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Tém tit. Tuong tac protein—protein (PPI) 1a nén tang ctia nhiéu hoat dong sinh hoc bén trong
t& bao, va viéc dw doan PPI tryc tiép tir chudi axit amin van dang 1a mot huwéng nghién ctru
ot 161 trong sinh hoc tinh toan. Su ra doi ctia cac mé hinh ngén ngtt protein thé hé méi nhuw
ESM-2 cho phép tao ra cac biéu dién chudi giau thong tin tién héa va tin higu cdu trac tiém
an. Tuy nhién, céc biéu dién nay thuong s hitu s§ chiéu rat 1én véi ¢ nhiéu va tinh teong
quan ndi tai cao. Diéu nay gay trd ngai cho cdc md hinh hoc may truyén théng trong viéc khai
thac déc trung va dé roi vao tinh trang qua khép. Thach thitc nay doi hoi mot phuong phap
tiép can c6 kha nang sang loc tri thic, loai bo sw du thira dit liéu trong khi van bao toan cac
tin hiéu sinh hoc cdt 16i. Trong cong trinh nay, chung toi dé xudt E-StackPPI (Embedding-
Stacking Protein-Protein Interaction prediction framework), mot khung du doan PPI st dung
hoan toan biéu dién nhiing, trong d6 trong tam la co ché chon loc déc trung theo tang, gom
ba budc dwoc ap dung truc tiép 1én bidu dién nhing duoc tdng hop tir 16p an cudi cing ctia
mo6 hinh ESM-2 650M. Cu thé, (1) quy trinh [an luot loai bo cac chiéu c¢6 phuong sai thap; (2)
gitr lai cac chiéu c¢6 kha ndng phan biét cao dua trén d6 quan trong ddc trung theo LightGBM;
(3) loai trir cac chiéu cé tuong quan Pearson 1én nham giam trung 13p thong tin. Phan dic
trung da qua sang loc duoc dwa vao kién tric xép tang, trong d6 hai nhanh LightGBM chay
song song va cudi cing duoc hop nhédt ¢ ting quyét dinh bang hdi quy logistic (Logistic
Regression — LR). Thit nghiém trén hai b6 dit liéu chuan cta co so dit liéu DIP gom DIP-Yeast
va DIP-Human cho thdy E-StackPPI dat hiéu ndng an twong va én dinh trén cac chi s6 quan
trong bao gébm dé chinh xéac, hé s6 MCC, ciing nhu céc chi s6 ROC-AUC va PR-AUC. Khi d6i
chiéu véi 12 phuong phép tién tién duoc tong hop trong nghién cttu cta Li va cdng sy, md
hinh ctia chiing t6i thé hién hiéu nang canh tranh trén ca hai b6 dix liéu. Nhitng két qua nay
nhan manh vai tro thiét yéu ctia co ché chon loc déc trung theo tang trong viéc giam nhiéu va
khai thac hiéu qua cac biéu dién nhung PLM ¢6 s6 chiéu rdt 16n, qua d6 moé ra mot hudng tiép
can kha thi va tiém nang cho bai toan du doan PPI chi dya trén thong tin chudi ma khong can
b& sung dir liéu cdu truc.

Tw khoa: Tuong tac protein protein, Chon loc ddc trung xép tang, M6 hinh Ngon ngit Protein,
M5 hinh xép tang
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Abstract. Protein—protein interactions (PPIs) form the foundation of many intracellular
biological processes, and predicting PPIs directly from amino acid sequences remains a core
direction in computational biology. The advent of next-generation Protein Language Models
(PLMs), such as ESM-2, enables the generation of sequence representations rich in
evolutionary information and latent structural signals. However, these representations often
possess extremely high dimensionality, contain significant noise, and exhibit high internal
correlation, making it difficult for traditional machine learning models to exploit them
effectively and increasing the risk of overfitting. This challenge demands an approach capable
of distilling knowledge and eliminating data redundancy while preserving core biological
signals. In this work, we propose E-StackPPl (Embedding-Stacking Protein-Protein
Interaction prediction framework), a fully embedding-based PPI prediction framework
centered on a three-stage layer-wise feature selection mechanism applied directly to
embeddings aggregated from the last hidden layers of the ESM-2 650M model. Specifically,
the process sequentially: (1) removes dimensions with low variance; (2) retains highly
discriminative features based on LightGBM feature importance; and (3) eliminates
dimensions with high Pearson correlation to reduce information redundancy. The refined
feature set is fed into a stacking architecture, where two parallel LightGBM branches are
integrated at the decision layer via Logistic Regression (LR). Experiments on two benchmark
datasets from the Database of Interacting Proteins (DIP), including DIP-Yeast and DIP-
Human, show that E-StackPPI achieves favorable and stable results across key metrics,
including accuracy, MCC, as well as ROC-AUC and PR-AUC indices. When benchmarked
against twelve advanced methods summarized in the study by Li et al., our model
demonstrates competitive performance on both datasets. These findings highlight the
essential role of layer-wise feature selection in mitigating noise and effectively leveraging
high-dimensional PLM embeddings, thereby opening a feasible and promising sequence—
only approach to PPI prediction without the need for supplementary structural data.

Keywords: Protein-protein interaction, Multi-stage feature selection, Protein Language
Models, Stacking model
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1 Giéi thiéu

Twong tac protein—protein (PPI) la nén tang cua phan 16n cac hoat dong sinh hoc bén trong
t&€ bao, noi cac qua trinh nhu truyén tin hiéu, diéu hoa biéu hién gen va hinh thanh phtic hop
chttc nang déu phu thudc vao mang lwdi lién két phan ti nay. Khi mot protein thay déi trang thai
hoat dong hodc két ndi voi mot doi tac mai, toan bo mang ludi cd thé bi tac dong day chuyén,
kéo theo cac bién ddi sinh 1y hodc rdi loan bénh ly ¢ cdp do hé thong. Vi vay, viéc nhan dién chinh
Xé&c cac cap protein tiong tac gitt vai trd thiét yéu trong viéc giai ma co ché phan tix va hd tro thiét
ké thudc, dac biét 1a cac phan tir nho ¢ kha nang tac dong 1én bé mat tiép xuc gitta hai protein
1, 2].

Céc phuong phap thuc nghiém nhu lai hai loai ndm men (yeast two-hybrid, Y2H) hodc
dong mién dich két ttia (co-immunoprecipitation, Co-IP) thuong dem lai d6 tin cay cao; tuy nhién,
ching lai doi hoi nhiéu thoi gian, chi phi va nhan lgc phong thi nghiém. Do han ché nay, cac
huéng tiép can dya trén mo6 phong tinh toan (in silico) da dwoc cht trong nham sang loc va wu

tién nhitng twong tac tiém nang truede khi dua vao kiém chiing thue nghiém.

