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2.1 SHMA| H|0]E{(Genomic Data)

_|<_DI_

Sofl et 2ol XA HO|E 7 M= QIOH, O|F 2tAo = 2e|dtn
= 2 2ASHD QUCE KIMICH AlZ A L2 HO]e Mo H|E
ST HO[E Al Bithot p2et =2 SEHPQE Q|
Melet 22 220 o2 ERe2HULCE OlF &5 | fIs &
(high-throughput) 2410 2 X2|6t1 EEIS 22[dt= 20| ZQFCH, E|

£ ASXs 7|gE TYot0] Yot H0IHE 28X 2 2 M2[oh= A0t

(10)

SAUES 71aE 2026

HA| Aol LEo 2 A @EM AIZA(Whole-Genome Sequencing, WGS

M Eo2 MEH S RTN 1HRAE HAMEYSIH MER Vs H&ESt= 8
o 20F2, O gZ2 ST HIO|HS| ikt 28 2ol ofsh A EICE £ XPMICH A
M (Next-Generation Sequencing, NGS) 7|&2| 11 3tet QIZ3X|59 YWHo =2, R
A HO|E= Bttt ME HEOl|M HolLE WESHH Vst 84 7hsdE 2h o5
= e XA RO 2 Hetx| 1 QT &2 Ho| M= ol2{st Hat £0iA 2Ll FEME
of A OIEH HloE M= HAIE 1 U IH=XIE TP E3] RTA| (O]
Bl 28 B YA 3l 7|5 of|%, Ho| 21t 24, T 22{AH 270 ol2= ot
Hofl ISX 52 H=ot MESH SEMS siiMotn A a8S L= Thal)|
7= 78 SEE HTHEL

o

Eli=

HA| HIo[HE nM2|F

£ 20

Bank) S3F 22 =2 4S9} H0[EH|0|AS ot RTXE MB(RTIM) 1t HZEE(0f ACE

Z, S22 2 WS Ho[EH|0|A = RTA| H2E HESIHLE ST QUCHE 1).



E 1> RTA| CIO|E{ H2tEl £ M= HI0o|E{H|0] A

Z[M
NP-Atlas  Cflo[E{lo]» Z2 U8 L HlolEf HoJE| 72 °+:1:o|E
AH[0|E
- 235t Mdto| Al H|0|E| 5{E AN
_ 40
NCBI[ | -GenBank, RefSeq, PubMed Z&t E;‘ = ;AL 125?%50
QN A =8 2 | E desme | (Re)
o7 - BE ZH MAO| XEA ok 5901 740 2025
il GenBank [2] | - @Al DNA/RNA M% GO[E{ H2t e (Release
(Genomics) + 2544 01 Z010| M H2 i 268)
EFSIE HIES EE NEHZ oF 5601 749 2025
RefSeq [3] HEE QEKE-FALR|-CHEHEL A 5t 110.1 qu'__‘ll—c— (RefSeq
EX BSE T HOE HS == Release 232)
At 2 Genes: 2025
(Met Dol KEGG ) | - FEA-CHME-CINAR S8 aiY ZaE OF6,2899H4, (Rel
elabolic Z2W B4, 2 WM S T HE A2 Pathway maps: oeave
pathway) s8IH = 116.0)
' CHHE MH gl 7|5 F4 OF 29{ 72| chaH=l
UniProtls] | ciuim 21 ‘wo| Mg mat Me(Uniprotke) | 202
Chalzl
(Protein) - ChaxlsAtol 3D 22 G O|F of 2481 740
PDB [6] «X-ray, NMR, Cryo-EM 7|8t 1= M| 2 EruuxlT = 2025
X SE Y eRis ¥ Tt dHE T
~ -O|4E Qi MAB x| 47 2 HA| Hl0|E f 36,5007H
goig | NPARST gt ax oz statst olEfHlOfE] X2 stz 2024
(Natural
products) - 37 HAE CloJE| S8 ZAM oF 458t 74
COCONUTEEN) st 71 a2 3 2 et e sfeiz 2025
ASFHOo= AZEBGCo| EFESHHE ZE H|O|EfH|o|A of
7|
MIBiG (8] | +BGC HEHO|E] B 43'26%0 H 2?123
YYEIX Y MBEY e TR (v4.0)
oF 238H,5007H
antiSMASH | «2%} CHAL 2t21 0|42 QHR|2|BGC X5 FA135} Cf|0|E{H|0|A | BGC, 59271 #3 (2 2024
Mad ez | D00 | -0l4E REM2RE FUSHEECC Y HZHZEZE | (40
(Biosynthetic &
Gene Clusters, = AHS| = °
BGCe) -Dl*o"aéﬁ?;fc! KRHE{o| Ch of| S L Bl X2 112k 7HBGC ¥
JGI-SMCu1l | - D[42 REA U HEP=0lA oS BGC omtiMa | 2925
(28N gw, 0F 71X, SAE 74 B8 AL
- PKS(Polyketide Synthase)/NRPS(Nonribosomal Peptide 53171BGC
ClusterCAD Synthetase) 7|Et ZE3 AgH] A= M| Zei=E I= 1837H 2022
[12] +PKS/NRPS 2! 50| 22| EBGC MY N (v2.0)
-0l|Z 38t 1= TeEe

FEA =0k Sy HIo[EH0|AS2 HIFE 8, HF, 12|11 HELIE HE0t
% (S ]

H MEsh A9 7|8H2 O[F 1 % NCBI(National Center for Biotechnology
m

Information), GenBank, RefSeq(Reference Sequence)= M2 f7|1Xo 2 HZE(0f
XA CIOJHE M2 HSsHe B4 522 7|55t ULk

CBlE 0|2 222l (National Institutes of Health, NIH) 45t 7|20 2, £X
WES EO IV HEOX} HHEESE A S s st UCK NCBl=
GenBank, RefSeq, PubMed, BLAST(Basic Local Alignment Search Tool) & CFret
o] METE A =S 2F6HH, T MA| AFAS0| MESHA 0| ol XHR-E2|

Ly



NCBIZ} 2E5h= MIA Z[ciel 370 X ME
AN dHE 2= 371 DNA MY HEE -850 AULCE GenBanke Y22
DDBJ(DNA Data Bank of Japan) %! $&2| ENA(European Nucleotide Archive)2}

& International Nucleotide Sequence Database Collaboration(INSDC)E +#+4

GenBanke= HIOIEH|O[AZ, ™ A

tH, Al 7|22 O HI0|HE &% wetste] ™ MAMo 2 Aatel STAL HE H2
2 BT EﬁIOIEi HATPAEERH Y MERH, iS5 43 82 HA
SA0| EXE = ZIHEICE GenBanke 27HE 0 YH|O|E |, Entrez Nucleotide,

BLAST, NCBI e-utilities 52 Soff AM-HE CIREZ=S

Of

2t = QUCL COIE AtE0 = B
O Mgto] gloLt, Y& MEXH= XM MitHS T2 4= AUCL Ol2fet T 122 &
3l GenBank= 7t £[49] R TN ME HEE S ROt st AP E HLSH= o

& 229 Qlmel=Z 755t QICk
S HE MY HO|HH|0|AZ, RTH|(genome),

= 2
AH|(transcriptome), THeiE (protein) Y2 SO 2 Zotstn QICt RefSeqe A

r

=

ZM(annotation), R EXt Al gl 7|
24, Soivio] I Chey o7, ol 24, & 7t u|2 A7 Sof FREIC) HolEf=

GenBankOi|Al MEHE MES , Ats2Hel RN A ool tel(T
ol /eleh), 5 Fello|d 5SS Sof MMM, RHYE XIS IR -HHol2A & T
Lot M= BS THDICL RefSeqll 2 SX2 HIE SN, F22QEH0|=-FHHE A
Dol FAIA A, X|EXQ! AH0|ERf 5H AT, gAlo| Yetd RX|, 27t 2 &
7| 2tof| o|gt F24|0|MO|CE P& RefSeqQ| MM (accession) Ho= UE(_)S Lets}
4, BLAST, Entrez, NCBI Assembly % Genome Data Viewer 52 S8 M2 & !
Ct O|Z Sdl RefSeqe RTM| siAde| FEXQI 7| &S MZoHH, Mo FEHO| 4l

Aot A S BEfoh= A H|0o|E QlTatz2 X2|Xm AT
otH, MAZ CI0[HH|0| A= S TX| HIO[E{of IRt e @ Tt (Biosynthetic
Gene Clusters, BGCs)2| 2M2 Edl| X} o8z 7Ho| &P 2A|IS sl st=

o 7[R = 2EE 1 QChua. |20l Of2{eh MAZ H|OEH|O[AS 7|8t

0 ﬂJ

Io
HU
o
]
Ral
or 1

WAL EE 7 |[HE ZEN RN EERRE 24 2SNt Wty B2 0lF0ts S+
7t O] T2 QITE of2{et HZ 2 TR RTIA| S CHAMA| HIO[HE S8t ghdd



OlE 501, NP-Atlas= Old= Rell 2K CHARM S| Faet deld 27 2

o
1 A0, EF et 0| o Z5o| RTA| LM dd=l=XI1E =Hsk= O

Olz{et YHE= RUA 7|/ At E 2o Aetds &5t Hl AFEEH, D= O

EESH COCONUT(Collection ofOpen Natural Products)ﬂf &2 HO[EH|0| A= 2t
2= TR0 Col 2F4H 7|24 ME 2IX), /2 ST 7|8t Xt (PubChem, ChEBI

=
S)uel HE HEE M =M, stets-RMA-d2 & 7t 2 M2 7tss o
Ct. Ol2fet SBA HO|HE= M= x9| Ciefda RTM &2 thAF F7i=at A
il B o Qs 7IRHS MSot QAT

2K CHARE S 20l TiS0t= Mty KTt A2 P Ept VB2 HOR &
A HIO[Eof| 7|25t QAT Of={et dekd 7 HXt HIOEH0|AS 2 7T FE2t =

o 7%, H HIO|EE S&otd, RTA Lol £ ChAt Z=27t A L= ob=|o]
=XE ofidstn o 52 4= U= otch

MIBiG(Minimum Information About a Biosynthetic Gene Cluster)&= 3,600
Holye dexoz ASE My RS Edt= EEotel HAE H0[H
M| ZH(genomic coordinates), THQl 7, FA] &

— o
B, 4829 otef 7z 8l H=22d0| 7|=50f QUCE 0| Soff HAts R TA &

>.

