IL2Pepscan: A machine learning framework for predicting IL-2 inducing peptides and their identification across global viral proteomes


Supplementary table 1: Welch’s t-test on amino acid frequency among the IL-2 and non IL-2 inducing peptides.
	Amino Acid
	Frequency in IL-2 inducers
	Frequency in non-IL-2 inducers
	p-value

	A
	8.85
	8.16
	0.00102233

	C
	1.33
	1.76
	1.98E-06

	D
	3.85
	4.73
	6.06E-11

	E
	5.21
	5.67
	0.0045396

	F
	4.24
	3.85
	0.00633228

	G
	7.22
	7.37
	0.43209177

	H
	2.07
	1.91
	0.08569583

	I
	5.63
	5.52
	0.52673519

	K
	5.61
	5.61
	0.98132257

	L
	10.43
	9
	2.38E-11

	M
	2.14
	2.24
	0.33785052

	N
	4.51
	4.53
	0.90743548

	P
	5.05
	4.6
	0.00544024

	Q
	4.08
	4.36
	0.09792266

	R
	4.88
	5.05
	0.28532124

	S
	7.04
	7.25
	0.22932499

	T
	5.42
	6.42
	4.25E-10

	V
	6.8
	6.7
	0.57167464

	W
	1.62
	1.55
	0.46200162

	Y
	4.03
	3.7
	0.01582405










Supplementary Table 2: Welch’s t-test on dipeptide frequency among the IL-2 inducing and non IL-2 inducing peptides.
	Dipeptide
	Frequency in IL-2 inducers
	Frequency in non-IL-2 inducers
	pvalue