Nhitng nd luc ban dau trong linh vuc dy doan PPI dua vao viéc xay dung ddc trung thu
cong tir hiéu biét vé sinh hoc phéan tit, bao gom thanh phan axit amin, cac dai lugng héa ly don
gian hodc cac dang thong ké trugt doc theo chudi. Cac dic treng nay dwge dua vao nhitng bo
phan loai truyén thdng nhi may véc to hd tro (Support Vector Machine — SVM) hoéc ritng ngau
nhién (Random Forest — RF) [3-6]. C4ch tiép can nay cé vu diém dé dién giai va pht hop trong
bdi canh di liéu han ché; tuy nhién, lai kho ndm bit duoc tin hiéu tién hda sdu hon va céc dic
diém cdu tric an trong chudi, tir d6 han ché kha ndng khéi quat trén cac loai hogc bo dit liéu khac
nhau. Nham m6 hinh héa t&t hon cdc m&i quan hé phi tuyén, cac thuat todn ting cwong dang cay
nhw XGBoost (Extreme Gradient Boosting) va LightGBM (Light Gradient Boosting Machine) da
duoc trién khai va chitng minh hiéu qua trong nhiéu cong trinh dw doan PPI [7-10].

Trong giai doan mo rdng cta hoc sau, nhiéu kién truc hién dai lan luot xudt hién nhw
mang tich chap (Convolutional Neural Network — CNN), mang hoi quy (Recurrent Neural
Network — RNN), co ché chu y (attention mechanism) va cac cdu tric mang nhiéu tang. Nho kha
nang tw hoc biéu dién tir chudi ma khong phu thudc hoan toan vao ddc trung thu cong, cac mo
hinh nay da dat hiéu ndng ndi bat trén nhiéu bd dit liéu chuan [11-13]. Mot dong gop sém la md
hinh ma hda ty dong xép chong (stacked autoencoder — SAE) cho du doan PPI dua trén chudi
cta Sun va cong su [14].

Ngoai hai xu hudéng chinh noéi trén, mot hudng ti€p can mang tinh trung gian ciing da
dugc phét trién, két hop ca tri thize sinh hoc 1an cac phép bién d8i toan hoc hodc hinh hoc nham
gia tdng mirc d giau thong tin cta ddc trung. Mot vi du tiéu biéu la cong trinh caa Khanh Duy

Truong va cong su [15], nhoém tac gia da tich hop phép bién d6i Hilbert vao ma tran diém tién
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hoéa PSSM (Position-Specific Scoring Matrix) d€ tao ra biéu dién tan s6, tir d6 thu dwoc thong tin
dua trén bién d§ va pha tic thoi. Két qua cho thay viéc td chic lai dac trung theo mét cau truc
phtt hop c6 thé cai thién dang ké hiéu ndng cua md hinh, tham chi trong nhiéu truong hop con

mang lai l¢i ich dang ké so véi viéc gia tang d0 sdu cua mang.

Sw xuat hién cua cac mo hinh ngoén ngir protein (Protein Language Model — PLM), tiéu
biéu la ESM-2 [16] va ProtT5 [17], da danh dau mot budc ngodt quan trong. Cac md hinh nay
duoc huan luyén tu giam sat trén tap di liéu chudi 16n va hoc cdch ma héa mdi protein thanh
mdt dang biéu dién nhiing da chiéu, trong d6 thong tin tién hda, cau tric va chic ndng duoc tich
hop duéi dang déc trung tiém an. Nhitng biéu dién nay da chirng minh hiéu qua trong nhiéu
hudéng tng dung ké tiép, ddc biét 1a cac bai toan dw dodn dua trén chudi, bao gom ca dw dodn
PPI. Céng trinh xCAPT5 ctia Thanh Hai Dang va Tien Anh Vu [18] ciing cho thdy biéu dién nhing
T5-XL-UniRef50 c6 thé vuot trdi so véi toan bd phuong phap dua trén ddc trung thu cong.

Tuy vay, viéc dua truc tiép bidu dién nhiing c6 s6 chiéu 1én vao md hinh truyén théng d6i
mdt voi hai thach thic 16n. Thach thic tht nhédt lién quan dén sy bung nd sd chiéu
(dimensionality explosion) khi ma mot chudi protein tit ESM-2 c6 thé dwoc ma hoéa thanh véc to
dai hon moét nghin chiéu; khi ghép cip d€ biéu dién tuong tc, s6 chiéu c6 thé téng gap do6i. Trong
s6 d6, chi mot phan nho thuc sy mang tin hiéu phan loai, phan con lai chti yéu gay nhiéu hogc
trung 1ap, tao ra nguy co qua khép va tang chi phi tinh toan. Diéu nay déc biét nghiém trong khi
lam viéc véi cac bo dit liéu sinh hoc ¢6 kich thuwéc mau han ché so véi s8 lwong dac trung, hé qua
la sy bung nd dit liéu dan dén hién twong "loi nguyén sd chigu" (curse of dimensionality), gay tré
ngai 16n cho qua trinh tdi wvu héa md hinh. Thach thirc thit hai chinh 1a kha nang ly giai ro rang
va minh bach, vi viéc dua toan by véc to nhing vao mot bd phan loai phi tuyén manh sé lam cho

quy trinh kho kiém soét va khé danh gid vai tro cua ting thanh phan.

Trong béi canh nay, budc chon loc déc trung (feature selection) dong vai tro nhu mot tang
diéu tiét can thiét gitta PLM va by phéan loai. Ding va cdng sy [19] da dé xuét chién lwgc chon loc
hai giai doan dya trén rirng ngau nhién va thuat toan di truyén (genetic algorithm — GA), diéu
nay cho thdy viéc két hop nhiéu chién lugc chon loc c6 thé tao ra tap déc trung gon nhung van
giau thong tin. Cac tong quan gan day [20, 21] cing két qua tit bd chuan PEER [22] déu khang
dinh rang viéc chudn héa va chon loc déc trung 1a budc khong thé thidu khi xt Iy bidu dién nhing
tte PLM.

Trong nghién cttu nay, ching tdi k& thita wu thé bidu dién ctia PLM nhung dong thoi bd
sung mot quy trinh chon loc dic trung theo tang nham nén bét chiéu, giam nhiéu va tai cau tric
khong gian déc trung theo hudng phtt hop hon cho nhiém vu phén loai. Trén co so nay, ching
t6i xay dung E-StackPPI, mot khung du dodn PPI hoan toan dua trén biéu dién nhting, trong dé
thong tin tit ESM-2 duoc dua qua ba bude chon loc lién tiép truede khi di vao hai nhanh mo hinh
LightGBM chay song song va cudi cting dugc két hop tai tang quyét dinh bang hdi quy logistic
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(Logistic Regression — LR). Phwong phép ti€p can E-StackPPI dit trong tam vao t6 chirc trinh tw
xtr ly ddc trung, bao gom chudn héa théng tin, lya chon céc chiéu quan trong va loai bo cac thanh

phan du thtra, thay vi gia tdng d6 sau ciia md hinh.