M

-

O EXY STt 77t0| M| MopstHo = EMotEl Z20| HHSH=XE 43Y =
AOM, antiSMASH(Antibiotics and Secondary Metabolite Analysis Shell)Lt
PRISM(Prediction Informatics for Secondary Metabolomes)at 22 %A otold
CTSE MIBIGS HIX|OIR 2 AFEol gk |TIXt o5 2atE HIMSh
JGI-SMC(Joint Genome Institute’s Secondary Metabolism Collaboratory)=

9 7Ol Al 2 HIEAIE HIO|HE EE 2 Mot M2 detd fIxits 14 E
M= ZEMRE 7|8 B4 SAEO|CE 2 22 2F9A 7|9, Zojel &, a2
MIBIGRt2| RAE HE 7B 2 ML, 0|2 MM E SR EE= %EHI Ef
O|E{2t CHAMA| CIOJE S ¢ &SH= ¢I720f 2EEICh

EEoF ClusterCAD 2.02 FEMOM Fefiet Z22AH|EHO|= 8l B|2[24 HEHO[= R
A

A
T
E

aa

X HEE TMIOR, M2 MEH PRS AT 4 T8 DHY U YR BaA A

220|142 2 4 QU S8 TTE RTHICL 0 BUBLS KEX Mo EHE =

ol BEt 71 S04 HHE S0, I SFOIN B THSE ML ThAt
@]
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St= AIZA HOIHE o2 S22 42 0|0[X] HEl= Hetot 5, H7|IME et 22
M=, 7|EF CHYot 852 ARETL OIS 2 Q= =X CO[E{(HIM) 2 HHECE O
Al H2tE HIO|HE ghda B0 ShEAlAH, A HO[o| M LIEfLH= O|AM[et THE S
TESI AZHA IHOM MY [= Tt @F IiEHE AUt of2{et HAlo R 2t 5
H HO|E Mets| 2202 M, DeepVariante AR SN 8l HX SH HO| AEE 3
A 20 ST HO[EQ] Fehdnt 2| E SHAAIZICE 0|2F FAISHA| Clairvoyante=

PacBioLt Oxford Nanoporet 22 & 2|= A|Z&(long-read sequencing) ClIOIHE

2M617| 2ot Held 7|eh HOo| BIX| EF0|CE S 2[= A|ZAE o Hof| Mol A 4
0F 7|2 A XOZ S 4= U0 £ X=H 2#0|(structural variant)Lt St 2H2 M
2 2Mt= o Re(SHRITH F7| s pEof| M Al LO0[Xet &Y| AlE @RI Xt Y
Mol T 7| Yo 2 7301 EFO|CL Clairvoyantes O2{8t 8 2[E9) =2 2
FES ENOHNM, YS0| B2 SH0IM T T HO[L A|FA ZEE E0|H @RS
THSEZ M| El HE[E§A 3 AMFHI(Multi-task Neural Network)S EEetC}

CHE &S| RtMICH A2 A HIO|HE 322 EH #e[dh= A2 STt A|Zto] B

0

A
O] 2 RE[X|2H =& 2XM(downstream analysis)2| 42|42 Qs Lol 1ty
MAl2fed 7[8F =591 SeqQscorere 0[2{8 HE S XtS26t0d, FASTQ IHAQ| &
2 1EA £ MEYE BFoICE PHEOE, SeqQscorer= 241 NGS IH0[ T2t
9| of2f tHA| M FEE X HEES SYSH0] Zf FASTQ IHe| Tk §4 HEHE My
Ch ==& XES0lls ¢Al 2= 249 £ Z2{I(categorical quality flags), R
M OHY SA|, 2|= 2ot 22 XY H|0|E7t eIt 0| #iE T2 AE(random
forest) 7|t Hilefd RES SHEAH, S

(@R =] =
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£ 95X PSSM(position-specific scoring matrix) YHIOIEE Sl @142| A& &
X RIFES =0l &&E L2[S0lCt

MSA =721 MAFFT, Clustal Omega, MUSCLER E&E&l 17|, 7|5X motif, =0
Ol ZAE 245t Ol de| AFSEICE MAFFTE FFT 7|8t 22|5 S Soff 140|H
ME =2 8 EAE HS3Chy. InterProScan2 Pfam, SMART, PROSITE § ¢
& 7|5 =0Q! DBE Sgfotd tHE EiQl 3 motifE 0| &3dt= =720|Chy. ESM-

2, ProtBERT, ProtT5%t 22 Transformer 7|2F THEHE H0{ D2 (Protein Language
Models, PLMs)2 CH+ 2 CHHE ME S& S S| It embeddings M A5HH, Of
=705 87, Hol 51t Ié, T 2H3 S CHst downstream taskol| 2 EICH,.
E| Al 2EIOI ESMFold & AlphaFoldE deep learning 7|8F 7125 0| %2 Ht=E 34
hetAIZACE,

o

2
Clemo| 3nhel DA A B UIPLIE, 7IX ZE SN, T chE Aoxig, =
Qit0] 23, J2|T EHHT AXILIORY M7 S ChE 20| 2XFE TS5 S Aot HY
Q40[Ck 0[2f3t 0|22 AEHOR ZHE TE HlO[EIS Al 7|3 0 F RES M
sho| M Zot Futo] 2 AT H2ofl A P4Eo|Ck

2.2,1 CHHA X H|o|E{e] BF
USHOZ EH PR = Xray 2E], #IPV[SEZZYINMR), 22|11 Cryo-EM(cryo-
electron microscopy)2 Sdlf ZEE|0] KLt X-ray ZB%

£ M3stH 7HE ge| Ar8&= 7|HOICk Cryo-EM2 CHH

8l Aol %%3._* X 9 N2 CHE oA o] Mottt ge{del £ 0|2
AlphaFold2= MY 470 2HsH= Rt 2 CHEEIO| 3kt TR E of|Zsh= o A
35t%Chs. AlphaFold-Multimeres THEEE SgiA| 7L o5& =HASHH, 0|2 UHE
AlphaFold3= CHEE-2|7tE | CHEELSiA Mo XIZ7IX| BEES 4 QU= HE 72 0f
% DR WHOIRCHy. Meta Al2] ESMFolds MSA Sl0|E £H2l Aegto 2 14 Ax

0l Z0| 7H5 8, RoseT TAFold AIZE three-track HIE R 7|8 2 ML pair3D
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H YEE Seote] 128 ddelThy.
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2.2.2chE CHHE Az H|o]EfH|o] A

PDB&= X-ray, NMR, Cryo-EMZ Zefet delxo 2 AFE 25 Mash= 28 X
HA0[H, Hxi 220F 71 O] XS MSTHC) 2f & U

AO 2 MBEH, RIXF EHE, sHAE, R-factor, 2[7tE HE, MESHE assembly S2| H|
EtC|O|E{E ILEDiChy. AlphaFold DBE 29 7H Of&te] THEd o) CHelf o &l n&et:
TZE MSSHH, pLDDT & pTM score 7|8H9] A= HE tChuo. pLDDT>90
E R £ M2 X2 7HRE[D, pLDDT<50 +7H2 2E M (disordered) FHL 7t
540| =Lt AlphaFold3& THHEIETE OtLIZF DNA/RNA, 2|7t SHA|-2- S8tA|7

i
H
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rot
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X DS 4 U= AC) BE P 0 DU MASIACL 7| AlphaFold27t £
3 Erelx| 9 Ui ZBHIS M2Ioks O] SHHOIACIH, AlphaFold3i sers J2i

% ChS modality 2182 ME2[5h= ol 2482 7RIk o] 282 =EH diffusion-like

refinement ©2 S AFE0I0 M| #29| 0= H=ES I A AR

223X M EMS LBt FR 7

T 240 PyMOL, ChimeraX, Rosetta, FoldX S0 g2| AFZEICH PyMOL2 PDB

5 AlphaFold O|F 71 A2l Ald e HE E72 7[SOHH, 7125 motif 24,
=

2|ZtE EY ZA AZfel, SHH0| 2P S RISt 240 28 EChuy. Chimera/
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ChimeraX= Cryo-EM density map fitting 3! domain motion S
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Aol 'Z2| ArE EIL}. 2 fpocket2 28 Z2 0| =01, AutoDock Vina 2 G
WA -2|7FE dockingOll, HADDOCK 2! ClusPro= THEHE-CHHEA Sofk|

O ZEEIChy. A 72 3 oS 29| M2 BIh= o2 X7 E S5l 0|F0
Ramachandran plot: ¢/ backbone angleQ| 2XE Sdf X5 EfINS
pLDDT / pTM: AlphaFold %2 residue-level/local & topology-level/global 42|

T X EZ AEEICu,. MolProbity score: clash, rotamer 8% & TH| 7129| 7[5}
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MotT, HEN 22 Sof 2AH TS0 Q3 ZIS EEY 4 AUlhy. O]F B
O

