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Sequence-Based and Cross-Modal Alignment Model for
Protein Function Prediction

XU Min, HU Chun-ling’, HU Ting, ZHANG Fang-fang, DAI Xiang-long
(School of Artificial Intelligence and Big Data, Hefei University, Hefei, Anhui 230031, China)

Abstract: Protein function prediction is one of the core tasks in bioinformatics. Although existing methods can fuse
multimodal features of proteins, they still suffer from issues such as insufficient prediction accuracy and limited application
scope due to reliance on limited experimental data. To address these problems, this study proposes a sequence- and cross-
modal alignment-based protein function prediction model (SCMAGO), which takes protein sequences as the sole input. Spe-
cifically, it predicts tertiary structure and family domain information using the mainstream tools AlphaFold2 and InterPro-
Scan, respectively. It employs the protein large language model (Evolutionary Scale Model Cambrian, ESMC) to achieve se-
quence embedding, uses the geometric vector perceptron graph neural network (GVP-GNN) to extract tertiary structure fea-
tures, and further obtains family domain representations through the broadcast embedding method. The SCMAGO model is
designed with a two-step cross-modal alignment approach: first, it aligns sequence and structure features at the residue level
based on bidirectional cross-attention; second, it further fuses family domain features by combining the graph attention pool-
ing method. Experimental results show that SCMAGO outperforms existing benchmark methods on the Swiss-Prot dataset.
Its F . values for biological process (BP), molecular function (MF), and cellular component (CC) are 0.487, 0.739 and
0.736, respectively, while the corresponding AUPR values reach 0.507, 0.760 and 0.800. Furthermore, SCMAGQO still main-
tains stable prediction performance for proteins with sequence identity below 40%.
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(0.800) #5245 — 44 75 ¥ PANDA-3D 43 51 32 T 3.1% #l
3.4%. &2 23T SCMAGO 5 [A] 26 B B 24 > )5 ik
DeepGOCNN . DeepFRI.PANDA-3D .DPFunc i AUPR i
LR F,, R BB 7R B R ) BE TR AT 45 I

max

SCMAGO FH T HAAR R B 2 AT 34

K2 SCMAGO FiESATEL iR Swiss-Prot MK & _E R HEREXT EE

. BP MF cC
WIRES
[“m:u S vvvvvv AUPR [‘wmax Sn\in AUPR ﬁ‘max Smiu AUPR
Naive 0.311 49.404 0.227 0.322 11.381 0.197 0.605 12.728 0.525
BLAST 0.407 49.211 0.305 0.567 9.269 0.498 0.534 12.566 0.465
DeepGOCNN 0.387 46.861 0.336 0.469 9.834 0.444 0.658 11.635 0.690
DeepFRI 0.352 48.079 0.257 0.435 9.894 0.305 0.477 12.560 0.377
PANDA-3D 0.471 43.601 0.445 0.642 7.290 0.645 0.705 10.027 0.766
DPFunc 0.419 42.988 0.420 0.657 6.591 0.707 0.673 11.228 0.672
SCMAGO 0.487 38.662 0.507 0.739 5.199 0.760 0.736 9.248 0.800
T MR RS HESE 0 1 e R 25 4L
1.0 1.0 1.0
cc
0.8 0.8 08 |
g 06 g 06 g 06
& 04 & 04 = 04
0.2 0.2 02 F
0.0 0.0 0.0
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Recall Recall Recall
[ DeepFRI DeepGOCNN ~ —— PANDA-3D  —— DPFunc  —— SCMAGO]