2 Phuong phéap dé xuit

2.1  Trich xu4t biéu dién nhiing protein

Quy trinh xtt ly bat dau bang viéc chuyén d6i trinh tw axit amin thanh cac biéu dién s& hoc
thong qua mo6 hinh ngdn ngtt protein ESM-2 (phién ban esm2_t33_650M_UR50D) voi 650 triéu
tham s8. M6 hinh nay cung cap khong gian chiéu dn goc la d;;pqe = 1280. D€ t6i uwu hoa tai
nguyén tinh toan trong khi van dam bao thu nhan day du cac dic trung tién hoa va tin hiéu cau
tric tiém an, chting toi trich xuat biéu dién tir 16p an cudi ciing ctia m6 hinh.

D3i véi mdi protein, qua trinh nay tao ra mot ma tran biéu dién E € RE*¥1280, véi L 1a &
dai chudi. D& tao dau vao nhat quéan cho cac budce xtt ly tiép theo, chiing toi rit gon ma tran nay
thanh mot véc to toan cuc bang cach 14y trung binh theo chiéu dai chudi (Global Average
Pooling). Né&u ky hiéu e; 1a biéu dién nhiing ctia axit amin tai vi tri thit i, véc to trung binh e €

R'289 dugc xac dinh boi cong thire 1:
— 1
e= zZiL:1 e (1)

Thao tac nay c6 dong toan bo thong tin ng nghia va ngt canh cua protein thanh mot
vector dai dién duy nhat. Khi chuyén sang cap protein (p, q), ching toi thuc hién ghép ndi song
song hai véc to trung binh (cdng thiic 2), thu duoc véc to ®(p, q) € R*5:

D(p,q) = [Ep Il Eq] (2)

Tai giai doan nay, mdi cap protein duoc bidu dién boi 2560 chiéu dic trung. Day chinh 1a

16p dit liéu dau vao cho quy trinh chon loc ddc trung da giai doan.

2.2 Co ché chon loc dic trung da giai doan (Tripartite Feature Selection)

Dé giai quyét 16i nguyeén sd chiéu va loai bo cdc thanh phan nhiéu trong khong gian nhing
cao chiéu, E-StackPPI thuc hién quy trinh chon loc qua ba giai doan nghiém ngat:

Giai doan 1: Loc phuong sai (Variance Thresholding). Chung t6i loai bo cac chiéu dac
trung c6 bién thién cye thap trén tap hudn luyén voéi nguong 7, = 0.002. Budc nay gitp loai bo
cac déc trung gan nhu hang s6, von khong mang gid tri phan biét trong viéc xac dinh tuong tac.
Tuy nhién, thao tac nay duoc thuc hién trude bat ky qua trinh chuan héa nao, dac biét la d6i véi
cac déc trung nhing, nham loai b triét dé cac dic trung gan nhuw héng s0, von khong mang gia
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tri phan biét trong viéc xac dinh tuong tac va c6 thé gay mat on dinh sd hoc cho cac bude xi ly
ké tiép.

Giai doan 2: Chon loc dwa trén tAm quan trong (Importance-based Selection). Chting toi
stt dung mo hinh LightGBM nhu mét bo phan loai tham do d€ trich xudt sd Feature Importance
dua trén tong murc tang théng tin. Thay vi chon mdt s6 lwong dac trung c6 dinh, ching toi ap
dung nguong tich lity g = 0.90. Co ché€ nay dam bao git lai tap hop tdi thiéu cac ddc trung hoi

tu duwgc 90% nédng luong thong tin can thiét cho viéc phan loai.

Giai doan 3: Loai b6 thong tin du thira dua trén tinh twong quan (Correlation Filtering).
Dé€ t6i da hoda tinh truc giao gitta cac chiéu dit liéu, ching toi tinh hé s6 twong quan Pearson gitra
moi cdp ddc trung con lai. Néu |p| > 0.90, ching tdi chi gitt lai chiéu ¢6 mic dd quan trong cao
hon va loai bo chiéu kia. Chién lwgc nay triét tiéu hién twgng da cdng tuyén, giup bo hoc may

x€p chong hoat dong 6n dinh va tranh qua khép.

2.3 Kién triic hoc may xép chong (Ensemble Stacking Architecture)
Sau khi hoan tat loc déc trung, khong gian dic trung stic tich ®final guoc dua vao hé thong
phéan loai da tang bao gom:

Tang co s6 (Base Layer): Ching tdi trién khai hai nhanh LightGBM chay song song véi
cac thiét 1ap subsample va colsample_bytree khac biét nham tao ra sy da dang trong viéc khai thac
khong gian déc trung. Vi mdi cdp protein, hai md hinh nay cung cdp cac x4c sudt du dodn f;
va f,.

Tang tong hop (Meta Layer): Cap x4c suét [fi, f,] dugc chuyén tiép dén mot bd hoc Meta
dua trén hoi quy Logistic (Logistic Regression). M6 hinh nay hoc t6 hop tuyén tinh t8i wu d€ dua

ra du doan cudi cung y (cong thirc 3):

Y =0Bo + Bif1 + B2f2) 3)

Viéc sit dung md hinh tuyén tinh ¢ tang tong hop gitp 6n dinh ranh giéi quyét dinh, tan
dung tdi wu cac géc nhin bé sung tir ting co so va giam thi€u rai ro qua khdp so véi cdc mo hinh

phi tuyén phtic tap.
3  Thw nghiém va danh gi4 két qua nghién ctru

3.1 Chun bi dit liéu thit nghiém

Hai b dt liéu duwoc sit dung trong nghién cttu nay déu cé nguén goc tix Database of
Interacting Proteins (DIP) [23], vOn la mot trong nhiing hé thong dit liéu PPI c6 d0 tin cdy thw

nghiém cao nhat hién nay. D&i véi mdi bo dit liéu, chiing toi chi gitt lai nhitng cap tuong tac da
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duoc xac nhéan sinh hoc, dong thoi loai bd hoan toan cac treong hop tw twong tac va nhitng ban
trung 13p theo moi phép hoén vi. Budc chudn héa nay nham thiét 1ap mot tap dix liu duwong tinh

tinh gon, ngédn chan viéc thoi phong hiéu nang mod hinh do sy hién dién cua cac cdp trung lap.

Viéc xdy dung tap am tinh la mot budc ddc biét quan trong. Theo thong 1€ trong cong
dong, chting to6i khong chon am tinh mdt cdch ngau nhién, ma wu tién nhitng cdp protein khong
xuat hién trong bat ky béo céo trrong téc nao va cé dic diém sinh hoc téch biét. Quy tic nay gitip
giam nguy co duwa nham céc cdp thuce sw 6 tuong tac vao tap am, tir d6 lam tang dd tin cay cua

phép danh gia. Ty 1& duong tinh va am tinh dwoc gift can bang 1: 1 trong toan bo thtt nghiém.

T4t ca chudi protein dugc anh xa sang khong gian bidu dién nhung ctia md hinh ESM-2
650M, sau d¢6 di qua ba tang chon loc dic trung xép tang, nhu minh hoa ¢ Hinh 1. Céc ting nay
lan lwot loai bo chiéu it bién thién, chon loc theo dd quan trong, r6i giam tuwong quan; tir d6 tai

c&u tric lai khong gian nhiing theo huéng c6 dong va it nhiéu hon.