=
motife| B& G{E S 2felsty, eZtE =7 245 Sdll 7|2 28 Jtsds Bty



2 BA 7|52 FXRHCE FELY = QUCL 0[2{¢F A2 metagenomic enzyme
discovery 20f0iM 5] %%Bfﬂh AlphaFold3= EHHAE-J|H SoHIE 2F o 52
= Q7| 20l MER 42| 7| E0[48 in silicodll M TIbe = A B ol E

o 25 MY T2 AlphaFold3z 0|55t 2[7t= Zgf XIStE surrogate scoreE

Stal, =2 ZH7|9] mutational scan Z21HE 12{ot0] 2N S HE MESH F A40F

= ﬂ|||'|

Mt

AN HESH= 2O 2 89 directed evolution pipelineg #+4& 4= {ICh

CHEHAO] EO|Qlnt BE|[ T = ME »F0| M HEAES| 7|5t 125N EXE F=ESH=
U0| 7HE ol £ & StLtE, 3] metagenomic enzyme discovery, THEEE T
S 0%, directed evolution A4, E2H0| hotspot B4 52| AL0I|A HEel Aot
S DI

CHIT Lo A B 2N SRR Fols RAXIISH £9l2 FY

o|H, Yety oF 50-200 Ot0| =4t Z0|S Zh= BRIt BCE =HQl2 =0 24 (of:
kinase TH|Q), St ZSHO|: helix-turn—helix), THEHE_CHHE] AFSEE2(04]: SH2, SH3),
MIE MSHE O] PH, PDZ) S EF 7|58 £3otH, otLte] chtEe 8E of2f =H|Ql

Pl
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|0
Hu
r
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N
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°
!
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hn
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£ £0{ “signal peptide-lipase domain-C-terminal
regulatory tail"t 22 ZEA X 2H|, Z0iEN, =X J7|50| HEE FE T
Z HiX|E CHEH Ataf|o[Ch CHHA RE|TE= HE 3-15 Of0| it O B2 MY IHE
O, EX £ HIAHLIE, 24 0|2 28, PTM k| S 75X S0|4E etgst= Al
LI Sgte $iCh 0|28t ZE| &= PROSITERN 22 HIO|E{H|0] A0 Al 34| 7|2t o
E(pattern) £& K| £0| H=HH(PSSM, profile)2 H2| =, HXH(zinc-binding
motif), GXSQ(serine hydrolase catalytic motif), N-{P}STHP}N-glycosylation site),
[STIP(proline-directed kinase QlAtet RE|Z)QF ZH2 CHIE AFHS0] QUCHy.

2.3.3 C{E E0|Ql/ZE| I ¢|o|E{H|o] A
InterPro= Pfam, SMART, PROSITE, TIGRFAM, Gene3D & 0421 7 CHEHA] A
(@]

(signature) CIO|E{H|O| A S Sgfot0] thd Az, ol BE 29[S Lty U
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A F=MStE S8 XH2I0|Chyy. InterPro AEZ|E sy EH[QI9] o

DB(Pfam, SMART &), 3D = IHYz2|(CATH, SCOP), 7|5 && GO termE & =
St0d, CHY AEZ|RIO 2 THMEO| 7|5 X HEE H| WA oA =2 4= ULt of
£ =04, IPR029058(alpha/beta hydrolase fold)2t 20| =M% AE2|= “hydrolase
activity” GO term 3! Pfam:PF00561 St HZE[0f R104, OIX|2| CHHEO| esterase/
lipase AIRY 7ts S LS AAFSICE Pfam2 T2 HMM(profile HMM)o| Z[gt
A mfe|/=0f2l H|O|E{H|0|A Z, UniProt MEQ| CHEES TH|QI TH| 2 HH

_%l- 78'5% _T'C—)}’tI’:I-I ‘Cl)‘| _6|'E|'[19]-

ok
pil
o
=

2t Pfam IHZ2|= CHEME™YZ(MSA) Tt 0[of Z[8tst profile HMME 2 HO|&|H,
HMM 211 Sdff 2 IXE=2 EEE Ot0[ it IHE S X ™o 2 marst 4~ QICt o
£ S0, EElU A

CHIQI(PFO008Y == FAH family)dl| A= His-Asp-Ser2 A=l
2 BEGE 5o, 0l= MY &0 24 HFHLIZS 2 el
UA| BHCE PROSITEE MESMCO 2 |0 Q= CHEMA ool IiE2| 8l 7|5 2
XA IS (pattern) 2t profile(PSSM)2 7|3 H|0|E{H|0] A0|Chyy. PATTERN
{PYSTHPIt 22 HAIH 7% 7|8t motifE MS3HH, PROFILES 2Lt ST
A 2E=Z motif HES HESIHME 50|4E |XISHCE PROSITE= 2} signature
CHoE &M ZME ZI U0, 75T 224 HAHLIS S g7 o= O /8
SICE SMART(Simple Modular Architecture Research Tool)= &2 Al ™ 2+
TO|QI(SH2, SH3, PH, Ras S)0fl 4™ & 2= =09l HIo|EH|0|A 2, profile HMMEZ
AFE3H0] Q! AlE ol A ool OFF [BlK 2 A1E M| ZotCh,y. £9] signaling
proteinOil A BHEX O 2 BHEE|= REA| THQl 2M(SH3-SH2-kinase 5)2 Al
ofstn, 7t BE SAS H| Wk O BIHS| AR EICE MEME Suites #2 ME H
SO 2R E de novoZ motifE ZAHSIL, motif-ZE|X DB, motif-AE DB 7+ &AM,
= ot 2= Q= S2 £3210|Ch,,. MEMEE Expectation-

Maximization(EM) Z12|ES ALESHO motif 20|, 24 2], motif ZZ S H|0|H
OflA I F=HstH, Z1HE sequence logo HEHZ MSDHCE Ol= metagenomic

enzyme familyOllAf S SHQI MZ2 catalytic motifE &=25t= | £ FE5ICt
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| CEHE
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motif enrichment 24 &

2.3.5 &OQI-RE|I EFM 3| =
Pfam, SMART, TIGRFAMI} Z2 =02l DBE= profile HMMO|| 7[2t5t0] =S &
OIS, 0|8 HMStE EZE =77t HMMERO|Chy,. profile HMME CHSAEH A



Zf SIXIE Of0| et Bl o A Q-AK| HH S SAHC = RRYSI0, 2| &SH(o

M =2 PIZEE E0RlE HEY 2 Tk HMMERS| hmmscan/hmmsearch
£ query A@E profile HMM 2to]E2{2|(Pfam-A.hmm &) M8, E-value®t
domain score 7|BI2 2 | 2[ot hitE 20T Of M2 tfe pairwise alignment
off B3 &1H2| &4 EX|0M 20t 58 BE0l= A2 2| ULE PROSITE
patternzt 20| HAO 2 FHOlEl motife ME EAE0| Chet pattern matching2
Soff =] B = QT
0|E E01, protein kinase active site motif [STIPx[HRKl= S/T-P-x-H/R/K THEIS
Zoh= XIS AMEC =M, M oM B0 S 2HE 2F 22 5= UL o] L
2 ¢4 HIZ0| DR %10 motif YIXIS B=oHA| MSSHK|E 5& 7tstt 0| F0| 4
CHMO 2 ZTH= oS 7HEICE PSSM = PROSITE profilent 202 21X £
2} @KoM 205 OfO| it RS HEMO 2 FOlHO 2M, A THH
HOF W {ASH motif QIAS 7SIl Hlhag. Ol= motif L EEH0] &2 2IX], o

SfX QAL OHD| =4 K2t S5 XHAEA| 5185 M T TH| motifel SAX fRolds

K
e
rlo
3
(@]
=

Bt = QCh= FEO| AUCH

PSI-BLASTO|A AFE &= PSSME 0213t profile 7HE2] 2 04|0|H, remote motif/
Cmol EfMol E2| 2 EEICE MEMEE 2 ME HE 22 H Y X[X] 42 motif
£ denovoZ FHot= 2, EM Z2[ES motif ZHIHHIZE RHE S
Aol Z|CHRE = A= motif 714 3 Qg BHY =+ A2m, MEME

£ enrichment?t &2 motifE 48X 2 B 1811 sequence logo HEHZ A|Zt&}st

o
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C}. Ol= metagenomic enzyme familyOllA {22 catalytic motif, metal-binding
motif 52 YHSt= | 55| RESIH, SL5E 22 profile HUM 44 8l 7|5 0|52 =2
HAZE == UCk

2.3.6 ol £A 5l 7|5 0f|= of|A|

of|E 0, 0|X|9Q| R ME ‘MGYDSRAGWPFSSGIGLSLGHSSLAAKAL...Of| CH

8l InterProScang +=&fst 21t Pfam:PF00561(alpha/beta hydrolase), PROSITE:

GxSxG catalytic motif, SMART: Abhydrolase_1 SO 2 FME|RUCID 7HESHH, O T
2 a/f hydrolase foldE 7FX|H serine hydrolase® GXSXG £0i RE|ZE ot

esterase/lipase A @4 7Hs40| =01 siME 4~ QICL 023t HEE X

(AlphaFold) 2! 24 29| ZeE B2, substrate | & E0|4 *
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202 NAAHA HZEICL CHE 7|5 0% olA|2 metagenomic contigdll M Z=&ot
MZ2 THHE Ao thelf, HX InterProScan2 2 Pfam:PFO7859(esterase/lipase),
PROSITE: GXSQ catalytic motif §2| annotationg 11, HMMERZ PF00561(a/p

hydrolase fold)oil CHet hitE 2QIZO 2 M esterase AY EAAS 72| =hilgt 4= Q!