	AL
	1.15
	0.69
	3.14E-12

	PL
	0.53
	0.26
	7.85E-11

	RT
	0.2
	0.44
	2.20E-09

	LQ
	0.73
	0.45
	3.41E-07

	LA
	1.05
	0.73
	4.37E-07

	DC
	0.04
	0.15
	5.69E-07

	KD
	0.19
	0.38
	7.29E-07

	YL
	0.5
	0.3
	2.23E-06

	TG
	0.35
	0.56
	2.75E-06

	QK
	0.43
	0.25
	3.87E-06

	MC
	0.03
	0.1
	5.99E-06

	DK
	0.2
	0.36
	7.62E-06

	QQ
	0.17
	0.53
	1.60E-05

	WN
	0.14
	0.05
	2.57E-05

	CR
	0.05
	0.14
	2.82E-05

	AG
	0.76
	0.53
	4.14E-05

	LL
	1.06
	0.75
	5.43E-05

	KR
	0.5
	0.33
	5.45E-05

	MS
	0.15
	0.28
	8.55E-05

	GP
	0.4
	0.24
	0.00011238

	HF
	0.14
	0.06
	0.00018132

	EC
	0.05
	0.12
	0.00031026

	HR
	0.13
	0.06
	0.00036715

	KE
	0.26
	0.39
	0.00042522

	EK
	0.27
	0.41
	0.00043794

	GV
	0.46
	0.64
	0.00051628

	MY
	0.09
	0.03
	0.00065149

	EE
	0.35
	0.51
	0.00070065

	NG
	0.36
	0.52
	0.00097317

	KY
	0.28
	0.17
	0.00125533

	GD
	0.24
	0.36
	0.0015107

	EH
	0.11
	0.05
	0.00153961

	IN
	0.33
	0.21
	0.0015626

	RR
	0.23
	0.36
	0.00160823

	NV
	0.29
	0.18
	0.00173459

	LI
	0.55
	0.4
	0.00202173

	YK
	0.24
	0.14
	0.00209625

	RE
	0.19
	0.29
	0.00212995

	HK
	0.09
	0.17
	0.00220283

	RD
	0.14
	0.23
	0.00231188

	SL
	1
	0.8
	0.00271282

	SP
	0.38
	0.26
	0.00272651

	TT
	0.31
	0.45
	0.00293701

	IW
	0.08
	0.14
	0.00307308

	FM
	0.11
	0.05
	0.00333146

	VK
	0.28
	0.39
	0.00398808

	GA
	0.78
	0.61
	0.00411648

	YS
	0.23
	0.34
	0.0042063

	QY
	0.15
	0.08
	0.00436147

	DA
	0.31
	0.43
	0.0048518

	GG
	0.45
	0.6
	0.00580215

	ED
	0.2
	0.29
	0.0063804

	YQ
	0.13
	0.21
	0.00719563

	WF
	0.11
	0.05
	0.00725552

	AM
	0.18
	0.27
	0.00742519

	FK
	0.31
	0.21
	0.00746713

	YI
	0.28
	0.19
	0.00775745

	DQ
	0.15
	0.22
	0.00837657

	HI
	0.11
	0.06
	0.00857615

	NK
	0.4
	0.29
	0.00896708

	VL
	0.6
	0.75
	0.00954511

	EW
	0.09
	0.05
	0.00995088

	DY
	0.21
	0.13
	0.01070102

	IT
	0.31
	0.42
	0.01072038

	RL
	0.56
	0.43
	0.01201145

	HV
	0.11
	0.06
	0.01331545

	AS
	0.62
	0.49
	0.01435186

	TR
	0.21
	0.3
	0.01458897

	DT
	0.2
	0.28
	0.01484974

	NQ
	0.23
	0.15
	0.01496246

	YV
	0.33
	0.24
	0.01496535

	DR
	0.15
	0.22
	0.01673516

	ST
	0.45
	0.56
	0.01747174

	QH
	0.06
	0.1
	0.02047718

	IA
	0.51
	0.4
	0.0206158

	DS
	0.21
	0.29
	0.02082494

	SN
	0.27
	0.35
	0.02167445

	DD
	0.11
	0.17
	0.02181084

	SE
	0.27
	0.2
	0.02353427

	NI
	0.34
	0.26
	0.02362384

	FP
	0.19
	0.13
	0.02364151

	PM
	0.13
	0.07
	0.02522541

	VC
	0.12
	0.18
	0.02592536

	VT
	0.45
	0.35
	0.02600055

	LD
	0.35
	0.45
	0.02689008

	RG
	0.53
	0.42
	0.02750388

	SC
	0.08
	0.12
	0.02849037

	VH
	0.18
	0.12
	0.02940607

	KM
	0.16
	0.11
	0.02965381

	MV
	0.16
	0.1
	0.03140605

	WR
	0.11
	0.07
	0.03360357

	VW
	0.12
	0.07
	0.03396087

	QA
	0.37
	0.29
	0.03562712

	IG
	0.28
	0.36
	0.03660712

	TA
	0.44
	0.55
	0.03668516

	PP
	0.36
	0.27
	0.03668778

	CA
	0.09
	0.15
	0.03769123

	GN
	0.25
	0.33
	0.03800286

	QE
	0.16
	0.22
	0.03809112

	LY
	0.34
	0.26
	0.03812809

	VA
	0.59
	0.48
	0.03900459

	HQ
	0.09
	0.14
	0.03902836

	TD
	0.24
	0.32
	0.0398479

	FT
	0.23
	0.31
	0.04048961

	AA
	0.98
	0.82
	0.04075943

	KC
	0.08
	0.13
	0.04120803

	GC
	0.08
	0.12
	0.04139609

	YT
	0.21
	0.15
	0.04458907

	IM
	0.08
	0.13
	0.04956959

	HN
	0.09
	0.05
	0.05110474

	IY
	0.27
	0.21
	0.05502838

	HW
	0.05
	0.02
	0.05531234

	PA
	0.47
	0.38
	0.05548612

	RW
	0.06
	0.03
	0.05750046

	VE
	0.39
	0.31
	0.05760062

	KT
	0.22
	0.29
	0.05946069

	TI
	0.34
	0.42
	0.06015948

	RF
	0.22
	0.17
	0.06162106

	SD
	0.22
	0.29
	0.06448111

	PK
	0.34
	0.27
	0.06485698

	RS
	0.34
	0.42
	0.06505847

	VR
	0.3
	0.37