-

Protein A ] [ Protein B

( J
¥

Trich xudt dic trung
(ESM2)

Ghép cap
(Concatenate)

T [re—— s
Quy trinh chon loc dac trung 3 giai doan

~

Loc phuong sai thap
(Variance Filter)

|
|
|
: :
|
|
|
|
|

Loc tam quan trong
(LGBM Importance)

v

Loc tuong quan
(Correlation Filter)

Huan luyén md hinh tang 0
(2x LGBM)

Huan luyén Meta-Learner
(Logistic Regression)

Hinh 1. So d6 hé théng E-StackPPI: Quy trinh tir trich xuét dic trung nhing ESM-2 (650M), loc dac trung
3 giai doan dén du doan bang kién trtc Stacking.
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3.2 Thiét lap th nghiém

Qua trinh kiém dinh dugc tién hanh bang phuong phép kiém dinh chéo 5 Ian (5-fold cross-
validation). O mdi vong lap, mot phan di liéu (fold) dugc gitr lai dé€ kiém thi ddc 1ap, bon phan
con lai duoc stt dung cho hudn luyén va diéu chinh siéu tham s6. Mdi lan hudn luyén déu bao
gom day du ba giai doan: chon loc ddc trung, hai nhanh LightGBM chay song song va tang hop
nhat hoi quy logistic. Toan by quy trinh dwoc tai hudn luyén hoan chinh & mdi phan nhdm dam

bao phép danh gid phan anh dung suw 6n dinh ctia m6 hinh.

Hé thong chi sd danh gia bao gom d6 chinh x4c tdng quan (Accuracy), dd chinh xac
(Precision), do bao phu (Recall), diém F1 (F1-score), d0 déc hiéu (Specificity), hé s6 twong quan
Matthews (Matthews Correlation Coefficient — MCC), dién tich dudi dwong cong ROC (ROC-
AUC) va dién tich dwdi duong cong Precision—Recall (PR-AUC).

3.3 Tht nghiém trén b dit lieu DIP-Yeast
Thay déi kich thwéc bi€u dién nhang theo tirng 1an kiém dinh chéo

Ba tang chon loc déc trung c6 tac dung thu gon manh khong gian biéu dién ban dau, von
c6 kich thwdc 2560 chigu do ghép hai véc to nhiing 1280 chiéu ctia hai protein trong mdi cdp. Sau
khi 4p dung day du quy trinh chon lgc, s& chiéu con lai giam dang ké va hinh thanh mét khong
gian suc tich hon nhung van bao toan phan thdng tin quan trong nhat. Két qua qua nam lan kiém

dinh chéo ctia bo dit liéu DIP-Yeast duoc trinh bay trong bang dwdi day.

Bang 1. Kich thudc véc to nhiing triede va sau khi chon loc trén bo dit liéu DIP-Yeast

Lin Kich thwéc ban dau Sau chon loc
Lan1 2560 561
Lan2 2560 555
Lan3 2560 560
Lan 4 2560 556
Lan5 2560 553

Trung binh 2560 557

Két qua cho thay kich thudc ddc trung sau chon loc rat 6n dinh gitra cac lan kiém dinh
chéo, dao dong nhe quanh mttc ~ 557 chiéu. Diéu nay cho thdy quy trinh chon loc ddc trung van
hanh nhat quan trén nhiéu phan hoach d@ liéu khac nhau va c6 kha nang gitt lai nhitng chiéu
thong tin c6t 161 mét cach 6n dinh trén bo dit liéu DIP-Yeast. Su 6n dinh nay goi y rf?mg ton tai
mot tap hop cdc ddc trung 16i mang tinh bao ton cao, dai dién cho cdc tinh chat hda ly va tién héa

nén tang quy dinh kha néng tuong tac @ nam men.
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Két qua thi nghiém

Trén bo dit liéu DIP-Yeast, md hinh dat dwoc hiéu nang 6n dinh trén ca nam lan kiém
dinh chéo. D6 chinh x4c tong thé dao ddng quanh miic 95.67% vdi sai s6 nho, trong khi MCC
trung binh dat khoang 91.36%, cho thiy ranh gidi ctia hai 16p tro nén rd rang nho vao qud trinh
chon loc dac trung. Cac gid tri ROC-AUC va PR-AUC déu vueot muitc 99%, phan anh viéc md hinh
hoc duwgc mét ranh gidi quyét dinh tron tru va it phu thudc vao cdu trac cua tirng phan. Két qua
chi tiét duwoc trinh bay trong Bang 2.

Dé€ ¢6 cai nhin triee quan hon vé nang lwc phan loai ctia mé hinh tai cac ngudng quyét dinh
khac nhau, ching t6i trinh bay duong cong ROC va duong cong Precision—Recall (PR) trong
Hinh 2. D6 thi cho thiy cdc duong cong déu tiém can sat goc trén bén trai véi dién tich dudi
duwong cong ROC-AUC trung binh dat 99.04% va PR-AUC trung binh dat 99.20%.

Bang 2. Két qua kiém dinh chéo 5 phan (5-fold cross-validation) trén b dit liéu DIP-Yeast

Lin  Accuracy (%) Precision (%) Recall (%) F1 (%) Spe(ﬁ,i/fidty MCC (%) ROC-AUC (%) PR-AUC (%)
Lin1 95.98 96.99 94.91 95.93 97.05 91.98 99.07 99.23
Lin 2 9531 96.60 93.92 95.24 96.69 90.65 99.11 99.24
Lin 3 95.53 96.79 94.19 95.47 96.87 91.10 98.94 99.13
Lin4 95.53 96.96 94.01 95.46 97.05 91.10 98.92 99.10
Lin 5 95.98 96.90 95.00 95.94 96.96 91.97 99.16 99.32

Er::il;g 95.67+0.30 96.85+0.16 94.40+0.5195.61+031 96.93+0.15 91.36+0.59 99.04+0.09 99.20+0.08

ROC Curve - E-StackPPI - YEAST Precision-Recall Curve - E-StackPPI - YEAST
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Hinh 2. Hiéu nang phén loai trén bd dit liéu DIP-Yeast duoc thé hién qua duwong cong ROC (trai) va
dwong cong Precision-Recall (phai)
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Su dong nhat gitta hai chi s§ AUC nay khang dinh sy 8n dinh cta khung lam viéc E-
StackPPI qua cac phién kiém dinh chéo. Pac biét, gia tri PR-AUC ¢ mtic cao (99.20%) minh chiing
cho kha nang duy tri d6 chinh xac (Precision) wtu viét ngay ca khi mo6 hinh nd luce t6i da hda kha
nang nhan dién cac tuwong tac thuc (Recall), mot déc tinh thiét yéu gitp giam thiéu ty 1é duong

tinh gia trong thiec nghiém sinh hoc.

