBTARRE _EEESEFRTHNETRE, Fl0: 27258
SENFRERVARRNANARE —EEARLIXN THERTRAREAS
EYREHFTIABRUNERRAGNEYF N ENBREE; TEICERNIE
ST, Bt R, SUESAEWIEEICATUNMNEEHIL, NMSEIXNERE
YRS BVIE R




2025 ERES AR RUTERBEET NS

[53] 5%

= 18

Bl

MABEM EE, BERBBECIHBHUE LERFESEATAARKEE S
BEEL; REMRCEAREZHF ODMCRUKEBIEMRF OB LG ITEEGRFE
UK EMEXER, BIEEBEVGE5E MR E R 8 S/ E 15
SN ERNTF K. YD FEAENMVNERR . AMENEHRREF.2014-
2021 F ERERNITSAFZEMFEMRAIRESEEFRREREFE, KEFIH
. E7ECancer Cell,Nat Commun., P.N.A.S.EHMZERETI AR XE20R
REFELIMM AR EICR  FTASHARANNZ N BEFI A RE B
HEMHAARNEESEEERFIR BT FHEBNEZEERELQF,
2021FMAREE THRF AT X ZURZROERIS B, RTINS T
ERENTBECHMWBHR L ERNESEARARANEDIARERVEF 1
XAFAEZRBNAFERAT A

B "{f% ==
e § ~



2025 ERES AR RUTERBEET NS

PAETUARL TR EARBLSH CEEIAFHATIREZ L, fillKkE
YARFEREBEREIWVARFITIWHFEM L, PEEFESNSMETSEMIT L
SERMEERZER, TEIEERM BE. ONENEAAFRFEZIRE
WRZRAETHEMEMRA. "o EE. THERAERN S EE FERIEHE
¥, LB A B &R FBIILABS Investor HubR A, X ET I MAX A AT

BRATR




20258 RS A RUSTFEREEFIHANTR

[58]  of 2 5

fal ke

KRADS

ad

MG AR, R eI R W EVP. S M AF/Vanderbilt University
HTEEMFEEL, BERZFNRAEFZELE ITFETELWIREZR, X F4H
DUHBIEEVMERN BTSN ETRSNEAFL, LHEET ALEEE.
BIFTAM eI M EMRANHLME LY, BHEEETE201Z. K ZME BF:
REEZ (HK.2105) (W EREST (HK.6929) (T ERE. HF 2O BAEER.E
AERBFEEY.ERNET ONEET . ERIESE.




2025 ERES AR RUTERBEET NS

[53] 5%

&K
848 A/CEO

1|

PAET RE, RNRERAETHKERAFLBA, EERKAFEL &
ThE, RITEBINGERAT, RS HEETBMEFHONERIAFR S £
BMRTABEBEEMNFDNRG, 24N ELRE RN RS, R IRR
NAYMERRY, AE RS BMA L TR+ ZE, KR +ZRERS
KFRAFIRIMRFARAZIWIL, #E5ZTMEREREBABE2021F 3L
RIEAETRRERQAR, UBAREMIZHAZNER, BEEARIZT —
BT, REEZMAMFRARTEZBARER 5HWLERERFOORYITERR
Eb. tRACERCEMNERAREZREBRULERSEZXTTERTAREE
GEEE, eI T A TPre- AR R,/ A W E B ICRIZTr RS TR IRE LR
&, MET KB ARBY AL 5 62 BR A i Tk




A\ 20205 HESRABRABTEREES UHITS

AUH « Ak P A SR 55 2 R R i B
S

Bl R

BE . 2ERNAEH (WCD) FEHR=REYENXIEPHXERE, XYM %
EEMNENERBEBEM MARKRA, =REYVEERUHERFEDZFTS
RWGDE . XEWCDEF N =REWIRME T HIINERE N, BN T ERHH
NREMZSEFEE, NTAEEE Y =REYIRIREUNEN . ELXE
WGDEMA/E, =RHEYEANRIEH R EHUHEN MR TRE, XrkS
BERENEINE LS T REMEMMEXE X I, ZREYRN RS EL. M
FRBEI. LR BER M RURMESIENTRFXBERVELISHE
MERKEZEUE X BEREAFRRNER=REYHLHERERSHEL
RYIREHLHIR M T HBIR A

PMABN EEW, ERXREGRBRERRREMERIARE, EYFEIEL,
Tropical PlantsHE BT FRZ. TEMARF AR  LERERABE DT . EmEFE
ABIBESNSRNE. ETFAINMZHIEEEZE. . NEMEESEEITETAHE
B.EHCEYZE . RAFHNSEYHER WREFAAFSEEMEEFERX
SR 2, FAZTIE X & & FNature. Nature plant.Nature communicationZ
ZE RRSCILN305E, EREELL,




20258 RS A RUSTFEREEFIHANTR

AH 2 KT 2 AR BOR TS B & S5 TS 908 5 ik
23
HIR

BE . SITE. ABEMA TS EBRANERRMNEARTEZBERLHIZ, N
. BHEUNMESUEBERNLSFIHSZFTRANHES . ERMFIBEF) BE
EREAXENARTIASZXRENY AR ERL  EELMERE &, 1
SFREFEFIFALAHENAmBAN T ELARBUERNFRTELS
FUHBEERFOIRARZ HELEFFSSF, B2 EERIINEARFN T
RARAANERERERT, HEXRREIR " REK"BIENK, BARR
HZERRLGHIKIT DT EB EFRNSESFREMETEEICNFR U
HEXRAFER, HMNERKMRT EXTE-EEDT-ESNE = ERAE
MENTSERTEERR, ATAMAHEZESRLERGEM LR HEIEIRK
EHRAZE,