	0.06544894

	LC
	0.1
	0.14
	0.06563228

	FH
	0.12
	0.08
	0.06648032

	ML
	0.19
	0.14
	0.06971552

	LW
	0.15
	0.11
	0.08005615

	CH
	0.03
	0.06
	0.08025079

	IQ
	0.2
	0.25
	0.08059074

	CI
	0.05
	0.08
	0.08231937

	PT
	0.22
	0.28
	0.08240845

	MI
	0.09
	0.12
	0.08316629

	PD
	0.16
	0.21
	0.08446144

	NA
	0.32
	0.39
	0.08636856

	KV
	0.38
	0.46
	0.09191492

	QV
	0.29
	0.23
	0.09410163

	DE
	0.19
	0.25
	0.0949745

	WS
	0.1
	0.06
	0.0953933

	WM
	0.04
	0.07
	0.09574862

	FF
	0.2
	0.15
	0.09871932

	SG
	0.46
	0.53
	0.10224641

	SY
	0.23
	0.29
	0.10335921

	LM
	0.22
	0.17
	0.10503006

	MM
	0.07
	0.1
	0.10594233

	CV
	0.08
	0.12
	0.10705529

	DG
	0.28
	0.34
	0.10752526

	FA
	0.22
	0.17
	0.10779177

	CM
	0.02
	0.04
	0.10826598

	QP
	0.33
	0.26
	0.11004236

	QT
	0.21
	0.26
	0.11059197

	FD
	0.22
	0.17
	0.11157398

	KH
	0.11
	0.08
	0.11292009

	VP
	0.31
	0.25
	0.11389508

	RP
	0.3
	0.25
	0.11627207

	IL
	0.54
	0.47
	0.12549405

	LT
	0.52
	0.6
	0.12707061

	VG
	0.51
	0.43
	0.12757088

	GE
	0.37
	0.31
	0.1278927

	IP
	0.28
	0.34
	0.12894515

	PN
	0.28
	0.23
	0.13114734

	SA
	0.56
	0.65
	0.13396877

	EG
	0.51
	0.45
	0.13494682

	NF
	0.23
	0.18
	0.13561552

	TY
	0.19
	0.24
	0.1362956

	DP
	0.2
	0.25
	0.13737052

	FS
	0.3
	0.24
	0.1382003

	RQ
	0.14
	0.11
	0.14110571

	HH
	0.06
	0.08
	0.14137384

	GH
	0.13
	0.1
	0.14375331

	QG
	0.25
	0.3
	0.14786051

	WQ
	0.03
	0.05
	0.14894412

	WY
	0.12
	0.09
	0.15167308

	EF
	0.15
	0.2
	0.15288593

	YP
	0.25
	0.2
	0.15507488

	VS
	0.4
	0.46
	0.15642599

	RC
	0.08
	0.05
	0.15988089

	AR
	0.42
	0.36
	0.16164827

	AK
	0.35
	0.41
	0.16312048

	HM
	0.02
	0.03
	0.16995033

	CT
	0.07
	0.1
	0.17326483

	FR
	0.16
	0.19
	0.17466448

	TC
	0.09
	0.11
	0.17684652

	GY
	0.29
	0.35
	0.17762011

	AP
	0.39
	0.46
	0.17835888

	NS
	0.28
	0.33
	0.18063869

	LK
	0.59
	0.52
	0.18360633

	SM
	0.14
	0.11
	0.18888452

	AW
	0.15
	0.12
	0.18964974

	DH
	0.06
	0.04
	0.18970719

	DI
	0.28
	0.23
	0.19107458

	QS
	0.21
	0.25
	0.19146463

	GS
	0.76
	0.68
	0.19696044

	GT
	0.38
	0.44
	0.19893459

	MA
	0.26
	0.22
	0.19963332

	TK
	0.25
	0.3
	0.19965764

	QI
	0.21
	0.25
	0.20246144

	YF
	0.25
	0.2
	0.20428625

	WI
	0.09
	0.12
	0.2047155

	FI
	0.23
	0.19
	0.20698239

	AI
	0.46
	0.52
	0.21449194

	PW
	0.09
	0.06
	0.2181586

	CG
	0.1
	0.13
	0.22579528

	WE
	0.08
	0.11
	0.22722202

	KA
	0.48
	0.42
	0.22844039

	YE
	0.18
	0.22
	0.23239339

	VD
	0.33
	0.38
	0.23545091

	RY
	0.16
	0.13
	0.24310573

	MD
	0.09
	0.12
	0.24669612

	PV
	0.3
	0.25
	0.25272818

	SF
	0.32
	0.36
	0.25864864

	CN
	0.07
	0.09
	0.26087332

	NN
	0.22
	0.25
	0.2713013

	GI
	0.37
	0.42
	0.27381205

	LF
	0.24
	0.28
	0.27402166

	SV
	0.5
	0.55
	0.27728626

	VQ
	0.22
	0.26
	0.2845124

	PI
	0.25
	0.29
	0.286757

	TV
	0.46
	0.51
	0.28717954

	EP
	0.14
	0.16
	0.28762696

	EN
	0.26
	0.3
	0.2877622

	IE
	0.34
	0.3
	0.28995976

	NW
	0.07
	0.09
	0.29455539

	NR
	0.2
	0.16
	0.2952423

	EL
	0.46
	0.51
	0.29668209

	CK
	0.05
	0.06
	0.29679935

	LS
	0.72
	0.66
	0.29774227

	PE
	0.23
	0.27
	0.30279127

	IK
	0.28
	0.24
	0.3064151

	RA
	0.39
	0.44
	0.31136828

	YW
	0.04
	0.06
	0.31236728

	PH
	0.1
	0.08
	0.3152593

	IR
	0.27
	0.31
	0.31754844

	WG
	0.08
	0.1
	0.32483605

	NT
	0.27
	0.31
	0.3284241

	TQ
	0.21
	0.24
	0.33060812

	EY
	0.18
	0.15
	0.33564995

	WA
	0.1
	0.12
	0.3401258

	EM
	0.11
	0.13
	0.34019199

	FW
	0.08
	0.06
	0.34729838

	GR
	0.32
	0.35
	0.3545057

	KG
	0.35
	0.38
	0.36129858

	SQ
	0.34
	0.3
	0.36177739

	RM
	0.17
	0.2
	0.36798271

	PF
	0.26
	0.23