C}. O[{A MEMEE =Y family M &0l HGGXH, GXSQ2F €& 7 motifE de
novoE F&5t1, MAFFTE 0|E3l CHEEMETYZ S 50| catalytic serine FH2
HEMDOIY loopll HO| IHEHE HIISICE 0| 7|22 2 AlphaFold2/3 7 0|%
2 +ASHH catalytic triad ®IXIet 7| Z2g 22 RIS 22X o =z BIte = 1

short-chain esterase2A{2| £0|4 2 7Id= HAIZ 4= UCE OFX[2f2 = 0]215t E[HI

QIRE[E-E FHE HIEO = active motif &H, metal-binding site 3! loop region

2 ZHCE SAHHO| hotspots MASHH directed evolution 2H0|E 22| HA[0f ZIH
Moz 2t8d 4 QUCh

2.4, THHZE 25 0|o]E]

24.1

CHUE 23 HO|H = S8 ME = ZX[0] FO0Z! ZH0I|IM o CHEIEZ o= FHE
&2 LS =XE Mz J|adt= HER, 7|5 ofdl, g HFHLE #3,
SHY HEYI EM, AMEZE =H, 4 2 %|X5}, directed evolution A4, 22|
1 biofoundry 7|8t AtEst 38 £ X<tol| 0|27 (K| FeiA| 2EECt gl HHE= o
AH(transcriptome) 222 mRNA abundance®t tHEH & (proteome) 22| A4

B2 abundancegts & O E LEF|H, & &2 translation, THEHE 26l post-

rﬂ

transcriptional/post-translational regulation ME0] Bt=A| LCHYZ CHESEX| @
OOZ SgXQI si{A0| QP EICE Yol BAE2 37| RNA =F2 transcriptomicsef &
A »>F9 proteomicsZ THEEICE Transcriptomicse= RNA-seq S microarray
£ 0|83t R AHE mRNA abundanceE £X5tH, Proteomicse F2 LC-MS/MS
off 7|grot 2R A SOl M| EXSh= THeiEnt 1 oF2 F2FetC) O] & H0|E = &
2 TSt ASH FEE MS5HH, mRNASH HHEHE 2o
X 2 translational control, THEHE! OFHA miRNA =& & 28X ST A}
HIFHLIE S EAMSH= S0 TR} EICH
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2.4.2 Transcriptomics (RNA-seq) HIO|E{
RNA-seqe 2|2 AZA 7|8 0185H0] M L MANIE ZENoZ T2mY
Sh= gHO 2, $ix transcriptomics®| BEO 2 Xf2|ED QUCE MY 24 mo|

2fel2 ohaa &2 A= F4EICh

o

|H

(A) Raw FASTQ M4 MIIE = X O Z2HE| FZ8F RNAS cDNAZE HTALSH &
ANEME Sl 80~ M IHO| short readE 2/ STICE FASTQ THo= 7 (ML
b 2| 2 710 thet 2 & H4=(Q-score), OEHEH MY SO| IHEICE (B) Read B
(Alignment/Mapping): Bowtie2, STAR, HISAT2 S2] splice-aware alignerg At&st
O readS H=E RTAN| = TAK[O|| OFEBHCE STARRE HISAT2= QIEE-E HAIE
TSt LI5S MBSt AERtold O[HES Hetd| g 4 ATk (C) Count
HO|S Md: featureCounts, HTSeq S =715 O|830] 2 X} = TAM| TH
2 read countE TAICL

O] AN E5 read M2|, multi-mapping read M2| 52 &M MH0| SRICH.
(D) MrteH(Normalization): 2t0[E242| 2 7|2t TR 0| XH0|E EHSH | /s TPM,
FPKM, RPKM2} 22 X|H = DESeq29 size factor 718t HHetE & Eotrt (E) At
S Y3 (Differential Expression, DEG) £44: DESeq2, edgeR, limma-voom

= sel s
A THZIXIE AHESHH M2 THE &= 28 e X10|E ROl6hA 20l REAE 4=

ot
O|E CilolE = 23
o A7 Z|CH 52t R N
GEO (NCBI) Microarray Clobst _| , 5t mat https://www.ncbi.nlm.nih.gov/gds
scRNA-seq = =2
SRA (NCBI) Raw RNA-seq 2IA| H|O|E] M2 https://www.ncbi.nlm.nih.gov/sra
RNA-seq x . .
A=A :
ENCODE ChIP-seq e i;%?;'lﬁmlcs https://www.encodeproject.org/
ATAG-seq = -~
(=2d)
GTEx RNA-seq OI7F XX| 8t5i H|w HEFE https://gtexportal.org/home/
eQTL
Expression RNA-seq X7 differential . .
Atlas (EBI) Microarray expression A& hitoeivnebiacliiaxabome
ArrayExpress RNA-seq GEOS} AL https://www.ebi.ac.uk/biostudies/
(EBI) Microarray S| 40| arrayexpress
oF XX|
TCGA F({E/:—_ =) CHAE QF FALA|, https://www.cancer.gov/ccg/
oy STA|, A4 S5t research/genome-sequencing/tcga
mutation ' d
OoF ML=
CCLE (RE'Nlllf:;) Drug response 917 https://sites.broadinstitute.org/ccle/
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BHEIO] peptide =& A%} (C) LC-MS/MSZ peptide £2| & ZFEA (D)

bottom-up proteomics I E=

CHE =& (B) trypsin
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rot
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proteaseS
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S/M

O|E{H|0] A (in silico digest)2t Bi&ISHO] peptide 54 (E)

peptide §EE 7|gto 2 ot protein inference (F) label-free(LFQ, iBAQ) =& HEX| 7|

HHTMT, ITRAQ S) M&.

olg CilojE = g3
PRIDE e
EB)) peptide ID M| Z|cH MS 7|2t proteomics K& https://www.ebi.ac.uk/pride
Quant
. HQ spectral library
) Spectral evidence o . . )
PeptideAtlas Reprocessed proteomics S;)rictfg;s;c;féc https://peptideatlas.org
MassIVE Raw MS - — https://massive.ucsd.edu/
C}oFst 2 A0f|X| Zd T F
(UCSD) Spectral libraries teret eI 2ot 23 ProteoSAFe

Protein abundance

ProteomicsDB PTM

EXSPYE-EST PSS
protein turnover Kﬂ-‘—

https://www.proteomicsdb.org/

Human Protein CHHZI-|HC

https://www.proteinatlas.org/

Atlas (HPA) Localization
of x| i .
CPTAC ok XZ| proteomics of ZAl proteogenomics Al https://dctd.cancer.gov/programs/
PTM occpr
SR DIA/SWATH spectral library targﬁted_[?fte%mms https://swathatlas.org/
(HPA) MA T xH

Phosphorylation
Acetylation
PTM

PhosphoSitePlus

231 7|2t PTM site-level DB

https://www.phosphosite.org/

2.4.4 Transcriptomics (RNA-seq) CIO|E| M 2 n2|S

Transcriptomics HI0|E] X4 ?/8HA Alignment &1

splice-aware seed-and-extend
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DESeq27t CHEMOI|CH,,. Negative binomial 2ILE 7[#t2 2 count H|O|E{ 2| pAE

(overdispersion)& 2SI, size factor 7|2F Htat & dispersion £ = Wald

test E= LRTE S0l DEGE A&E%CE edgeRE negative binomial GLM 2 quasi-
likelihood EZ2& &8l low count FHOIM T CFEHQl =2 S MS Tt g Limma-
voom voom2 2 count H|O|EE log-CPMZ} mean-variance &2 #H2tsto] 7t
SXIF 20E M2 2 M= LA R, AR YENME H XS0tChyy. DEG
2| AE0| CHsh GO enrichment, KEGG pathway 241, GSEA(Gene Set Enrichment
Analysis) S8 ST 2M, Yol HOPL HEE = WSS T2 MAL ZEE HIAHX

=
oz £33 4 Yk,

2.4.5 Proteomics C[O|E| 24 22|F

MaxQuant/Andromeda2 DDA(data-dependent acquisition) 7|2t proteomics £
Moj|M AHA A EZE =2, peptide-spectrum i, FDR H|0f, LFQ & S2 E8tH
tCtao. MSFragger= 1145 open search 7|52 M&sts dM AITIOZ,
| T2 GIO|E{ Al 2 &
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2.4.6 AEHA =Zi0f| 2] EE Hat E4A oAl

M2 EEZ(heat stress) =70 M MZZO| BIS 2 FEHSIIAL & th, 24 RNA-seqS

H5H0] DESeq2 2 2A16HH HSP70, HSP9O0, Catalase S| RMAZF =2 log2FC
oF ROt pvalueZ AEE = QUCE 1 = Y ZHO|M =33 LC-MS/MS HIO|EIE

MaxQuant@} Perseus 2 £445tH HSP901 Catalase THeHAl == Qo|5t Z7t A

2 Al 40| 24 SO| B 4 9tk



Olefet &2 242 heat shock protein A|AEIT ROS X2| 7|20| SAl0f 23}
S|, HIE S CHA B2t A == EHAQl stress adaptation THE S E2O{ZCE Lt
OF7t directed evolution A0 M AER|A 4 G510 M MEE|= HO|K| 2t0|E212]

of Lol IHEIS HI WS 2M, S0l SRt 29 HA HHEMAES A8g = UCL £

5|, transcriptomics2t proteomicsE genomics 3! Post-Translational Modification
analysis 241t £8t5t0d proteogenomics 248 O 2 M, 7|2 A0 gl=
novel ORF= H=0| 7IS5tL

2.5, CHE ol 5 83 [|0]E] (Post-translational Modification, PTM)
CHZTI o] 3 W (PTM)S EHTIO| 2| A0 A HSiEl 0% 2oLt et ot

—
2, Ao 2y A F, ot Y, #2A 7, MZE W ?IX(localization),

kinase-glycosyltransferase®t 2 H

A Vs 2EO Fo ARKZE RSO, CHEXQ PTM phosphorylatlon
glycosylation, ubiquitination, acetylation, methylation, lipidation, SUMOylation,
proteolytic cleavage S0| UM, 0|52 THEMAEO| 75X CHAH S I A &E A7
£ gdats sttt ol S0 phosphorylation2 MSTE Q| W2 on/off =4 o
7{LIZ0|H, glycosylation= THEA bt BHIZEE A5, ubiquitination
2 proteasome Z2E St tHEE 23S R [Jensen, Ole Narregaard.
“Modification-specific proteomics: characterization of post-translational
modifications by mass spectrometry.” Current opinion in chemical biology 8.1

(2004): 33-41.].