3.4 Keét qua trén bo dit liéu DIP-Human
Thay déi kich thwéc bi€u dién nhang theo tirng 1an kiém dinh chéo

Trén b dit liéu DIP-Human, mdi cip protein duoc biéu dién ban dau bang mot véc to
nhung kich thudc 2560 chiéu, twong tw nhu trén DIP-Yeast. Sau khi 4p dung quy trinh chon loc
ba budc, s6 chiéu duoc gitr lai ¢d xu hudng cao hon, phan anh dac diém chitc nang da dang va

mtutc d6 phttc tap 16n hon ctia protein ¢ nguoi.

Bang 3. Kich thudc véc to nhing trude va sau khi chon loc trén bo dit liéu DIP-Human.

Lan Kich thuéc ban dau Sau chon loc
Lan1 2560 1060
Lan2 2560 1068
Lan 3 2560 1038
Lan 4 2560 1086
Lan 5 2560 1036

Trung binh 2560 1057.6

Két qua cho thdy s6 chiéu sau chon loc, s6 chiéu dao déong quanh mttc ~ 1057, cao hon so
v6i DIP-Yeast. Mtic tang nay cho thay quy trinh chon loc thich ing linh hoat véi muirc d6 da dang
cua dit liéu, dong thoi gitt dwgc su 6n dinh can thiét € mo ta hiéu qua céac cdp protein trong déc
diém sinh hoc phttc tap hon & nguoi. Piéu nay chitng to rang co ché chon loc khong ap ddt mot

kich thudc ¢ dinh, ma "co gian" tu nhién theo dd phtic tap noi tai cia hé sinh hoc dang xét.

Két qua thi nghiém

Trén bd dix liéu DIP-Human, von dwoc xem 1a mot bai todn thich thitc hon do mitc d6 da
dang vé chtrc ning va cdu trtc cta protein ¢ ngudi, E-StackPPI van duy tri dwoc hiéu nang rat
cao. D6 chinh xac tong quan trung binh dat 98.60%, trong khi do chinh xac va d6 dac hiéu déu
xap xi 98.77%. Dong thoi, dién tich dudi duong cong ROC dat 99.70% va dién tich dudi duong
cong chinh xac-bao phu dat 99.54%. Viéc toan bd cac chi s6 danh gia cung tién sat gidi han hiéu
nang cho thay khong gian biéu dién nhiing sau khi chon loc da duge mo hinh khai thac mot cach
hiéu qua, 6n dinh va nhét quan. Két qua day du dwoc trinh bay trong Bang 4.
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Bang 4. Két qua kiém dinh chéo 5 phan (5-fold cross-validation) trén b6 dit liéu DIP-Human.

Lin  Accuracy (%) Precision (%) Recall (%) F1 (%) Specificity (%) MCC (%) ROC-AUC (%) PR-AUC (%)

Lin1 98.67 98.90 98.44 98.67 98.90 97.35 99.69 99.47
Lin 2 98.71 98.82 98.59 98.71 98.82 97.41 99.70 99.55
Lin 3 98.52 98.64 98.39 98.52 98.64 97.03 99.70 99.57
Lin 4 98.44 98.62 98.26 98.44 98.62 96.88 99.64 99.49
Lan 5 98.66 98.87 98.44 98.66 98.88 97.32 99.78 99.64
Trung

binh 98.60 + 0.12 98.77+0.13 98.43+0.1298.60+0.11 98.77+0.13 97.20+0.23 99.70+0.04 99.54 +0.06

Tuong tw nhu thir nghiém trén ndm men, hiéu nang phan loai trén bd dit liéu nguoi duoc
minh hoa chi tiét thong qua duwong cong ROC va duong cong Precision—-Recall (PR) & Hinh 3. Véi
gia tri ROC-AUC dat 99.70% va PR-AUC dat 99.54%, md hinh thé hién kha nang phan 16p tiém
can muc tuyét doi.

Su hoi tu ctia cac duwong cong qua cac Ian kiém dinh chéo phan dnh rang quy trinh sang
loc ba giai doan da tinh loc duoc mot khong gian ddc trung ti wu, giap thiét lap ranh gidi quyét
dinh minh bach va sic sdo. Két qua nay khong chi khang dinh sttc manh ctia kién trtic Stacking
trong viéc xtt ly dit liéu phtec tap 6 ngudi ma con chirng minh kha nang kiém soat nhiéu va phong
chong hién tuong qua khép hiéu qua, ngay ca khi d6i mét véi sw bung nd sd chiéu tir cac mo hinh
ngon ngit protein 1én.

ROC Curve - E-StackPPI - HUMAN Precision-Recall Curve - E-StackPPI - HUMAN
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Hinh 3. Puong cong ROC (trai) va Precision—Recall (phai) trén b di liéu DIP-Human, minh hoa kha
nang phan tach vuot trdi cia mo hinh.
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So sanh véi cac phwong phap hién hanh

D¢ danh gia khach quan vi tri cia E-StackPPI trong b6i canh nghién cttu du doan PPI,
chting t6i tién hanh d6i chiéu m6 hinh véi nhém phwong phaép tién tién (SOTA) da duoc cong bd
va stt dung rdng rai trén cung hai bo di liéu DIP-Yeast va DIP-Human. Cac s6 liéu tham chiéu
duoc trich tir cOng trinh ctia Li va cng su [24], trong d6 nhém tac gia da tong hop hiéu nang cua
muoi hai md hinh tiéu biéu, bao gom cac hudng tiép can tir dac trung thu cong, mo hinh tién ho4,

mang no-ron tich chap dén cac ky thuat két hgp nhiéu mo hinh.

So sanh trén bo dit liéu DIP-Yeast

Bang 5 trinh bay hiéu nang cta cic phwong phép tién tién trén bo dit liéu DIP-Yeast. Do
chinh xac ctia cac m6 hinh trong nhém tham chiéu trai dai tir khoang 86% dén 94.43%, trong do
cac phwong phap manh nhat nhu ciia DL ctia Du va cong sw [25], PR-LPQ ctia Wong va cdng su.
[26], va Bio2Vec CNN ctia Wang va cdng su [27] dat hé s twong quan Matthews & mtec tir 87.49%
dén 88.97%. Nhin chung, rat it mé hinh vuot duwge ngudng 90% theo chi s6 MCC trén bo dix liéu

nay.

Bang 5. So sanh hiéu nang vdéi 12 phuong phap khac trén tap di liéu DIP-Yeast.