	0.37275889

	TE
	0.27
	0.31
	0.37467822

	EA
	0.54
	0.5
	0.37517043

	LN
	0.38
	0.34
	0.38732026

	WD
	0.09
	0.08
	0.38763404

	TH
	0.12
	0.14
	0.39582263

	QC
	0.05
	0.06
	0.39772541

	WP
	0.06
	0.08
	0.40150221

	CE
	0.04
	0.05
	0.40263001

	YC
	0.09
	0.07
	0.40610109

	TM
	0.12
	0.1
	0.40628421

	YD
	0.17
	0.19
	0.4095919

	YR
	0.22
	0.19
	0.41108596

	VV
	0.46
	0.42
	0.41393766

	IS
	0.38
	0.41
	0.41499138

	VM
	0.12
	0.14
	0.41597509

	MP
	0.07
	0.06
	0.41611943

	IF
	0.21
	0.19
	0.41662873

	FN
	0.2
	0.17
	0.42038969

	TW
	0.09
	0.11
	0.42051008

	HC
	0.03
	0.02
	0.42069111

	IV
	0.33
	0.3
	0.42438531

	SW
	0.12
	0.14
	0.42700129

	TN
	0.17
	0.19
	0.43018683

	LR
	0.39
	0.36
	0.43321107

	SK
	0.33
	0.37
	0.4360596

	AE
	0.4
	0.44
	0.43756249

	DW
	0.05
	0.06
	0.43973541

	HS
	0.14
	0.16
	0.44866852

	VN
	0.28
	0.31
	0.45322496

	ER
	0.27
	0.3
	0.45707518

	GW
	0.18
	0.2
	0.46289739

	PY
	0.17
	0.15
	0.46290426

	WV
	0.14
	0.12
	0.46353027

	WH
	0.05
	0.06
	0.46602792

	AT
	0.52
	0.56
	0.47300587

	DF
	0.21
	0.23
	0.47805099

	LE
	0.77
	0.73
	0.47863108

	GK
	0.42
	0.45
	0.47969102

	MK
	0.1
	0.09
	0.48618748

	CY
	0.1
	0.11
	0.49151088

	KN
	0.29
	0.32
	0.4933435

	EV
	0.36
	0.39
	0.50206492

	WC
	0.01
	0.02
	0.50271669

	HE
	0.07
	0.08
	0.50274318

	KF
	0.14
	0.16
	0.51554398

	GM
	0.13
	0.14
	0.52043324

	DM
	0.08
	0.09
	0.52288552

	CP
	0.08
	0.09
	0.52652179

	MW
	0.05
	0.05
	0.53333425

	PG
	0.35
	0.33
	0.54703834

	MF
	0.07
	0.06
	0.54720096

	RN
	0.25
	0.23
	0.55148207

	AV
	0.6
	0.56
	0.55231672

	CF
	0.07
	0.08
	0.56784353

	NP
	0.27
	0.25
	0.57966729

	AD
	0.38
	0.35
	0.58004657

	KQ
	0.22
	0.2
	0.58297973

	CD
	0.07
	0.08
	0.584775

	HG
	0.19
	0.18
	0.58999783

	FV
	0.32
	0.3
	0.59177245

	MG
	0.11
	0.12
	0.59418088

	SH
	0.14
	0.13
	0.60857988

	DN
	0.19
	0.2
	0.60876922

	YG
	0.2
	0.22
	0.61682245

	EI
	0.32
	0.34
	0.61825062

	PS
	0.43
	0.45
	0.62221355

	TS
	0.38
	0.4
	0.62570347

	CC
	0.03
	0.03
	0.63224034

	PQ
	0.24
	0.26
	0.63811353

	NH
	0.08
	0.09
	0.63824964

	CQ
	0.05
	0.06
	0.6387542

	FL
	0.46
	0.44
	0.64209565

	HA
	0.19
	0.18
	0.6463796

	FY
	0.17
	0.18
	0.65389558

	WK
	0.05
	0.05
	0.65451127

	YM
	0.07
	0.08
	0.66060815

	PC
	0.06
	0.07
	0.66232329

	QF
	0.15
	0.16
	0.66280749

	GL
	0.6
	0.58
	0.66575261

	TF
	0.26
	0.24
	0.6662064

	SR
	0.37
	0.35
	0.66651091

	YY
	0.2
	0.19
	0.66954427

	ES
	0.28
	0.27
	0.66957278

	KI
	0.35
	0.33
	0.669766

	LG
	0.58
	0.6
	0.67732368

	IH
	0.11
	0.12
	0.68286298

	SS
	0.62
	0.6
	0.68536824

	CS
	0.15
	0.16
	0.68606845

	QD
	0.15
	0.16
	0.68980102

	YH
	0.11
	0.12
	0.69502672

	AN
	0.38
	0.4
	0.69877962

	GQ
	0.16
	0.17
	0.70561345

	DV
	0.3
	0.29
	0.70701446

	FG
	0.3
	0.29
	0.71095243

	NL
	0.4
	0.38
	0.71522132

	VF
	0.25
	0.24
	0.7263595

	ND
	0.19
	0.2
	0.72727562

	HD
	0.07
	0.06
	0.73182148

	DL
	0.47
	0.48
	0.73825656

	TP
	0.31
	0.3
	0.74021488

	RV
	0.37
	0.36
	0.74448451

	NM
	0.09
	0.1
	0.75084036

	YA
	0.23
	0.24
	0.75490712

	VI
	0.34
	0.33
	0.75668708

	RH
	0.09
	0.09
	0.76247691

	IC
	0.1
	0.09
	0.77561199

	LV
	0.64
	0.62
	0.77691301

	ME
	0.19
	0.2
	0.78185308

	MT
	0.1
	0.11
	0.78208274

	QW
	0.07
	0.07
	0.79137281

	WT
	0.11
	0.12
	0.79374407

	II
	0.33
	0.32
	0.79885376

	KL
	0.52
	0.51
	0.79924115

	AQ
	0.3
	0.31
	0.79932913

	VY
	0.29
	0.28
	0.80033164

	AF
	0.33
	0.32
	0.80637747

	WW
	0.01
	0.01
	0.80718579

	NE
	0.22
	0.23
	0.80898998

	KK
	0.4
	0.39
	0.81594373

	HT
	0.1
	0.1
	0.82215435

	KS
	0.29