E2  SCMAGO J5 i 5 PURh A28 J5 ¥ DeepFRI. DeepGOCNN, PANDA-3D., DPFunc i) AUPR HiZEFI F 45

max Y
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ARHFFEPEAL T SCMAGO 575 S [ P 1 26 11 o o
A TR BE L SR H CD-HIT T H iR 48 v 28 14 5%
IHEAT R T04 78— S0HE B 2090 15 R 40% .50%
60% 1 70% , 2 TUAR I B I 4 2 11 ki DL 2% 3. A8
U 285 S a0 3% 4 TR S B {E N 95% 7% R 40% B,
I3 AR 2.4% 1 2.6% 5 CC Jy T8 1) P 348 b JLFJE R
R . [ 3 S e rE AN TRl A T, SCMAGO AU YE BP MF
CC = ae e b, &£ A TR BN F 1
AUPR 85 , 155l 26 7% 1 51— S0rE B, 9\ 5l 22 R X6 1
bR A TR . S5 25 S R B R o ol I [ sk 2R
P 5T T B8 10 TN AT 55, SCMAGO K BT RE 4 1554 5
B TR AR, R R P UL

£4 SCMAGO FFETE Swiss-Prot ik & (R E F 5 — B ) E i RE

B e

BP

MF

cC

F, .

Smin

AUPR

F

max

S .
min

AUPR

xxxxx

anin

AUPR

0.4

0.479

35.583

0.500

0.715

5.438

0.734

9.019

0.799

0.5

0.482

36.375

0.503

0.726

5.238

0.747

9.057

0.802

0.6

0.485

36.586

0.505

0.731

5.150

0.751

8.906

0.802

0.7

0.485

36.734

0.506

0.735

5.096

0.756

8.930

0.802

0.95

0.487

38.662

0.507

0.739

5.199

0.760

9.248

0.800

F3 Swiss-Prot MIXEEBREARRF I —BETHHE

GO AT B & 1RO
40% 2571
50% 3037
BP
60% 3354
70% 3627
40% 1891
50% 2255
MF
60% 2494
70% 2 669
40% 2143
50% 2476
CC
60% 2716
70% 2928
4.5 HEHILIE

Sy 6 AR TR B T v 44 RSB ) 5 2 RE T 1 g
(R TTHK , ASBIFTE BT U 2H 9 Fal S, 3] A e s B 5%
SRR DI HUPEREZE 57 TR RS I A R ANZR 5 s . (Kl 4

F,

max

it FH A3 AR AR T T 20, 3R 0 a1 25 DG B AR B ] 452 751
FERMERE Y DTk 22 5, 2 — 2B A ESMC T 51 i 2%
e A 5 B AR S R R A AR SRS B £ T v A 0
AR . A LR RS RTIn R

(1) 2 15T 9 F0I Zh RASE Y () B 46 . % ESMC %
TR 5 o AT PN 3 4 ESM-1b 65750 ) F 75 BP 7 THi [
X T 10.0%, MF J5 T F& % T 9.7%, CC J5 T FE AR T
6.5%; S, 45 J7 ¥4 Fhi= , AUPR & J5 T [ 25 R B, 3
PR PERE TR . ESMC 38 i 5 R U1 2R B0 2 A v Ak
Transformer 42 F4 L34 58 1 FEAROM 2 HE ) 55, B 3% o
AT XS Y St A RE T . ABFSEEIE T ESMC 7E
JP AN FAEBE S T UAT 55 38 B i f S e 8t

(2) 79 di i I B 4 . 47 51 Gy i v 110 25 B
Hori W0 2 i 5 2 LA R IEAT R B RRAE S LS R
Yk, F 1E BPJ7 M FEAR 5.6% , MF J7 [fi B A% 8.8%, CC J7
TR 1.4%; S, ., S B — @ FREE T+ R, AUPR 3 30UAS [m) i
JE R STt R ABFFT I TG 5 A i s it
— AR, TERE R B I L 2 A S IR A ) D) e
¥ (motif) , GLU [ J# HL i #E — 20 52 LA BURFIE i i
IHENTCRAE BT RS BT SRR SR E LA 2%

(3) )75 5 25 Ah % SR i B . 1 91 5 45 R
FEASH SRR R PR 5 1k, F L TE BP 7 IR 2.2%,
MF J7 1 KA 2.4% , CC T TH FEAIK 5.9%; S, A /Mg BT E,