Phwong phap Accuracy (%) Sensitivity (%) Precision (%)  MCC (%)
Du va cong sy (DL) [25] 94.43 +£0.30 92.06 + 0.36 96.55 £ 0.59 88.97 £ 0.62
Wong va cdng su (PR-LPQ + RoF) [26] 93.92 +0.36 91.10 £ 0.31 96.45 + 0.45 88.56 + 0.63
Wang va cong su (Bio2Vec + CNN) [27] 93.30 92.70 93.55 87.49
You va cong sy (MCD + SVM) [28] 91.36 +0.36 90.67 +0.69 91.94 + 0.62 84.21 +0.59
An va cong su (PSSMMF + SVM) [29] 90.48 £0.76 90.26 + 0.87 90.58 £ 0.98 82.84£1.27
Wang va cong sy (3-mers + CNN) [27] 90.26 88.14 91.65 82.38

Li va cong su (OLPP + RoF) [24] 90.07 +0.60 89.83 +1.41 90.24 + 0.56 82.10+0.97
Guo va cong su (ACC + SVM) [3] 89.33 +2.67 89.93 +3.68 88.87+6.16 N/A
Zhou va cong su (LD + SVM) [30] 88.56 £ 0.33 87.37 £0.22 89.50 £ 0.60 77.15+0.68
Guo va cong su (AC + SVM) [3] 87.36+1.38 87.30 +4.68 87.82+4.33 N/A
You va cong sy (Multiple + PCA-EELM) [5] 87.00 +0.29 86.15+0.43 87.59 +0.32 77.36 £ 0.44
Yang va cong su (LD + KNN) [31] 86.15 +1.17 81.03+1.74 90.24 +1.34 N/A
E-StackPPI (d@é xuat) 95.67 +0.30 94.40 + 0.51 96.85 +0.16 91.36 + 0.59

Ghi chii: Gid tri N/A biéu thi truong hop khong cé s6 liéu twong ting trong cong trinh gdc. Cac gid tri in
dam thé hién mé hinh dat hiéu nang cao nhét trong ting cft so sanh.
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Khi d6i chiéu véi Bang 2, ¢ thé thdy E-StackPPI dat d¢ chinh xac tdng quan trung binh
95.67%, do chinh xac 96.85% va hé sd twong quan Matthews 91.36%, vuot trdi so véi toan bo cac
phuwong phap tham chiéu. Bang chii y hon, ROC-AUC va PR-AUC déu vuot ngudng 99%, cao

hon khoang 2-3 phan tram so véi mutee tot nhat tiing dwoc bdo cdo trén bo dix liéu nay.

3.5 Sosanh trén bo dit liéu DIP-Human

Hiéu nang ctia nhdm phwong phap tién tién trén bo dir liéu DIP-Human duoc trinh bay
trong Bang 6. Day 1a bo dit liéu c6 mat bang hiéu ndng cao hon so v6i DIP-Yeast, khi nhiéu mo
hinh dat do chinh xac trén 96% va hé s6 tuong quan Matthews xdp xi 95%. Mdc du vay, khong
c6 phurong phap nao trong nhom dat dwoc ROC-AUC hoac PR-AUC vuot ngeong 99%.

Bang 6. So sanh hiéu nang véi 12 phuwong phap khac trén tap dit liéu DIP-Human

Phuwong phap Accuracy (%)  Sensitivity (%) Precision (%) MCC (%)
Du va cong su (DL) [25] 98.14 96.95 99.13 96.29
Ding va cong su (MMI + NMBAC + RF) [32] 97.56 96.57 98.30 95.13
Pan va cong su (LDA + RF) [6] 96.40 94.20 N/A 92.80
Huang va cong sy (DTC + SMR + WSRC) [8] 96.30 92.63 99.59 92.82
OLPP + RoF (Li va cong su, 2021) [2] 96.09 95.20 96.56 9247
Ding va cong su (MMI + RF) [32] 96.08 95.05 96.97 92.17
Pan va cong su (LDA + RoF) [4] 95.70 97.60 N/A 91.80
Ding va cong suw (NMBAC + RF) [32] 95.59 94.06 96.94 91.21
Pan va cng su (AC + RF) [4] 95.50 94.00 N/A 91.40
Pan va cong su (AC + RoF) [4] 95.10 93.30 N/A 91.00
Pan va cong su (LDA + SVM) [4] 90.70 89.70 N/A 81.30
Pan va cong su (AC + SVM) [4] 89.30 94.00 N/A 79.20
E-StackPPI (dé xuét) 98.60 98.43 98.77 97.20

Ghi chii: Gid tri N/A biéu thi truong hop khong cé s6 liéu twong ting trong cong trinh gdc. Cac gid tri in
dam thé hién mé hinh dat hiéu nang cao nhét trong ting cft so sanh.

Két qua tir bang 6 cho thdy E-StackPPI v6i do chinh xac tong quan trung binh la 98.60%
va hé s6 twong quan Matthews 1a 97.20% da vuot qua toan bo cac phuwong phap tién tién da duoc
bdo cdo, bao gom ca md hinh hoc sdu ctia Du va cong su [25] (MCC xap xi 96.29%). Bén canh d¢,
hai chi s6 la dién tich dudi duwong cong ROC 99.70% va chinh xac-bao phtt 99.54% déu cao hon
dang ké so voi mue t6t nhét trong nhém tham chiéu, cho thdy kha nang phéan tach 16p caa mo

hinh vuot trdi va nhat quan trén bo di liéu DIP-Human.
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3.6 Thwnghiém loai tree

D€ danh gia mét cach dinh lwgng vai tro cta ting tang trong co ché chon loc dic trung,
dong thoi kiém ching mirc dong gop cta kién truc x€p tang hai nhanh trong mo hinh dé xuat,
chting t6i tién hanh mot chudi thtr nghiém loai trir trén hai bo dit liéu DIP-Yeast va DIP-Human.
Moi thit nghiém déu stt dung chung biéu dién nhung tit ESM-2 va ap dung cling quy trinh kiém
dinh chéo 5 lan; sy khac biét duy nhat nam ¢ sd tang chon loc duoc kich hoat va sd nhanh cua b
phéan loai. B6n cdu hinh dugc khao sat bao gom: Baseline (ESM-2 Raw) véc to nhiing ESM-2 v6i
kich thudc day da 2560 chiéu duoc dua truc ti€ép vao mot mo hinh LightGBM duy nhét. Day
chinh 1a cau hinh d6i chiing nham tra 10i cAu hoi vé hiéu qua thuc sw cua quy trinh dé xuat so véi
viéc st dung mo hinh ngén ngit g6¢ (chua qua chon loc) trén cung mot b dix liéu; (2) Var—only:
chi loai bo cac chiéu c¢é phuong sai thap, giup danh gia vai tro cta tang loc bién thién; (3) Var +
LGBM-Imp: bd sung thém budc chon cac chiéu c¢b tdm quan trong tich luy do LightGBM xac
dinh nhung chwa loai trir cac chiéu cé twong quan manh; (4) E-StackPPI: cau hinh day du caa
mo hinh dé xudt, ap dung tuan ty ba tang chon loc ddc trung, sau d6 hudn luyén hai nhanh
LightGBM chay song song va két hop tai tang quyét dinh bang hoi quy logistic. Viéc bs sung hai
nhanh LightGBM gitip m6 hinh quan sat khong gian ddc trung theo hai géc d6 b6 sung, trong
khi tang quyét dinh hoc cach két hop tdi wu hai tin hiéu nay trén tirng phéan dit liéu. Nho cach t6
chtte nay, sw khac biét gitra cac cidu hinh phan anh tryec tiép vai tro cta ting ting chon loc va tiing
nhanh trong viéc 6n dinh hoa tin hiéu, gidm nhiéu va téng ceong kha nang phan tach 16p ctia mo
hinh. Cac cdu hinh dugc so sanh dua trén hai chi s& quan trong nhét la d6 chinh xac tong quan

va hé s6 twong quan Matthews.