Phosphorylation kinase M SHE S4 &M xH
Glycosylation CHHZ oYM Z7t, 2H| L af T EIo| 715 RX|
Ubiquitination 26S proteasome 23 A& HZ

Acetylation SIAE AR Z™ A FALXZH
Methylation chromatin regulation & S M X} 254 X|0f
Lipidation ok A5k (membrane anchoring) 7|5
SUMOylation S L 0|5 & MALAH|
Proteolytic cleavage T ACHHEIO| ShAMS HBE
34
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2.5.1 =8 PTM H|0|E{H|o]A

PhosphoSitePlus= phosphorylation, acetylation, ubiquitination
of chet ¥ Z[8t(high-confidence) site-level 325 MSdt= 7t
EfH|O]A & StLIO|Chsy. O] HIO|EH = &3 M= E 2 oM PTMS I
1 kinase-substrate HIERIZE F&%t= O 2t 247t €Lt dbPTM
PTM RS SEXCE M3dt= HIO|HH0|A R, HEX O = HSE sited
motif 7|2 G| &g &M ety GlyGen / UniCarbKBE GlyGent UniCarbKB

= glycan 7%, glycosylation site D& 2l glycoprotein annotationg XMSdt=
gly glycosy g

g
2
_|
<

A oln
inl

19 0oF
oF ot

rMo mo gn o0Q
o M [l
T 0 Inl
o

=l
09 oR
Of

-
o od

glycosylation £&} X}2I0|Chas. PLMD (Protein Lysine Modification Database)2
lysine 7|2t PTM(acetylation, ubiquitination, methylation )0 £3t2l G|O|E{H|
O|AZ, Kresidue S42| AHO|E 240f F&3}Chsze. Human Protein Atlase =2E

PTM &fs4 HHE(E9] phosphoproteomics 7[2HE MSSChg,.

2.5.2PTMO|E 22|E A 2M 22|
PTM 242 ched Ol 7HE ZH7|(residue) =EOIA A=, 74| 7|8
D (motif), & 2, Haid DY S CHoh AL 20| AL EICE PROSITE,
ELM & OlM= Kinase 50X motifE 782 2 phosphorylation siteE 214/ otC}.
MusiteDeep, DeepPhos, GPS2t &2 mHilzd BE2 validated phosphositeE &f
50104, residue = window sequenceE YHL = site-specific &2 AT Tl
Glycosylation 0 &2 %] 7| N-glycosylation motif: N-{PYSTHP}2 2 NetNGlyc,
GlyNet, DeepGlyco & ML 2EE A8 758 k. Ubiquitination/Acetylation/

[ -
P =

ct

Methylation 0iZ0{= UbPred, GPS-Ubi & local sequence %! surface accessibility

£ 2E5IHuq DeepAcet 5 2l 7[BH 2R S|AE H A0 ZE &1 ULt

2.53.PTM EM 4

InterProScan2 PROSITE motif 7|22 = glycosylation, phosphorylation motif &
2 Ars &Y == UCha. ScanProsite 4! 7|8 motifE 2E dMdh= =712, &
M PTM motifS WEH AZHE 4 QUCE MoMo (MEME Suite)2 PTMO| E& ot itz
oM MEZ2 PTM motifE EfM5H= de novo discovery =70|Chay. PTM-specific
Z31E 0 2 PhosphoSitePlus, GlyGen, NetPhos, GPS & CH et EAH 7|8H 24 &

Tt EMCE = =& oA2 M2 metagenomic hydrolaseZt E& Z=Z40f| ATt

(35)
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2 SHE E0l= B2, PTM 20 6{RE =felst| 9[dl Chz1t 22 ©20| 7hsottt.

InterProScan2 2 motif ZAFSHH catalytic motif 2 phospohorylation motif x4 ¢
= ISkl MusiteDeep= AFEt 21HE EAHCE L2718 4SS 2 28l Alphafold

S
S PGB R| A2 Sstn AN 2 MY UES 2UOE HPALISS ol

2.6. CHEL_CHlX A5 X2 [0|E] (Protein-Protein Interaction, PPI)
X

CHIHE_CHHE M S (PPN MIZ LHO|A CHtEo] SEXo 2 7|ssh|Ehte S8
M E= HESRD HElz 4oXE0HH 7|ss tdotth= 7HE0) 7|85, Ol= MESHH
7159 Ao tiE-ES ZASH= 7|2 BHR(0|Ch PP 242 Tl 7|5 =8, tlatE &
2 8|5, X2 EH Y3, directed evolutiondf| A2 ASEHE S|EE (hot-spot) A, St
H| = ZEIZI(0]: AlphaFold-Multimer, AlphaFold3) 2! CHAFAZ A&zt Sof| Z4=Z0|

o
Ct PPI= 7l X 22|15 2EolM o2 REo R #2E 5 ULt 221X 4 2&(binary
interaction)2 & THAEO| 21T Aot HElo|H, ol
Sfotct 2| (8t 452 (complex-level interaction)
S0|L} Z2E|0HE 22 M =gHIE 7d5h= ER0ICE 7|
PNPS

CHp

or
mox ‘|>
01
JT
Yoo
=
C
>
(@)
,
(@)
>
o

association)2 X 20| gitet: 59 2 L 7|sX AZE =

SHH, of| Ch 7| Al-FE 2l (kinesin-tubulin) A=A A7} Olof] SHESICE R EE MoAtg

(regulatory interaction)2 kinase — substrate, E3 ligase — substrate Szt 20| &HH
=]

St
B2 EY A +FPTM)S S8l 7|58 2= FElOICL DXL 2 23 7[5 &=}

Z(literature-based interaction)2 & 2 (co-expression

)

m@ﬁEMNSHEQE%E%HNNQOHQ%@ﬂH%“%PM%“

OH
9_
’6\
O
3
(D
o)
,
(@)
=
noon

(=) =
HO| HH=0 2 RS SHX| 9411 HIER ol PistH Vs g sdets HHELL

2.6.1. 8 PPI H|O|E{tf|o] A
BioGRID= MAMC = 7t% de| F=xE= PPl A H|0[E
22, 0["(Y2H), 3 SHYEM(Co-IP), ECH2(pull-down), MS

o 7| e Iatetct oI7h OFR A, G B (yeast), M2 & o4 T2 YL E otH, 22|
S

i
NE=
T [A
4
=]
o
Bn
o o
rr
Ral
0

EI

O

o MSAE W ofLlet REA A EE(genetic interaction) 7EK] MSStC,.

o = o
CHHAI Ol Q™ MSEI2 S ILOESH QUlH,,. IntActeE

A

g
1
9

Fof A= 2900 00074 O| At ChetA 2
EMBL-EBI7} 2&%t= PPI HIO|E{H|O|AZ, PSI-MI E& XS HMESHH M42AE ]



H(type), A &&H(method), 412|=(confidence) %! HIEIHO[EIE MAHCZ Higst

Ch AFXS0] A2|E =2 4258 H0|E S &E6t= O] A AFE ElChas. STRING
2 My 7|8 Mo Erg i otz 0| % 7|8t 38 U, Tlets 3&8(phylogenetic co-
occurrence), 78Xt 218 (gene neighborhood) §2| Ctet HIO|HE Sgtstod &
HHE_CHHE GRS S Hpohot UIERI D HEl 2 MSShe CHEA XHAO|CH X[ H
£ 228 4 A8 (physical), 7I1sd A= &&(functional), 2EH &=

X2 (regulatory) 2 22/t MSeHChug. HURIE Q17 THEEIS CHAO 2 HAH QI
Yeast Two-Hybrid A32|dE Sl 52 0|F (binary) 42 &= X|LO0|C} of
53 000712] DEE PPIE XS, O|= 2HA At AFO|M =EE L0 of 48 Bt
£=0|Chyyy. O] A= FEX|-TIAM|-CHA| ST 242 7HS6HA| 5t RTX} #HO

R 2
(genomic variation)2t & (phenotype) 72| HZ12|E HlEsich

2.6.2PPIFE A 0= 202FE

7 O 2 Yeast Two-Hybrid (Y2H)= 3l LH reporter A|AES O| &3l & T
SHEIO] 2|7 ZeStH reporter?t 2ot = HAIO|Ch,y. Co-Immunoprecipitation
(Co-IP)/Pull-down &2 K| E= tag-7|BIO 2 THMA £ S9H|E HASta
J W8 M358 TEHE SEotChuy. Affinity Purification-Mass Spectrometry

(AP-MS)= bait THHES HASHT LC-MS/MSE EetH|Q] 7 8E mofsto] SafA| 7|
)

Bt PPIS EFAESITH,,. AL 7|2t 2O 2= SA| Tlskco-evolution) 3i1A44(DCA, EV-
couplings), domain-domain I Q1A S5 Solf =% 7tsM U= CHE &

S ol &3tot =3 HADDOCK, ClusPro §9 docking €12
Multimer/AlphaFold32t 22 e D E CHtE SoiH| 22
QIEH|0|A(interface)E EAIBICE STRING gene neighborhood, co-expression,

phylogenetic profile & t{2f EHE Sefoll HIER/ 3 HEl2| H2AES of|EoiTh

& &= AlphaFold-

CES PN opE=]

2.6.5PPI 7| 7|5 =2 XL S8 M|

O|€ =0 0JX]2] metagenomic hydrolase & CHHEO| /g 22, CHaat 242 24
SES XHET 4= QUCE (A). STRINGOHIAM T CHEHAIZ EQII S ZASH0] oIt Cheixl
(ol ABC transporter subunit, 2t 2| THHEL XA CHAF 24 S)g &olstC). (B) HIEKR

f
Z{AE Ztol| M hydrolase/esterase 22{AH, S THHE ZS2{AH S0| 2AEICHH

=2 49| 7|H E40| K& At 2 & (lipid-like substrate) 7ts82 MAIE 2~ QUCk

(a7)



(C) AlphaFold-MultimerE AFE8H hydrolase + transporter SeiA| 25 0| E8H0] €1

Eim|O|A OFYM S HIIGHTE (D) s ZUHE HIZCRE “0| 2= MZE QE X[E KA
ZS 2of{ot ABC transporterZt 1 AES 48 7H540] QICHE 7S Hlorgt &
RUCE (E) 0|2t 22 M2 D& E metagenomic enzyme discovery THO|Z2tQl L=

CHAF E 2 AIX|L0fE IFE2R0M 28Xl =2 1E 8l 7|5 =Foi| 7|ofITt.