	0.28
	0.82858626

	MN
	0.11
	0.11
	0.83239043

	LP
	0.48
	0.47
	0.83287763

	QL
	0.41
	0.4
	0.83526494

	AY
	0.31
	0.32
	0.83627476

	MR
	0.1
	0.1
	0.84682378

	AC
	0.08
	0.09
	0.84802365

	ID
	0.26
	0.25
	0.85335991

	QM
	0.07
	0.07
	0.85967349

	HL
	0.21
	0.2
	0.86560464

	KP
	0.2
	0.2
	0.86776633

	QN
	0.23
	0.23
	0.87177027

	CL
	0.13
	0.14
	0.87661408

	AH
	0.17
	0.17
	0.88776733

	NC
	0.04
	0.04
	0.88905702

	YN
	0.21
	0.21
	0.90090521

	KW
	0.05
	0.05
	0.91191489

	SI
	0.38
	0.38
	0.91452556

	EQ
	0.27
	0.27
	0.92063032

	HY
	0.08
	0.07
	0.9214053

	WL
	0.15
	0.15
	0.92379046

	MQ
	0.08
	0.07
	0.92845615

	FC
	0.05
	0.05
	0.93157307

	LH
	0.16
	0.16
	0.93366963

	FQ
	0.14
	0.14
	0.94452141

	NY
	0.18
	0.18
	0.94507816

	ET
	0.31
	0.32
	0.95594848

	QR
	0.2
	0.2
	0.96163981

	PR
	0.26
	0.26
	0.96238561

	MH
	0.04
	0.04
	0.97143563

	RI
	0.26
	0.26
	0.97557566

	FE
	0.29
	0.29
	0.98568615

	GF
	0.32
	0.32
	0.98808787

	HP
	0.16
	0.16
	0.9890519

	CW
	0.03
	0.03
	0.99281305

	RK
	0.18
	0.18
	0.99576198

	TL
	0.66
	0.66
	0.99816743













Supplementary table 3: The top 10 distinctive motifs found exclusively in non-IL-2 inducing peptides, along with their percentage of occurrence in the negative dataset.

	Motifs
	Positive
	Negative

	D C L
	0
	0.62

	K D C
	0
	0.62

	E A Y F
	0
	0.59

	F K D C
	0
	0.59

	L E A Y
	0
	0.59

	Y F K D
	0
	0.59

	C L F
	0
	0.55

	D C L F
	0
	0.55

	G N G C
	0
	0.55

	K D C L
	0
	0.55















Supplementary Table 4: The optimal hyperparameters for each classifier with their respective feature are provided.


1. Machine Learning Algorithms

A. Extra Tree Classifier

	Encodings
	n_estimators
	criterion
	max_depth
	min_samples_split
	max_features

	AAC
	401
	gini
	None
	2
	log2

	DPC
	301
	gini
	None
	2
	log2

	DDE
	601
	entropy
	None
	2
	sqrt

	GDPC
	601
	entropy
	None
	4
	log2

	GTPC
	401
	entropy
	None
	2
	sqrt

	PAAC
	701
	gini
	35
	3
	log2

	APAAC
	501
	entropy
	None
	2
	sqrt

	QSO
	601
	gini
	None
	2
	log2

	CeTD
	601
	gini
	40
	4
	log2

	Combined
	401
	entropy
	35
	3
	sqrt

	Protbert base
	401
	entropy
	None
	4
	sqrt

	Protbert FT
	301
	entropy
	None
	6
	sqrt



B. Random Forest Classifier

	Encodings
	n_estimators
	criterion
	max_depth
	min_samples_split
	max_features

	AAC
	301
	entropy
	25
	4
	log2

	DPC
	501
	entropy
	None
	2
	log2

	DDE
	401
	gini
	None
	3
	log2

	GDPC
	501
	gini
	30
	2
	log2

	GTPC
	501
	gini
	30
	2
	log2

	PAAC
	501
	entropy
	30
	2
	log2

	APAAC
	401
	gini
	25
	2
	log2

	QSO
	401
	gini
	20
	2
	log2

	CeTD
	401
	entropy
	25
	3
	sqrt

	Combined
	401
	entropy
	30
	3
	sqrt



C. XgBoost

	Encodings
	n_estimators
	learning_rate
	max_depth
	subsample
	colsample_bytree
	reg_lambda
	reg_alpha

	AAC
	401
	0.1
	6
	0.8
	1
	0.1
	0.1

	DPC
	401
	0.1
	8
	1
	1
	1
	0.1

	DDE
	401
	0.1
	8
	1
	0.8
	0.1
	1

	GDPC
	301
	0.1
	8
	1
	1
	1
	0.1

	GTPC
	401
	0.1
	6
	0.8
	0.8
	0.1
	1

	PAAC
	301
	0.1
	8
	0.8
	1
	0.1
	0.1

	APAAC
	401
	0.05
	8
	0.8
	0.8
	1
	0.1

	QSO
	401
	0.1
	6
	0.8
	1
	0.1
	1

	CeTD
	201
	0.05
	8
	0.8
	0.8
	1
	0.1

	Combined
	401
	0.05
	10
	1
	1
	0.1
	0.1



D. k Nearest Neighbor
	Encodings
	n_neighbors
	p
	weights

	AAC
	4
	1
	distance

	DPC
	6
	1
	distance

	DDE
	5
	1
	distance

	GDPC
	8
	1
	distance

	GTPC
	4
	1
	distance

	PAAC
	4
	1
	distance

	APAAC
	4
	1
	distance

	QSO
	4
	1
	distance

	CeTD
	9
	1
	distance

	Combined
	9
	1
	distance




E. Support Vector Machine

	Encodings
	kernel
	gamma
	C
	degree (only for poly kernel)