K&t qua loai trir trén DIP-Yeast

Bang 7 cho thdy viéc bo sung titng tang chon loc ddc trung mang lai cai thién dang ké so
v6i baseline. Tang loai bo phuong sai thap gitp giam nhiéu nén; tang chon theo tim quan trong
cua LightGBM nang cao kha nang phan tach hai 16p; va tang loai bo twong quan Pearson ti€p tuc
cung ¢6 thém muc 6n dinh cia mé hinh. Méac du cau hinh E-StackPPI stt dung hai nhanh song
song thay vi mét nhanh duy nhat, két qua trén DIP-Yeast cho thdy hiéu nang ctia var-only va
var + LGBM-Imp van rat gan mtc ti wu, phan anh dic thi ctia bd dit liéu yeast von ¢ ranh gidi
phan tach kha ro6 rang khi st dung biéu dién nhting ttt ESM-2.

Bang 7. Két qua ablation study trén bd dit liéu DIP-Yeast

Cau hinh Accuracy (%) Precision (%)  Recall (%) F1 (%) Specificity (%) MCC (%) ROC-AUC (%) PR-AUC (%)
Baseline 92.72 + 0.56 93.71 + 049 91.60 + 0.90 92.64 + 0.59 93.85 + 0.49 85.47 +1.10 97.64 + 0.33 98.04 + 0.27
Var-only 95.73+043 97.04+0.19 94.33+0.72 95.67+0.45 97.12+0.17 91.49+0.84 99.09 £ 0.11 99.24 + 0.09
Var + LGBM-Imp  95.67 +0.30 96.85 + 0.16 9440 + 051 95.61 + 031 96.93 + 0.15 91.36 + 0.59 99.04 + 0.11 99.20 + 0.09
E-StackPPI 95.67 +0.30 96.85 + 0.16 94.40 + 0.51 95.61 + 0.31 96.93 + 0.15 91.36 + 0.59 99.04 £ 0.11 99.20 + 0.09
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Két qua loai trir trén DIP-Human

Két qua twong tu ciing duoc ghi nhan trén by dit liéu DIP-Human, nhu trinh bay trong
Bang 8. Mic du hiéu nang co ban trén bd dir liéu ngudi von da cao hon déng ké so véi yeast, moi
tang chon loc van giup hiéu nang duoc cai thién mét cach 6n dinh, dac biét ddi voi hé s6 MCC.
C&u hinh day dt ctia E-StackPPI tiép tuc cho két qua tSt nhat, qua d6 khiang dinh tAm quan trong
cta viéc loai bo sy trong quan noi tai khi lam viéc trong mot khong gian ddc trung giau tinh da

dang vé chirc nang.

Bang 8. Két qua ablation study trén bd di liéu DIP-Human

Cau hinh Accuracy (%)  Precision (%) Recall (%) F1 (%) Specificity (%) MCC (%) ROC-AUC (%) PR-AUC (%)
Baseline 97.16 +0.09 98.53 +0.13 95.75+0.12 97.12 £ 0.09 98.56 +0.13 94.35+0.17 99.01 +0.07 99.03 +0.09
Var-only 98.62 +0.10 98.80 +0.15 98.43 +0.10 98.62 +0.10 98.80 +0.15 97.23 +0.20 99.71 £ 0.05 99.55 +0.08
Var + Imp 98.60 +0.12 98.77 +0.13 98.43 +0.12 98.60 +0.11 98.77 +0.13 97.20 +0.23 99.70 + 0.05 99.54 +0.07
E-StackPPI 98.60 +0.12 98.77 £0.13 98.43 +0.12 98.60 +0.11 98.77 £0.13 97.20 +0.23 99.70 + 0.05 99.54 +0.07

4 Thao luan

Két qua thuc nghiém trén hai bo dit liéu DIP-Yeast va DIP-Human la minh chitng r6 rang
cho hiéu qua cta chién lugc chon loc déc trung ba tang trong E-StackPPI. Cac phan tich loai tri
tai Muc 3.6 khéng dinh r??mg su tich hgp tuan tu cua ting tang chon loc dong gop tich cuc vao

viéc thiét lap hiéu nang tong thé so véi cau hinh co sé (baseline).

Dbéng chu y, két qua thuc nghiém tai Bang 7 va 8 cho thay cdu hinh Var-only da dat duoc
ngudng hiéu nang t&i wu. Didu nay goi mé rang cac thong tin quan trong nhat trong biéu dién
nhing caa ESM-2 thuong tap trung ¢ nhitng chiéu c6 bién thién r6 rét. Tuy nhién, viéc duy tri
hai giai doan loc tiép theo (LGBM-Imp va Correlation) la can thiét d€ dam bao tinh t6i gian ctia
vector ddc trung cudi cung, gitp loai bo triét d€ cac chiéu dir liéu da cng tuyén, tir d6 gia tang

dd bén vitng ctia m6 hinh khi van hanh trén cac bo dir liéu c6 dd nhiéu cao hon.

Nhiing quan sat nay cting c8 nhan dinh rang huéng tiép can tap trung vao viéc t& chiec lai
va chon loc khéng gian biéu dién c6 thé 1a mot lya chon kha thi, thay thé cho viéc gia tdng d0 sau
cua cdc kién truc hoc sau. Diém manh cua chién lugc nay nim & triét ly thiét ké "loc — chung cat
— tai cau trac" thay vi "gia ting d6 sau", gitip giam chi phi tinh todn nhung van dat hiéu qua phan
tach cao. Chién lugc nay ddc biét phu hop trong nhitng bdi canh dir liéu khong qua 16n nhung

yéu cau do chinh xdc cao va can bao dam tinh 6n dinh gitta cac [an huan luyén.

Vé khia canh hiéu qua tinh toan, mac du viéc tinh todn ma tran twong quan Pearson trong
giai doan huan luyén doi héi chi phi nhat dinh, nhung mé hinh suy dién cudi cung (chi bao gom
cac cay quyét dinh LightGBM va hoi quy tuyén tinh) c6 do phttc tap thap hon nhiéu so véi cac
mang no-ron tich chap hay mang db thi. Diéu nay cho phép E-StackPPI trién khai dé dang trén
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cac hé thong khong c6 GPU chuyén dung. Ngoai ra, viéc st dung Global Average Pooling, méc
du ¢ rai ro lam loang cac tin hiéu motif cuc bd so vdi co ché Attention, lai giup giam dang ké
chiéu dit liéu dau vao, phu hop véi muc tiéu xay dung mot khung dw doan nhe nhung van tan

dung dugc sttc manh ngtr nghia tit ESM-2.