2.7. CHE_g|7tE M4 EH2 O]o|E
4E2XHligand)2t 22 2F=(drugs), CHAMI(metabolites), &2 7| & (substrates), 2z 4
(cofactors), XAtHE(natural products) S EeSHH, O|S0| CHEHEIDE MASEEF SO 24

=
A=K V|sS ZHIC] HHME-2ZIE SSXE R of2 UHE, 24 S, A JHE, oY

BE 2, H|HEE|(offtarget) S AT SOIIA HAXQl S tH, E5| 54 S8 &
oflAE= binding pocket, substrate fit, catalytic geometry =& &=AQ] 7|2 JIE2
|

—2|UE doXER tiEa d2 g80| It

o|r
E
o
=)
In
10
110
N
pil

dotLt 25t Zgtst=X|(binding affinity), O 28 R =E ZH=X(binding
mode)S 24510 inhibitor £+ agonist 8|S $HICEL T AZs 20F0M = 24
St &4l(binding pocket)2] 72t £0|X(specificity)S

HIEtO = B AO| 2 /MER /oM S ZHPIL 2[7tE RE F XS} (ligand-induced

N
N
|lal
=
|IVE
EOJ

conformational change)E 0|83l d=4M(biosenson& MAst, 2|7t= ZXf {20

=
CHE THEME 12 Hollf 8ol HotS BIXISICE CHALS S S0k M= 2|2t=-EeE Het
E40| =2 (flux) Hofel 10| =, 40| 71H Zef EME ZESACZM thAt 2=
2Es AN 4 T 0| ~EA-CHE HoXg A7l E 7| 2 YSoRE S84Y
S| FHRASHH 20| 7HSot0t HEE-2ZIE HoAE HI0|H 7| A2 gt
Of ofofI 22 HFE = Mot v+ V(2 Zet olF 7t 2320l 28 7HsOH| et

SMILES (Simplified Molecular Input Line Entry System):

of: "CC1=CC(=O)NC(=O)N1

InChl (International Chemical Identifier):

of: "InChI=1S/C14H19N303/c1-8-5-6-12(14(17)18)10(9(8)2)..."
Molfile / SDF (Structure Data File):

At Rt B HEE XESHH docking:Al=2i0]40] Ha
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2.7.1. T FE-2|ZEE C|O]E{H[0] A

ChEMBL2 ©f 300 2+ 71 O] &9 bioactivity CI|O|E{E Zatst= T2 HHO| 2 HE[H|E|
Cf|O|E{Hf|0| AO|CE O 7]0f= IC, EC, Ki, Kd 9| 2|7t=-CHetE et X |, Et2l-otetE
0Hg, assay =74, drug-likeness M= S0| L E|0] ACsy.

Ol £04, Target: EGFR, Compound: Gefitinib(DB00317), IC = 0.033 uM S2| |
O[E{Z} AT} 0[21¢t Cl|O|Ef= EGFR HA|HQl 25 Hoto| 2&8F == ULt BindingDB

£ 53| Kd, Ki, IC S 2|Zt=-THEE A FlotE (affinity)ofl S&HE! Hlo[EH[o|A =, A
& 7|2Hbinding assay) HIO|E{E SAO 2 $iCh,. EFZI CHed Rt 22X} sheteE 749
A7 |(affinity) XAt27t SLESHH, Cl|0O[E] 7 2! 4 A10] ZHYSICE PDBbind2 3%+
THHE-2[7tE 28K £ (PDB)2 she St M| 2% Flst: H|o|HE H&st E+
ot DBO|Chsy. 712 7[8F A2 /Hefd B3 ot&0] 22| AFEE|H, AG, Ki, Kd 52 &
o X|F7F ZSHEICE STITCHE T ot 24 A UIESD H0[EHH|0|A R, A
& H0|E, 0fl % Hl0|H, 35 S (co-occurrence), % (text mining) 7|8 A2 S

E¢f MSetChsy. DrugBank2 CHHE-oFE 2| (target-drug)E MAH Q2 Ha ot
ClIO|E{H[0| A 2, O|E S01 Target: ACE, Drug: Enalapril, Mechanism: Competitive
inhibitor §2| Y27t NS EIChss. PubChem BioAssay= =32 MotetA assay At
CIO|EE oo, 2[7tE-CH A MoAbg 1719 7| X 0| =
OIEHO|AE ME E5EV|L ot A4BN Ads $36HH, 2[7t

=g, Hileld 22 ofg H0|E 24 Sty XHzIo|Ct

& EIC}sq. Ol O

=13
=
= A, HHE Vs

Structure-based docking (22| 7|g),

|
7[etLNRIFELZ 3 L= = 1 0|5 &1

AlphafoldE ZE2&tot Deep learning
2|52 PyMOL (X o &= & 24), ChimeraX (g 7 &/FH/HE A2,
Fpocket (2 EfX| 8l EM 240, RDKit (2IZI= K2 £3}), OpenMM (MD Z[2t of| L

x| 24) S Cret 24| S0 8| 5D C,

olE Lig Ex SE]
Z7|dk X|M3} 7|5t 2|Z2tE Qx| A L _ ) .
AutleocL Vina el Py |74|Ar R H DA 20 HEtst B8 QZAA https://www.ebi.ac.uk/pride
e —
7|6t =l 3 }
__rlGlidle HTve ézf _._El x%i e 48 IYIEETLS https://peptideatlas.org




el Genetic algorithm 7|t 2|2} e https://massive.ucsd.edu/
15t 2|7t C2lof ZHA
GOLD = Qoty m2{ £ RO EE P 2E ProteoSAFe
7|5k i )
%\lll\llA Autodgfé\ilirzgﬂkﬂ) CNN E2d + TE docking 50| 22|= https://www.proteomicsdb.org/
H/J cooo o
J|ut ind £ &t 7|8t )
Dgélelo_ck PDBblal;gnTty—;.ng_ i X 7|dtbinding affinity 3|7 22! https://www.proteinatlas.org/
= =
DL 7|gk 3D diffusion 7|gt 2[ZtE =o XMBlE https://dctd.cancer.gov/programs/
DiffDock pose AiA == occpr
J|at CHE| 2)7C 25| =1 )
Algrl;afloll_d3 B = H = o docking@| 0{2] A S CHX| 22t 7tHs https://swathatlas.org/

CHE WSt HO[EeF 24 7|22 A Tletdtn IeH, £9
= 7

1=
e 2t o=, 7[s o= 22

OfL[2}, THHE J5S LHEHO R siMot/| fIdl EH=A|
SI[0{0F 5t= AEA XHRISO0|CE 2 BioGRID, UniProt, ChEMBL, AlphaFold DB
S O+ ClIO|EH[0] A2F PyMOL, MAFFT, DiffDock, AlphaFold3 &2 &4 E+=

A 7|5 AT, 24 AKX, Aok i, directed evolution, biofoundry At&%t &
T S floh e V|BS MIFZ O 2 Hel= 0219t S5 K0i|lM APRF HEE B A
o TH| X[ 2 W= O[sist, Heot HO|EHet HHES 28X Metg - Qle
£ 5= XML E7|E 7|ChetCt
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o]

= y 1
M HEYIE= Qlitst B EIA|(phosphoproteome) S AAIE QlAtat THEHEIK|
(time-series phosphoproteome), R TAt =& HIER| S (regulatory network)&
M A (transcriptome), A U E 3 (metabolic network)= CHAF BHS HIEX 3

(reaction-metabolite network) 2! CHAMAI/CHAF S2K|(metabolome/fluxome)E 0

SoICt ol otet B EIN| (phosphoproteome and time-series phosphoproteome)
HIO|E= Al TE chefEol ol Al & A (kinase) 2t 0|2 7|& cHefEl(substrate

protein)2| ZA0f| 2t HEE S, TR o ol Atst phosphorylation) ES
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H HEQI= 28 ™ARIXHtranscription factor)2t O
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of z2S B REUAH HZE HEO|H, = RHA =EQ| It HAE 7B}
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Qo M =Z Wt (perturbation) AlZ|HLE CHeE FF #Hat Z74 Of2HOof| A TA}
H| HI0|E (transcriptomic data)E &6t 24610 Rt 2 HEYJIE F 2%+
Ch =22, 7[&E2 RTX 2 UIE IV MZZ2| Hatof o{EA 2 DIXI=XIE 3
5171 2Ie HIEHZE A HIO|HZRE 25| SHof CiAF HIER T CHAF AE
(metabolite) 2t &4 BFS(enzymatic reaction)2 7[tQ 2 ot T2 foi= 50| ey

il =
o2 #oiEH, %K (genome) 2ME Sl 2 A-8HS S FE5H0{ T
=017 | & S, CHARHILE CHAF SEX| HIO[EE O[&3H0] THAL

&0 HolOHERIE E4017 | = ST,

0[21 Blo|Ef 2Ol 0T S0t AE WOl B2 Qlsh ofxte] RIHEl Hloef
OF (24 B BH S 06| DA/CHY AEH0| 0f212) THs T HP It B0t 24
Ofl 0f2420] ULk 3t 2t ESIT Lfe] 2249 1S 7H0] $1Z0| A CHE Jo|(RHA
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0[2{2t HZOIA O] TN CHSTH 22 LSS CHRIAF Ik BIX| 2t Z5( YA A
et 371X HESID) T} BeiE Hole] S FHolg =
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SARN7IIR| =2l H|0|E{H|0]| A(database) B! 0| 0|28t 24 At|S A0St} ST