AUPR

08

0.6

43 5
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02

0.0

BP

MF

cc

BP

[ 04

75— Bk A

[ 05

. 0.6

. 07

. 095

3 SCMAGO FiEAEAIR T — S B E F 19 F, FIAUPR PERE
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AUPR X T Fe . 3 2 W1 51 -5 445 ) 0o 5 A e BE A 20
PP RRIE CI , RS RO T IE2C B AHIE DR
W . A TR AR U 22 TR R AL, 928
FF 9 BRI RAIE 5 = 2l 25 ¥ J5 723 o7 AR A X
5%, Db 1) 20 B 2 P BT 5 A TR S OB R 5 RR A PR
TE 1 HE ST SR 5 A R R AR 1Y DG, O o R
W . C.C Oy TS =B — S LS I REAE , P PR IRA 5.9%.
() REBRF LS BURRE XS FrAE 8 . F | 7E BP J7 1
WA 3.29% , MF J5 1 11 3.8% , CC 7 THIFAAIS 1.2% 5 S, 6

AR, AUPR AR T B, H BP Fl CC ARk i 2%
X WA 1 AR A5 A AR B 5 1A, X 4 T AR 78 it
W g B B . G SS S 28 i A i AL
PRAFAE B B BRIZA S A TE 1k e T S T REAH G 1Y
WU BRI G B0 AR RRAE 2 RS BE N B . MF J7 T R
BRI AL AR ST P T B JCIR M, FE2R R RIG 5 82
TR, T A R R e d o (3.8% ) 5 CC T B R
LRI = G L A0 1 23 TR AR AIE | X 52 05 435 # B A5 B A
BERAR, PR e g fe /N (1.2% ).

x5 HEMIBER

" BP MF CC
R
I"mm Smiu A U PH Ifmdx Smin A U PH F‘rn:ax Smin A U PR
w/o ESMC 0.387 44.989 0.373 0.642 7.025 0.680 0.671 11.655 0.738
w/o SeqEncoder 0.431 43.936 0.420 0.651 6.902 0.592 0.722 9.999 0.679
w/o SeqStructFusion 0.465 41.788 0.443 0.715 5.708 0.624 0.677 11.201 0.707
w/o Family&Domain 0.455 42.411 0.465 0.701 5.985 0.737 0.724 9.748 0.746
SCMAGO 0.487 38.662 0.507 0.739 5.199 0.760 0.736 9.248 0.800
Fo Siin AUPR
1.0 50 1.0
08 40 Il 08
% 06 [ 30 06 F
| N |
53 04 F 20 04
02 H i ‘ ‘ 10 - H = 02 H i ‘ ‘
BP MF cC BP MF cC BP MF cc

(=3 wioESMC 5 wio SeqEncoder

0 wio SeqStructFusion

W /o Family&Domain WM SCMAGO |

4 SCMAGO J5 i Hh A8 A B XA 50 M i 1Y o ik 2 6] H

FRASER T2 A1, 87 1 0T 37 BT R Y
A SRS R, % 3T Transformer 244 (A AU ME BE 5 75000
U520 i 25 . Transformer 4244 B ] 52 % 2H O(N? x
d). P B AR b s 2k - 0 90 58 2% B Tl 2 RS R 340
R, R T8RS TR J32 ] S 3P4

5 7R, Swiss-Prot X4 4 £ BP \MF . CC J7 THI Y 2
FH 5 914 B 4 A 34 52 L 500 2245 R A A0 A I 43 A

BP

A/ P A BB It 1 500. 38 T4 A A4, i =
FhER T BE (5121 024 .1 536) JF B IH Al 5206 . K6
SCHGZE AT UL, 1 024 KB AR L T S12 K
BE 5 7E 1 536 MK BT, B4R BP.CC Iy i F,
AUPR WA $E T AR MF 51009 F,, AT 1.6%. Fit,
ZRAA 7 IRTINRS B SRR R 1 024 2 3 5 BT
KEE.