	AAC
	rbf
	0.01
	10
	

	DPC
	poly
	0.001
	10
	3

	DDE
	poly
	0.001
	10
	3

	GDPC
	rbf
	1
	1000
	

	GTPC
	poly
	1
	1000
	3

	PAAC
	rbf
	0.01
	10
	

	APAAC
	rbf
	0.01
	1000
	

	QSO
	rbf
	1
	10
	

	CeTD
	poly
	0.001
	10
	4

	Combined
	poly
	0.001
	1
	4






2. Deep Learning Hyperparameters

A. CNN + BiLSTM

	Hyperparameter
	ProtBERT Base Sequence level
	ProtBERT FT Sequence level
	ProtBERT base Amino Acid level
	ProtBERT FT Amino Acid level

	conv_filters
	128
	256
	64
	64

	kernel_size
	5
	8
	5
	8

	lstm_units
	256
	64
	256
	64

	dropout_1
	0.4
	0.15
	0.1
	0.2

	dense_units_1
	256
	256
	256
	128

	dropout_2
	0.05
	0.2
	0.2
	0.05

	dense_units_2
	32
	16
	16
	16

	learning_rate
	1e-4
	1e-4
	1e-4
	1e-4

	Hidden layer activation
	relu
	relu
	relu
	relu





B. CNN

	Hyperparameter
	ProtBERT Base Sequence level
	ProtBERT FT Sequence level
	ProtBERT base Amino Acid level
	ProtBERT FT Amino Acid level

	conv_filters
	256
	128
	128
	64

	kernel_size
	11
	7
	5
	8

	dropout_1
	0.1
	0.3
	0.4
	0.2

	dense_units_1
	256
	128
	128
	128

	dropout_2
	0.4
	0.15
	0.05
	0.2

	dense_units_2
	32
	16
	16
	16

	dropout_3
	0.1
	0.05
	0.1
	0.1

	learning_rate
	5e-4
	1e-4
	1e-4
	1e-3

	Hidden layer activation
	relu
	relu
	relu
	relu




C. BiLSTM

	Hyperparameter
	ProtBERT Base Sequence level
	ProtBERT FT Sequence level
	ProtBERT base Amino Acid level
	ProtBERT FT Amino Acid level

	lstm_units
	64
	256
	128
	128

	dropout_1
	0.4
	0.3
	0.1
	0.2

	dense_units_1
	128
	256
	128
	128

	dropout_2
	0.05
	0.25
	0.1
	0.15

	dense_units_2
	16
	16
	32
	32

	learning_rate
	1e-3
	1e-4
	1e-3
	1e-3

	Hidden layer activation
	relu
	relu
	relu
	relu




3. LLM Hyperparameters

	Hyperparameter
	ProtBERT sequence level finetuning- 

	ProtBERT amino acid level finetuning:


	Layers unfreezed
	4
	3

	Learning rate
	1e-5
	1e-5

	Optimizer
	AdamW
	AdamW




Supplementary Table 5: Performance-metrics of machine learning based models on internal and external validation developed by utilizing various compositional features in conjunction with kNN classifier.

	Descriptor
	No. of features
	Sensitivity
	Specificity
	Accuracy
	MCC
	ROC
	Sensitivity
	Specificity
	Accuracy
	MCC
	Sensitivity

	
	
	Internal Validation
	External Validation

	AAC
	20
	71.2
	67.82
	69.6
	0.39
	0.75
	71.64
	67.21
	69.54
	0.39
	0.76

	DPC
	400
	74.07
	72.46
	73.31
	0.47
	0.8
	75.48
	74.59
	75.06
	0.50
	0.81

	DDE
	400
	71.75
	74.1
	72.86
	0.46
	0.80
	73.71
	75.25
	74.44
	0.49
	0.82

	GDPC
	25
	63.19
	62.74
	62.97
	0.26
	0.68
	67.95
	65.25
	66.67
	0.33
	0.71

	GTPC
	125
	69.28
	67.17
	68.28
	0.36
	0.74
	71.79
	67.87
	69.93
	0.4
	0.76

	PAAC
	23
	71.75
	67.17
	69.58
	0.39
	0.75
	71.49
	67.87
	69.77
	0.39
	0.76

	APAAC
	29
	71.22
	67.71
	69.56
	0.39
	0.75
	71.79
	68.03
	70.01
	0.4
	0.76

	QSO
	46
	68.95
	68.32
	68.65
	0.37
	0.75
	71.05
	68.69
	69.93
	0.4
	0.76

	CeTD
	273
	62.33
	61.56
	61.97
	0.24
	0.67
	64.84
	61.80
	63.40
	0.27
	0.68

	Combined
	1341
	63.77
	61.03
	62.47
	0.25
	0.68
	68.24
	61.64
	65.11
	0.3
	0.7




Supplementary  Table 6: Performance-metrics of machine learning based models on internal and external validation developed by utilizing various compositional features in conjunction with SVM classifier.