ME HIEQ|A(Signaling network)

2.1 M5 ME | EQ|3 O|o|E

ASHY HEQTE Q5 Xt £8K7f 0IAISHD, HAX{QI QIALSL/ErOI A} IhH S
S5 ME L] AE HSIE QIS SHAl A|ARIO|CE T2{Lt 0] Al Mgt abye ¢
23t X2 A} OfL|M, Mo 74t AtEfjol| et A2 (pathway) 2] 24 Mot b
BpA0| RS DakX|7| iR 1 MAEOI SX EMS 2Ast= o 2 of2{0] Q)
C} %2 Q12X 2{8t BRAS SHY MER 7Hs 40|
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7|Z0f LXK AT Qlttet g 4-7|H HoXE0 o MY J=2E FESt= A+
=

27 MEA 21051 UL o7|0 Mz QISKIs 7Ies g8 AU S5 A
A

HE, O] BHgoi|A Qlital THEN] HIO[E7F OfEAH UEXHR Mdel Hy EE=

o
SEE=X] 275Xt BT,
2.2 H|O|E{2] ‘H:xk

2.2.1 QIAts| il E| ¢|0]E{(phosphoproteome)
CHEEZA HIO[E= NZES 8ol =

2 trypsin/Lys-C)2 2eistn, x2zht

(phosphopeptide)2f {=4x o

(

LC-MS/MS)2 ST/H2st= ateg Soif HAEICHIR 1).

O 1> LUEEQI QI M3} T EK| AlZ TX 2| 2hg
a . Protein - P-peptide ) g
Cell lysis dgestion Desalting anrichivent Desalting P-peptide

O Non- speuhc 0 9 0 O e 0
N :
\/&0 binding Ti Ti T T

N \){/

MOAC

Muneer et al (2025). Proteomics, 25(1-2), €202400087.




QIAtSL HIEIO|EES E2(8t= 7HY ge| M0l= HAIR IMAC(Fe¥/Ga®)u, MOAC(TIO/

Ti-IMAC, Zr-IMAC)1, 22|23 phosphotyrosine(pTyr) immunoprecipitationsO|Ct.
IMAC/MOACS| BL, At HIEHO|=(acidic peptide)7t HIEO|MO 2 Zetots 22 ot
7| ?le S22 pH(2-2.5)0A acetic/lactic acid 59| |R7I14HS Hotste

4, 0= phosphate®} A 0t0| = AHacidic amino acid)2| pKa Xt0]Z 0|E8ff AMEiA
£ =0[= H-O|Chy, 5. O] L2 Of0| it ME #EHOFL|2} Fes| 0= 0
M7](phosphate group)?t 201 YE=X 2 KIX7HK| EFE & Q= FHO| QUL Qlitst
=l EFO|Z2 A (pTyr, phosphorylated tyrosine)2 0|28t 22| giHo] AR, QlASHEl E
24 QIABH= anti-pTyr &l (antibody)S 0123812 & QIASIHEl EFO| 218t QIAISH=

H|2to] QUXIZHIMAC/MOACO! HIgH ATHMO 2 &2 BIZAES H0|= Z10| SO|Chy.

2.2.2 M|AIE QI s} cheEK| H|o|E{(time-series phosphoproteome)
g Qlitot THEEA| CIO|H = 2[7tE S 2R 240 HatE & AES 7|22 H

A=+ E2=52 5 & A= = A TS AIEOIA Qlitet TR ME
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SIGnaling Network Open Resource)&= A%
AZ|=X] OfLIH AMA|Z[=X0l| CHot Betot YHE HMSotn AV[0f, Mol g
St 21 2A 2 2ot HERR 7|8t 20| 30| & EIChy. Reactome Pathway

Database= M| LHO|AM LO{Lt= BHS(reaction)S 7|& CHRI25H0 HSEl CHefst &
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Z(pathway) HEE M35t= HIO|E{H|0| AO|Chy. O] HIO|EH|O|AS 0|86tH Mg
2 EZHE ol HEE H2et= M2t (pathway context)d| A 2448110 a3t 4271 Q)
Ct. OmniPathi= 1607 O|49| HIOJE{H|O|AS SESte] F =53t it EAt7E A&t
8 5! Z2 C0|E{H|0|A0|H, O] otofl= MSTE B AT H HIEXI T ETHE0] QUChy.
O, The=d| QIAISHEDH OFL |2t CHFot

nips,
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o = Hy(post-translational modification,
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PTM) HE7t B[] Q0| Ao Dby #at ofL|2t M| &Rl R A2 S 0|29 Tt
kot EM0{ OmniPath HIO|EH|O|A S &S 4~ QUCH o 212k human) 828 OfL
2f MF(mouse)2t F(rat) M| HIERIT MEE Zetsta Ql0q, o17F S49| X|Alg Cf

EOE TSI BASILE BE 2 Zoloh= HHRPHHERIE 755
g& 2 UCE PRIDE= ProteomeXcha ng e ZAAA|HO| Stal S0 MEAZ, T MA S

LC-MS/MS CO|E{QF Ha& ZtE Mt UChy,. HHAHE2 0]

28O0, 7|E Qlitet AN HIO|E S MEAMSEALE 021 T|o|H
_E_ O

i
|__|F
0
1123

=]
;o

HJIHJ
Ol

1l
1
0
|'|J
i_

Chus, 1. Of 20| = Mo HE HER 2t 2
).
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B 1> MSHE HEHI EMo| 2EEl= Cret C|ofE{H| o] 2

7= EYISVES F2 g L oiofE HlofE] 7= zo 8
- 13 7|gto| 1At5} 91|
=28 [ T A} A PN}
PhosphoSite (phosphosites) & &2} oF508k49] 719| L_”E'_j_:,gil 7|E(k__|r[1;3(s§)n7rlc ]
Pusiial | -ZZE Qlatet 47| PTM BE Ne
(kinase-substrate) ZH| °
ol x| A
E“i.g’i?  Z{Z=El 017t0| EFOIANS} E A- 20001 72| Efol4kst & A (phosphotase)-
J1m 2 DEPOD [14] 7|& 2t|(phosphatase- E’OIME}%A—HE J|® HEQFL| | 1xE
=+ substrate) & s-eEEe CIEE=O| ALE
slo2 AZE PTMZ} PP -
= 2 =] CIokst HMEHZ HEQ3
dbPTM [15] $|x|x+z 2 0l EE PTME| e e A A:' A0
S&HE CllojEH|o]A - o < ==
< AZE| CHEL 51 A 40KA9] T RE L AMSFo| Btk T
SIGNOR[6] | OSXIZ-HEES 7t e ST e e oo e
elatabiet 32 B2 A3 1481210 =2 Fd LHERE B
AlSHC +1607H O] &k2| H|O|E| XHIO| THHOE7H O 40| §A-PTM/ | QIZHEMO MSHH HEIE
Ho i | OmniPathin) | SEEiRD AlsHe El-chl e CI2 Zo2 shsto]
S HEQ3 LR DA & BMEH=O AR
(Signalin JEQA SEH 2A " ZAoH=0 A
gpathway) oIZig e 153,
+ ASE M LY EHE 7| 3 outvljol thMZ, Chorst ZAHIS U
Reactome 18] | ISEw U AZSE GOl | 10BDHol Bl =Bl Az =M g
Ho|A 98b7}{o| HHS(reaction) =Ee
X-lE 2EI 7HQ| gﬁ XiE
O|AFS| CHHEIR| 2 malsH _
PRIDE [19] ﬁ;ﬁt&]‘jﬁ,'ﬁ ff;-;ma 48t710| M GlOJE]
olAtst ccoEAEs 7|E Qlitst CHl A H0|EE
Ehe ——— . TP |
N N 200HSI SIREL 1000 | opsp 2aist g2 AR
MassIVE [20] | «MS7|8tAIE H|0|E] JHe| BlEt0|= SO0| ZatEl
28tA9| MHC0|E
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EMC . THEC R, PF-NET2 CHEHE MBS I=42H0F 1D-Convolutional Neural

Network(CNN)2 2 ME9| £& ZE[Z(motif)E F&3t1, ofHlM(attention) X

biLSTM HIHLIZ S Sal M Hete] Z7H2| 2|Z4 (long-range dependencies)S &

SIRUCE O] ZH s S AP ME gIO| THEE Mt 2 ST THHEO| QlAtetLt B
A

IS 2 AR TS RE of|E5H0], HE/ A EMH 714 242 MEA E=
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S S Zto| IHIQl 2, & XS 7Y

St UIEYIE F4sH= ZI0ICt H|ZE B2 FR, O] A0l 7t F7 5 QlAtstA|
EX))0ll Chet M2 Al gloT 2, Ay =710] w2t (perturbation)l & A|AEIS| Bt
S8 HESH HE AAIE Qlits} CHHTIN| H0|ES HA| 2tk CHEE 7o) 5
A E F2¢tEH| 0] Hl0[EE ZEE = QICE Van den Broeck S(2023)2] H--0i| A
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£ F2oh= F i B2 gl S, ME2R2 =Y HERIZE Mddh= A0|

s UIEAZ &0 dABH| oM e, 2/F A=
ST R Hods HMH 2EHo 2 ofiHf HARRIX
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OICt. O]2l =7t & StLIVF Large-scale knowledge-EMBedded Artificial Signaling-
networks(LEMBAS) 220|Cty,. LEMBASE ==2tA AT (Recurrent Neural Network,
RNN)S Z&6t0] CHt2 THEHZIN| CO|E 22 M LS| SH Mo MY hHg BE
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THHECZ, MichaelisMenten A& 2 2AISH= & Mot E 050, F = E 7t
Of ZA |7t 2MRIX| AX|QIX|Of [h2tM + Bl -2 BT E 20{StES S5t RNNQ| 7
(]

S E5C=M N MedE HE/IS ZASHE Y-O|CE

o
S AFBSH= Tl 0|0 Yaizl BBt

=
O =01, M=ot S47t BAL HIHEHO =2 =4 &= 2ot JEi7F Bl AE
X[5to] RS 84 7h5St HEIZ RAIE = U= ZHO| UCE Of2{h M| A|A-S] 2
ME Bl 2 58S SAte = AUCH, 2= 27 SE0IM H
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e SMxt = HE9|3A(Gene regulatory network) 24

3.1 f8x =E HE/A HIolH

FEX 2E HEAT= 27 22 RS M= E X[ot1, oo &= BHES 2l Ea
o CHE S MASIES H[ofsh= el 7 A2 g ottt &, 95 s (of: 22t
EPH =Y HEQIZE Solf WHED, 0] Moz &Moo= REX 2H HERR
of AEEH, Ol HEXZ= EF fUEAC| geis 220510 Eaot HHMES M3 A
oLt 2 Eaet tHlRo] its SHAHA S=H2Z NI L HetE R0t ECt.