PMABN BEE, RERFEERSHTERE, AR BS. TEMRARAAITES
BAHSTE RSIHTE. TELUK, tEREE/\EMEER KRR, 2023FE
IFACHH S ITEAREBME, 2023FCCFIRSITEAREMME, ARHZSIFH AL
BE, BB AL, BEARATRAZFRE BRIRE - RETERARE
HMESE B ARERSLIWEFIFE;IEEE Transactions on Intelligent Vehicles
‘%% ;International Journal of Crowd SciencefsZ;Complex System
Modeling and SimulationEERZEAER, THSSS5RATB EEER
ERfA . EREBAESER . EXRBAEEE L. BREXNRMAI0ZI; LIS
—1EEHBEFEEIEEE TransFMAMAISEN LR RIENE0Z R, HIRF
ICWS 20205 ZEIEX X (RSBiTETopl=il) ; HRZBE(ERARARITELR
FE), RERASE— AR BEREFEHITRARAUMENETZE REEAREC
FRM(YHBE ) BRERR-ERIT (HEE )  BNBFARAZ(F—
FR1m (4E) .




2025 ERES AR RUTERBEET NS

AH PR R=TE AR T . AR B AL LA
HriuX

gEEZi8
B IR

P82 8% e gk & in

RE VHEAEEEEAEERNCIHVFIERT SN ERGE . HEASER
B, VIS EYHECEEME RZINN X R ERERN N BAEE, g
EMNMAENES, FTrSERNSHYRMUHNSEERS L/ —K, X—
2HMATE Y #BUEK) (Diffusion Evolution) : RXAIEE RS T BT .
HEEZEMERENMBE, FEEMNT BURE NG R RIT R, A#KEEE
ANBENFI N ERRIRER, BRENBX—BIURBA, @R siEE
AIRAHMEEBAER ENERSEERE. RITR RN BUE LA T
MUERER, URETESHRKPHRE, e -8 NBER
X, 5| A ARAH#UEERENEEREANEE,

PTABNTBEE, RETMRPMNIARFZERRSGFE L, AR R FHERZE
BRARFRESYER, UEBRXAAZHITELEHAR, BERERTHE
TEZFBEITIAIRSN 5 E RS 2 RS/ AT AR LR/ Al4Science,

B "{f% ==
e § ~



20258 RS A RUSTFEREEFIHANTR

BH : REREIMA T IOREAREO BLE 5 ek
R ®
HIX

BEOAMNMBARINAN—MEHRLEN, ENEURNEXRNERRR.ZERH=
ERXZTHHITIEDR, AMTERERIRFE TN HXRBREME, FBEIF K
FEE..BRLE.BEEUNTFNAI, BETFNNEME, =M RRENNES
=7, BRENMEN—MEFSENAEN, BB LEFRRITEN T ENMSFE
%, BEEEMRRTENNKROKLFRERMNE, TR REE EANAA
R.BRE, HEEBEITNHT ZNA, 532 25 51N A AR R
R, Bl EIGERES B A IREEANTABHFTNHESHESNLE
FiE, ZILtEM ENBAREANGSZARASGHF MNERZ EERF. EE
MEEZSFRARBABATNEINARERE, URTEFREFTRRH R
EEHEART N —AKRFORARSNAMRN LR &G, X RARF
ATREHEEMN R BUETTREE,

AABNRE, ERFBAEXEYERAR R\ BARNSBERREE S
RAERREROBE BTES T, EFREAS. CXBERT FRHE T
S, MNAERAFORIFAEE, “ERRASHERE T AEBES
OB A, N EB F i AREAL ZHH TR “BIAA
HE” BERASFAEAL) , FERS TRY A SERBRREE HELAL
EERSHEE, LEEERABT RN (28) 2 ERBEL MY
HEE, BUMAZEDLREERREEREEXTREARN B EMERA
R, NERA TR S RAELEELER RATERTREEAER,
EEENY 5 TREYSEE SARAEES2INBK, PETIS5HELR
PR LS ARNASERAAEELER, PEEES RS AT SRR
ETREELEESER, PEADKESHEHASHARREIERS

5, SN ERERBIGHE. 2P FRENEEUREN MR R
TIBRS A RS BRI # — SR B BRI S — SR, T RS
SERAARYES RRESTHERFNE10RT, LIRS B15, £ Rie
10057,



2025 ERES AR RUTERBEET NS

D A IRAE AP I AR 2 ]

o>

#BE . This talk will explore some representation learning issues in the field of
synthetic chemistry, focusing on several collaborative research projects with
experimental synthetic chemists. Topics include the morphology regulation
of metal-organic frameworks (MOFs), the optimization of catalysts for CO2
reduction, the prediction of two-photon absorption cross-sections, and the
representation of coordination compound crystal structures. Through
machine learning techniques, significant progress has been made in these
areas, particularly in performance prediction, structural optimization, and
representation learning, demonstrating the great potential of machine
learning in chemical research.
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