	Descriptor
	No. of features
	Sensitivity
	Specificity
	Accuracy
	MCC
	ROC
	Sensitivity
	Specificity
	Accuracy
	MCC
	AUC-ROC

	
	
	Internal Validation
	External Validation

	AAC
	20
	65.36
	67.95
	66.59
	0.33
	0.72
	68.69
	66.23
	67.52
	0.35
	0.74

	DPC
	400
	74.00
	72.99
	73.52
	0.47
	0.8
	76.66
	71.14
	74.05
	0.48
	0.81

	DDE
	400
	74.07
	71.76
	72.98
	0.46
	0.80
	71.79
	71.80
	71.79
	0.44
	0.79

	GDPC
	25
	58.60
	59.71
	59.13
	0.18
	0.62
	61.3
	60.16
	60.76
	0.31
	0.64

	GTPC
	125
	65.51
	64.06
	64.82
	0.3
	0.7
	67.65
	67.87
	67.75
	0.35
	0.73

	PAAC
	23
	65.18
	66.76
	65.93
	0.32
	0.72
	68.83
	66.23
	67.6
	0.35
	0.74

	APAAC
	29
	66.84
	67.75
	67.27
	0.35
	0.73
	66.77
	67.70
	67.21
	0.34
	0.74

	QSO
	46
	63.15
	67.01
	64.98
	0.30
	0.71
	68.69
	67.87
	68.3
	0.37
	0.73

	CeTD
	273
	58.39
	62.95
	60.55
	0.21
	0.64
	59.53
	58.85
	59.21
	0.18
	0.62

	Combined
	1341
	61.07
	65.16
	63.01
	0.26
	0.67
	62.63
	62.13
	62.39
	0.25
	0.67



Supplementary Table 7: Performance-metrics of machine learning based models on internal and external validation developed by utilizing various compositional features in conjunction with XgBoost classifier
	Descriptor
	No. of features
	Sensitivity
	Specificity
	Accuracy
	MCC
	ROC
	Sensitivity
	Specificity
	Accuracy
	MCC
	AUC-ROC

	
	
	Internal Validation
	External Validation

	AAC
	20
	69.54
	65
	67.39
	34.6
	73.41
	74.89
	69.02
	72.11
	43.99
	77.1

	DPC
	400
	72.71
	70.7
	71.76
	43.47
	77.85
	76.51
	74.1
	75.37
	50.61
	81.38

	DDE
	400
	74.26
	70.33
	72.4
	44.67
	79.15
	77.84
	74.59
	76.30
	52.45
	82.84

	GDPC
	25
	67.65
	63.44
	65.66
	31.15
	71.76
	72.23
	68.36
	70.4
	40.61
	75.68

	GTPC
	125
	70.16
	65.49
	67.95
	35.71
	74.21
	74.59
	69.84
	72.34
	44.48
	78.99

	PAAC
	23
	69.5
	64.30
	67.04
	33.86
	73.90
	74.15
	67.54
	71.02
	41.8
	76.71

	APAAC
	29
	69.83
	65.53
	67.79
	35.41
	74.67
	74.00
	68.2
	71.25
	42.28
	77.29

	QSO
	46
	67.76
	61.39
	64.74
	29.24
	70.63
	70.90
	64.1
	67.68
	35.08
	72.81

	CeTD
	273
	68.95
	65.49
	67.31
	34.48
	73.91
	73.86
	68.2
	71.17
	42.12
	76.69

	Combined
	1341
	72.71
	69.47
	71.17
	42.25
	78.47
	76.66
	72.3
	74.59
	49.01
	81.17




Supplementary  Table 8: Performance-metrics of machine learning based models on internal and external validation developed by utilizing various compositional features in conjunction with RF classifier.

	Descriptor
	No. of features
	Sensitivity
	Specificity
	Accuracy
	MCC
	ROC
	Sensitivity
	Specificity
	Accuracy
	MCC
	AUC-ROC

	
	
	Internal Validation
	External Validation

	AAC
	20
	71.16
	67.25
	69.31
	38.46
	76.64
	75.63
	69.67
	72.80
	45.4
	78.87

	DPC
	400
	75.11
	71.97
	73.62
	47.16
	81.95
	78.29
	75.90
	77.16
	54.19
	85

	DDE
	400
	75.29
	71.68
	73.58
	47.01
	81.64
	79.47
	77.21
	78.4
	56.68
	85.72

	GDPC
	25
	67.65
	65.57	
	66.67
	33.23
	73.29
	72.08
	68.2
	70.24
	40.3
	77.01

	GTPC
	125
	71.9
	66.76
	69.46
	38.73
	76.7
	74.15
	69.67
	72.03
	43.86
	80.06

	PAAC
	23
	70.61
	67.38
	69.08
	38.01
	76.40
	74.89
	69.84
	72.49
	44.79
	78.29

	APAAC
	29
	71.67
	65.53
	68.76
	37.32
	75.79
	75.33
	69.34
	72.49
	44.77
	79.13

	QSO
	46
	67.72
	62.29
	65.15
	30.08
	72.4
	71.79
	63.93
	68.07
	35.84
	74.15

	CeTD
	273
	67.69
	65.98
	66.88
	33.70
	73.97
	74.15
	69.18
	71.79
	43.39
	77.28

	Combined
	1341
	69.72
	72.25
	70.92
	41.94
	78
	75.04
	72.95
	74.05
	47.97
	81.06




Supplementary Table 9: Performance-metrics of machine learning based models on internal and external validation developed on embedding extracted from ProtBert model.