MF cc

= it
----- Mtk
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6 SCMAGO F7 AT 5 FIHH K B TR KM 25 R

Fe3)

BP CC

KB S... |AUPR AUPR S.. |AUPR

max min_|°7 7 7] 7 max

512 42.431]0.466 [0.685 0.750 10.574|0.782

1024 38.662|0.507 |0.739|5. 0.760 9.248| 0.800

1536 38.132(0.516 |0.723|5. 0.764 9.197|0.814

4.6 HERDW
1F Swiss-Prot MR 4 HH BEALEBUE A 5T P15101 (£
EL R - ¥R ART ) S 1], A3 AT A AR X 1% 2R P B FE MIF 7 T
H T SRR . P15101 8 B P K BE R 610, 7
InterProScan T A4 5% i 25 ¥4 SR04 B -

1 6 (a) F7r SCMAGO #E7 X} 2 115t P15101 1 il

x£7 PISIOI EHRFKLEHEBER

Esvii} InterProlD 2R
IPR000323 N it LI 4 it
IPR005018 DOMON Z5 42k
Domain " R
IPR024548 C Sty PRIl
IPRO45266 | Hi A S AU 1) DOMON Z5 4445
| IPR000945 Z L B-FR AR R
Family - N
IPR028460 ik e/ 22 T R B-FE AL RS 5
IPRO14783 2H SR 2 PRST 7 15
Conserved Site - N
IPR0O20611 EEEY 7/ SRS A=
IPR0O08977 PHM/PNGase F # 5 J%
Homologous o S oy e
IPRO14787 C. i BP0 S 8 R
Superfamily - -
IPR036939 N ity B R it R R R

Il 5 Horp g2 2R A R AR ST AR B 0 21, E R bR
BEURTEAERY GO ARTE 5 SEERFEFR7n 2 11 T L SR 1)
GO A8 B Hoop %, B4 0.71 AR B it #2 o, o 5
TEAR 56 F A M REAS B 19 e A BUE . B 6(0) MARZ A
I EL, AT LR H, SCMAGO B8 2% 8 1 45 4
11" (binding) [ 43 2 1000 48 1%, %o 1< 1k 7% 1k
(catalytic activity) i¥ TOOI A A v A, i B AT S A Y
i WU 4 3R JE R GO R (41“G0: 00167057
FoR A AR SR TG PE D RE , B 450 0.74). 3k — 2
R5E AR PIS101 5 S5 5 B B R 1%
P15 AN S B 4T (TPR0O00323 ) 45 J Pk e iE HoAz
hRE STk 2 B K A e AL I Ry, A 2 B AR
£ X R TR AR SR

BEAR , AR GE AR FEAR Y ) T 35 SR, D 46 op
Fifi HIL & B #E 1 Q9H4A6, POA9SS  P31271 K P35327
FE MF J7 1 B T &5 5%, an e 7 iR, B b g 4R A R n b
B0 O (R FILIN , S0 A R FREZE A 1 I 5 [ {E 0.71
P S 0 A o, T 43551 T AL P s 285 Ay A8 1Y) T
SERL X PUASER B MF 7 T S RE B b, 40 Sl
7.9 8 F1 124 GO RIBHRZ: . Bl 7 A7 WL, AR AL
fil T 1) 45 B 0 ) KR 4> B AR S BAFAE —E )
A5 B P 53 45 40 QOH4AA6 T £ “GO: 0043167 Fil
“G0:0043168” ; P31271 WIHE F I 21| 5 80 IME 2 s %F T
B 15 POA9SS , B S T 21 B AR 5 4 41 Y I — LS
PR&s . 254 3¢ 8 U2 B B 1B AE MF J Tl 1E bR 25 il
I A FE B v U < B AR 1 T POA9SS b, oA 3N B
Jo P 1E BR85S S5 00 43 £ 4 5 0.83 , v T B Y IE b

LW 0.710

GO:0003674

GO:0003824

GO:0016491

G0:0016638

ANNNNNN NN\ RN RN
SNNNNNNNNNNNNNN\Y

G0:0016705

GO:0140096 0.710

.688
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transition metal
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%4 Ik 91.7% VLI R WIRE A X 2 400 FHUSERR A8 1Y