TR0 QEA EH HEYI0] 2HS AE UIEXT THRAQ SEXI}
TH Of AfEHO QUEXIS Tforeks 20| 0L ZRHH, 0] ‘MEfS REX HHOZ 0fof
XIS 2, Sr3io] 57 A0l CHEO|LE Z7 EZol mMRNAS S70He] 2ok 4 Qirt
CFSH EREIR|O] ZP A0 HESHD Mysher 4 9l hato| Hgtel= CrEo| ZXy
0| 7H5 Bt RNA 7l8t0] A2 S6f HA olo]

SF7|0llpy JTHMC = 15 Sl U &
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EE 25l 0|2 &

3.2 CO|E{e] Mt
A 2 E HERIS 242 2ol 712 YIS A= Hl0[E = TARKH0[H, X
_ Qo =2 0|8== Y Y2 RNA-Sequencing(RNA-seq)
ICE RNA-seq2 MIZELF 2] LHOf| EXHSH= RNA 2AHS AHICH A2 7|&2 2445t
Of, RTIXIQ Lol &2 SHECZ Mofsh= die 7= 0|C) TM| Ae abg2 3
(1) 2fol=22{2] MZ, (2) AR, (3) HIOE 22| M| HAZ Ltz 2= QUCEH &K I thA|
2l 2t0|E 2 2| HMZ0l| M=, MOt Xt k= MZELE ZZI0)A TH| RNAS 22| & FH|
SH0, rRNASH 20| 2410 EE 29t RNAS M7Hot= IS HAIA| IOk O|FAH MEE
= bp AZIO 2 BFS0{X|1, AT
o
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M| CDNA Z2S0| 2= Lol o 0{HE (adapten 2 g%ggw, PCRS
Soff 2t0|=2{2|o] &S A0 ZESITE ZESHH EICk OfHE = CFS T2l AR
AlOj|A] A4 7|77} 0|2 QIAISIT A|RAIS S85H=T| T 0| EICt,

& I CHAl= AJEA0|H, Zf cDNA 229 MEE T = HO{HIE A4 ZHa,
Kok JHof| M 21 JHof| Erst= 2 ZZH(short reads) Cl|O[E{7} A S =ICY.

N HIY THAl= AZ YO R A2 i ME =2 (reads)E & 7I&(reference)O| &
FHA(genome) = HAFM|(transcriptome) A1} H| WSt O RIS o=

20| AXSHEXIE LOtA 2l 22|10, ekl REXRL 0HEOo| &= ME =2t

4

rr

4

=2
(read)0l % 7Lt =[=X|E THtst0] T RTXTE L0t LH= 10 QU=XIE LOHHA &
Ch SR 2 ME /o=, MY E2ZH(read)O] Al (exon)d| A 2HEX], Ald-oll & X5t
2(junction)oll M A=Kl S Wefsto], RMAt] 729k CHarst ChA| AZ2t0]4

(alternative splicing) 2FAtS ot £~ QL.



021 4> ABEMOl RNA-seq Y IZ22: Wang et al (2009). Nature Reviews Genetics, 10(1), 57-63.

AAAAAAAA mMRNA
or AAAAADAD
TTTTTTTT

RNA fragments

T EST lib(ary

with adaptors

ATCACAGTGGGACTCCATAAATTTTTCT
CGAAGGACCAGCAGAAACGAGAGENERY
GGACAGAGTCCCCAGCGGGCTGAAGGGS
ATGAAACATTAAAGTCAAACAATATGAA

!

Short sequence reads

ORF
Coding sequence =

.
- = 0= — poly(A) end reads

Mapped sequence reads

Mo| 7|2 20| El= RNA-seq &od HIO|E{7 H2otH|, RNA-seq2 Zefot B2 ©

—

Il

AA| CI|O|El= GEORt ArrayExpress 22 &8 Cl|O|E{H[0]| A0)| S EI=[0] QUTHus, 2.
SEX|2F O] O|E{HIO|AS S =2 AMB o2 U2 2| H0|E{(raw data)E XMASHH, &
Al HIO[HE Matot AR S0[ iAo 2t =112 H|0[HE 249517 | IhZof, O|FA|
7tZE 0= 2% MZZ{0|2t= 2XIFO] QUL
recount3Lt ARCHS42t 22 H|O|E{H|0| A= Ol2fet EHIE SiZSH | fI8HA, 21 A

Y0 YA TAM HO|EIE &t 7, 25 Hetel U= HAIEI0E 9] gis MK =]

= HA =
of 7t5 HIOIHE HMISettt O] 520l APXtE2 M2 CHE Mgl Hlo[HE 21 Bl



FEA X2 HEHZE FESAL EM87| fI6iM = TARM HOETZIe 2=

CESC!
T
orEX

=
O, HIEH TS| 720t 22 2AIE 51| 2let 2= H|O[E 7+ E=H0|Ct Of=qet

CIO|E = CHEat 22 Z150] QeI A, MAIRIXEZE DNAS| 0= 2|X[of Z&St=X|of
CHet M (TF-DNA 2 IX)7+ QT 0] &= ENCODE, ReMap, ChiP-Atlas S0il M |
BSIH, Ol =2 ChIP-Seq L= ATAC-seq A& HIO|HZ2E ZHEEl Z40[Chyg, 11,20 =
W, TALRIXEZF Q1A HetstE £ DNA MY, T ZE|Z(motif) §27t ZR3|C}.

0| H&= JASPARLE HOCOMOCOSH 22 H|O[E{H|O| A0f M HISeHThas 0. AU, 22
O|Lt Hle Sl 0[0] HBE TARIReF EFZI QTR 7Ho] 21|l 2 = A &

| 2OtC. Ol2{eh AP X[4]2 TRRUSTLE DoRothEA2E &2 H|O[E{H{|0[A0f A X|

Hord
‘3‘ |'—T’— II:—|'[31,3z]-
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B 2> R¥A = HER3 2ME 2Ist HIOIEH[o]A

T2 C|OE{tH[0] A =2 Lig 2 of|o|g] ClloJE| 72 T8k
_ _ SH l_} -|O|A}'O|
S AlE]
GEO [33] SAHH| &% E[0]E] 215! H0|E]
- 30,0007 0| 4)
ATTaYEXDIess | xtafa| 48 ol TR » _
e — FAH CIOIE{ = AsirLt
3 el 917+ 308121, iy v W
UES 740 al|=| SE —=orc S
recount3 51|, Geo/arrayExpressoll Zxfsts | ST 110 f_hjli_ |0x HEH i
AISH|0|E{7H Ut H O 2 AR HIO]E
ME|E|0] 7} 2= MA ol | = _
——— 2| [0 7+ Fx{| 01 Z 35,00072] AF2|
AL CllolE]
«TF ChIP-seq/ATAC-seq
ENCODE [37] | Cl|O|E{S &5t st 30H0{ 49| AHH|0|E
TAfeIx: - S ol SAtIXt ZHaree) e
ZuDNA A EFA SEA Eo| 28
Fx R - Of2} Z2HE0|M AAE] 32He| AR,
ReMap (8] | “ 1o o7 st fole 14,000719]
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20| HAHE D=EZo 2F0472]
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An ML-guided, cell-free enzyme engineering platform
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Machine Learning
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A2 learning tasks
, T S
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train machine learning
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22 Learning Tasks
Cell & Gene
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& Saf
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39088 oRNAs 3485
ews = noecir e
/
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TDC Data Functions
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e 17 TDC Molecule Generation Oracles
#3511 TDC Data Processing Helpers
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23 TDC Evaluator Functions
Binary: 8 Metrics

Regression: 6 Metrics
Molecule: 6 Metrics

Test model performance
in evaluating its behavior
across data regimes

Multi-class: 3 Metrics
TDC Leaderboards
22 ADMET Group Benchmarks

@

—

Compare the model

5 Drug Combination Group Benchmarks
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1 Docking Score Molecule Generation Benchmark

to alternative strategies

v
, T

1 Drug-target Binding Generalization Benchmark

A4 Manufacturing
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Random Scaffold Temporal Cold-start
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Split
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Combination
Split
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Molecules Optimize
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ESERIEE

TDC Data Processing Helpers
[ Visualization '[
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\ i
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‘\ [ Database Query ” Molecule Filters ]
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VIS4Map(Visualizable Secondary Structure Saliency Mapping)OICt [18]. VIS4Map
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4.2 Ginkgo Bioworks

CHrt & 4 MZE S2UE (Biofab): M| Z|ch 29| BIZHHIO|QIIRER|S 2F6HH, 1
HALS CHAIOH CH e =t ae Bl ks sAs QUC
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