	Classifier
	No. of features
	Sensitivity
	Specificity
	Accuracy
	MCC
	ROC
	Sensitivity
	Specificity
	Accuracy
	MCC
	AUC-ROC

	
	
	Internal Validation
	External Validation

	kNN
	1024
	63.78
	62.21
	63.03
	0.26
	0.68
	65.29
	63.28
	64.34
	0.29
	0.70

	SVM
	1024
	62.52
	65.29
	63.83
	0.28
	0.68
	62.33
	61.80
	62.08
	0.24
	0.67

	XGB
	1024
	67.36
	60.33
	64.03
	0.28
	0.69
	66.91
	61.15
	64.18
	0.28
	0.69

	RF
	1024
	67.03
	58.20
	62.84
	0.25
	0.68
	69.57
	58.20
	64.18
	0.28
	0.69




Supplementary Table 10: Performance-metrics of machine learning based models on internal and external validation developed on embedding extracted from fine-tuned ProtBert model.

	Classifier
	No. of features
	Sensitivity
	Specificity
	Accuracy
	MCC
	ROC
	Sensitivity
	Specificity
	Accuracy
	MCC
	AUC-ROC

	
	
	Internal Validation
	External Validation

	kNN
	1024
	63.33
	61.97
	62.69
	0.25
	0.68
	65.29
	65.41
	65.35
	0.31
	0.70

	SVM
	1024
	60.64
	65.98
	63.17
	0.27
	0.68
	63.22
	63.44
	63.33
	0.27
	0.68

	XGB
	1024
	67.76
	60.57
	64.36
	0.28
	0.70
	68.39
	62.79
	65.73
	0.31
	0.72

	RF
	1024
	69.42
	60.16
	65.04
	0.30
	0.70
	68.98
	58.52
	64.02
	0.28
	0.71





Supplementary Table 11.  We applied CD-HIT-2D on positive and negative dataset at a threshold of 0.7. The number of peptides in the positive dataset were 3385 whereas in the negative dataset, the number of peptides were 2402. The performance metrics of machine learning based models on internal and external validation were developed on DDE features in conjunction with the Extra Tree (ET) classifier. 

	
	Internal Validation
	External Validation

	
	Sensitivity
	Specificity
	Accuracy
	MCC
	ROC
	Sensitivity
	Specificity
	Accuracy
	MCC
	AUC-ROC

	Without CD-HIT-2D 
	76.77
	72.46
	74.73
	0.50
	0.82
	81.24
	78.36
	79.88
	0.60
	0.86

	With CD-HIT-2D
	77.50
	76.41
	77.0
	0.53
	0.86

	80.72
	80.21
	80.50
	0.61
	0.89




Supplementary table 12. Model built on the training dataset from Mehta et al. 2025 and evaluated on the testing dataset from Mehta et al 2025.

	Study
	Model
	External

	
	
	Sensitivity
	Specificity
	Accuracy
	MCC
	AUC-ROC

	Proposed Study
	DDE + ET
	0.78
	0.75
	0.77
	0.54
	0.84

	Mehta et al 2025
	DPC_Len + MERCI (ET) 
	0.77
	0.74
	0.76
	0.51
	0.84



DDE: Dipeptide deviation from expected mean
ET = Extra tree	
DPC: Di-peptide composition	

Supplementary table 13 Model built on the alternative datasets from Mehta et al. 2025.
Alternative dataset 1

	Study
	Model
	External

	
	
	Sensitivity
	Specificity
	Accuracy
	MCC
	AUC-ROC

	Proposed Study
	DDE + ET
	0.88
	0.76
	0.82
	0.64
	0.90

	Mehta et al 2025
	DPC_Len + MERCI (ET) 
	0.77
	0.84
	0.80
	0.61
	0.90



Alternative dataset 2
	Study
	Model
	External

	
	
	Sensitivity
	Specificity
	Accuracy
	MCC
	AUC-ROC

	Proposed Study
	DDE + ET
	0.78
	0.67
	0.73
	0.46
	0.82

	Mehta et al 2025
	DPC_Len + MERCI (ET) 
	0.71
	0.74
	0.73
	0.44
	0.80


								

Abbreviation: AAC, Amino Acid Composition; DPC, Dipeptide Composition; CeTD, Composition-enhanced transition distribution; PAAC, Pseudo amino acid composition; APAAC, Amphiphilic pseudo amino acid composition; QSO, Quasi-sequence order; DDE, Dipeptide deviation from expected mean; GDPC, Grouped dipeptide composition; GTPC, Grouped tripeptide composition; ET, Extra trees classifier; RF, Random forest; SVM, Support vector machine; XgBoost, eXtreme gradient boosting; kNN, k-Nearest neighbor; CNN, Convolutional neural network; BiLSTM, Bidirectional long short-term memory; ROC, Receiver operating characteristic; ; MCC, Matthews correlation coefficient.