AR BRI

®8 EHIEBREMF AEERETNERELIE

BP J5 T GO AR FRE 25 S R S 2% , 20 b2 T X 2 14
I AEATS RE PR — 5 TS
R9 Swiss-ProtMiXE EEARHEREERFEELHIRE
GOARIE | IEAR%E | EMEYY | & THERN | & TRERS
Al P58 R | IEARERGE | IEARZE S T
BP 191 171 0.603 73341 38.36%
MIF 26 947 0.755 17552 65.14%
cc 41772 0.753 25718 61.57%

HABID | IEARE Hck Eﬁgfﬁj %T@a.ﬁ% %Tlﬁjﬁ%
PR | EARSERCE | IEARZE
Q9H4A6 7 0.839 7 100%
POA955 9 0.615 2 22.2%
P31271 8 0.972 8 100%
P35327 12 0.877 11 91.7%

NIE— BRI L1, AR FE X Swiss-Prot i 45
AT mgit, 25 R 9 R, A T

(1)MF A1 CC 1% J7 T ) 1 b 2 37 X5 T 43 50 2 #
if 0.75, @ T B AE W IE bR 28 5 EE 5 i oA 65.14%
61.57% , Vi B AR A5 750 X6 35 R 248 A 11 J5 178) 1 s 28 ) L
FRE R S EIE

(2) BP J7 735 FUi 43 B A1% (0.603) , EZEH Ny

! B: 0.710

G0:0003674

G0:0005488

GO:0008289

G0:0005543

G0:0035091

GO:1901981

G0:0005515

G0:0043167

SN
NN

GO:0043168

0.0 0.2 04 0.6 0.8 1.0
GO AR b3 T4 4

(a) QOH4AG T 25 5

[ R 0710

GO:0003674 1.000

GO:0005488 0.997
GO0:1901363 0.993
GO:0097159 0.992
GO:0003676 0.991
GO:0003677 : 0.958

GO:0043565

GO:0003690

GO:1990837

AONNNNNNNNNNNNNNNNNY] o34
ENONONNNNNNNNNNNNNNNNT o828
60000076 ANNNNNNNNNNNNNNNNNY o820
600140110 ENCNONONONNNNNNNNNNNNN]T 0785

GO:0001067

600003700 ACNNONCONNNNNNNNNNNNG o070

0.0 0.2 04 0.6 0.8 10
GOAR bR T 23

(c) P31271 FHiimi s 5

K7

& 8 WA [ JC FR K SCMAGO 5 [a] 28 AU )y 1%
PANDA-3D Fll DPFunc X} P44~ Z& 51 2 11 U AE MF 5 1 1)
T g X e, P LD LS 43l 78 PANDA-3D
DPFunc 1 SCMAGO J7¥ , GO RiE b7 BRI Fm
IER AN RZ AR . R1E“GO:0003674” 4 MF )7
T A AR 0 50, A ) OIS 1 g k3 50k 2 11 0 ek A 19 2
AETERE, DR IR P AR X SR T 0 e 1

TH:0.710

GO:0003674

GO:0003824

GO:0016829

GO:0016830

GO:0005515

GO:0005488

GO:0016832

GO:0016831

GO:0016833

0.0 02 04 0.6 08 10
GO TR 45

(b) POA9S5 Tl £

| 0.710

GO:0003674
GO:0003676 0.970
GO:0005488 0.966
GO:1901363 0.965
GO:0097159 0.965
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GO:1990837
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GO:0043565
GO:0140110 0.801

GO:0003700 0.654
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ST [F] A REE 3 O 325 S ARS8 %) 55 SR, S B
Yo BE P 5 LI BE GRS VE T . 7E KR £ Swiss-Prot
B AETUAR B B REAS L I 25 SR B . SCMAGO 7
TC e 76 A M 2 5 R BRI RTER T BRSO GO R
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