Trong tuong lai, viéc mo rong quy trinh chon loc sang cac mo6 hinh ngén ngi protein thé
hé méi hon, ciing nhu thtt nghiém trén cac dang tuong tac sinh hoc khéc, c6 thé mang lai thém

nhitng hiéu biét quan trong vé vai trd ctia biéu dién nhung trong hoc mdy cho sinh hoc phan ti.

Bén canh nhiing wu diém néu trén, E-StackPPI van ton tai mot s6 han ché. Thit nhat, mo
hinh phu thudc hoan toan vao chat lwong biéu dién ctia ESM-2; do d6, nhitng dang twong tac
phu thudc manh vao cdu trtc bac ba hodc bac bon c6 thé chwa duge mé ta toan dién khi chi dwa
trén biéu dién nhing theo chudi. Diéu nay cho thdy réng khong gian nhing tuyén tinh héa theo
chiéu dai chudi van chua phan anh tron ven cac tin hiéu khong gian ba chiéu ctia bé mat tuong
tdc. Thit hai, ba ting chon loc van st dung cc tham s& ngudng c8 dinh (ngudng phuong sai va
ngudng twong quan), chwa khai thac cac co ché t6i wu hod thich nghi cho titng bo di liéu. Nhitng
ngudng tinh nay c6 thé chua phan anh tét cac phan bs di liéu c¢6 d6 di bién cao nhu & cac hé
protein ngudi. Thit ba, cach ghép cap bang cach ndi truc ti€p hai vector nhiing 1a tuyén tinh va
chua xem xét cac dang két hop phi tuyén giau ngtt nghia hon gitra hai protein. Nhitng han ché

nay chinh 1a tién dé mé ra nhiéu hudng cai tién tu nhién cho cac nghién ctiu tiép theo.

5 Kétluan

Nghién ctru nay da thiét 1ap E-StackPPI, mot khung ti€p can tinh gon nhung cé cdu trac
chadt ché cho bai toan duw doan PPL Thay vi gia tdng d0 sau ctia cdc m6 hinh hoc sau hodc phu
thudc hoan toan vao nhitng by déc trung thu cong truyén thong, E-StackPPI lua chon mot cach
tiép can can bang xuat phat tir biéu dién nhing ctia md hinh ngon ngit protein hién dai, sau dé
tai cdu triic khong gian biéu dién thong qua ba tang chon loc déc trung lién tiép. Ba tang nay lan
luot loai bo nhitng chiéu it bién thién, lwa chon cac chiéu mang nhiéu thong tin va giam tuwong
quan noi tai, tir d6 tao ra mot khong gian biéu dién c6 dic, it nhiéu va phtt hop hon cho bai toan

phan tach nhi phan.

Két qua thuc nghiém trén hai bo dit liéu DIP-Yeast va DIP-Human la minh chtng r6 rang
cho hiéu qua ctia m6 hinh, véi d chinh xac trung binh lan lwgt 95.67% va 98.60%, hé s6 MCC
dat 91.36% va 97.20%, dong thoi hai chi s6 ROC-AUC va PR-AUC déu vuot ngudong 99%. Khi
d6i chiéu véi cac phuong phap hién hanh duoc tong hop trong cong trinh cua Li va cong su, mo
hinh dé xuat vuot qua toan bd 12 phwong phap tién tién trén ca hai bo dit liéu, ddc biét 6 cac chi
s6 danh gia quan trong nht MCC, ROC-AUC va PR-AUC. Diéu nay khing dinh wu thé cta

E-StackPPI khong chi dén tir nang lwc biéu dién manh ctia md hinh ngdn ngit protein, ma con tir
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qua trinh chon loc c6 cha dich gitp 6n dinh ranh gidi quyét dinh gitta cac Tan kiém dinh chéo.
Th nghiém loai trir cac tang chon loc déc trung cling cing cd nhan dinh nay, khi cadu hinh day
du cua E-StackPPI 6n dinh vuot trdi so véi cac bién thé chi sit dung mot hodc hai tang chon loc.

Y nghia ctia két qua khong chi ndm & viée cai thién cac chi s8 danh gia, ma con ¢ viéc ciing
c0 mot triét ly thiét k€ mo hinh khac cho cac bai toan sinh hoc ¢6 lwgng dir liéu han ché: thay vi
gia tdng do phtic tap cua kién trac, hiéu nang cao cé thé dat dugc thong qua viéc t6 chire lai va
tinh loc khong gian biéu dién. Day la huéng di phit hop véi nhiéu bai toan trong khoa hoc su
séng hién nay, noi dit liéu 16n khong phai ltic nao cfing san cé va chi phi hudn luyén md hinh sau

la mot rao can thuee té.

Trong tuong lai, c6 ba huéng mo rong tw nhién. Thit nhat, mé rdng quy trinh chon loc déc
trung sang cac mo hinh ngdn ngit protein thé hé méi nhu ESM-3, ProtT5 hodc cac md hinh tich
hop thong tin khong gian—thoi gian. Thit hai, ap dung E-StackPPI cho cac bai toan twong tac sinh
hoc khac nhu protein-DNA, protein—-RNA hodc tuong tac thudc—protein, noi van dé duw thtra déc
trung cting la mot thach thic ndi bat. Thit ba, phéan tich sau hon ciu trac ctia khong gian biéu
dién truede va sau khi chon loc nhdm nhan dién cic nhém chiéu mang y nghia sinh hoc, ttt 46 mo
ra tiém néng dién gidi md hinh & mttc phan te.

Miéc du dat hiéu nang cao, E-StackPPI van d6i mit véi mot sd gi6i han. Th nhat, viéc
tuyén tinh héa khong gian nhting theo chiéu dai chudi cé thé 1am that thoét cac tin hiéu khong
gian ba chiéu quan trong tai bé mat tiép xtc. Thit hai, cac ngudng chon loc hién tai van la tham
s0 tinh, chua thich nghi linh hoat véi cac phan bé dix liéu c6 d6 di bién cao. Thit ba, chién luoc
ghép cdp thong qua ndi véc to truc tiép chua khai thac duwgc cdc mdi quan hé phi tuyén phtic tap
hon gitta hai protein. Pay la nhitng tién dé quan trong d€ ti€p tuc cai thién trong cac nghién ctru
sau.

Tém lai, E-StackPPI cho thdy rang viéc két hop biéu dién nhung tir md hinh ngdn ngir
protein véi mdt quy trinh chon loc dac trung dugc thiét k€ chit ché ¢ thé dat hiéu ndng ngang
bang hodc vuot qua nhiéu mo6 hinh hoc sau phttc tap, dong thoi bao dam tinh 6n dinh va kha
nang khéi quét tot. Day la mét nén tang hita hen cho cac ting dung du doan tuong tac sinh hoc

trong tuong lai.

B¢ dir li€u va ma nguon

Toan bd by dix liéu va md ngudon dwgc cong khai tai day:
https://github.com/mxuanvan02/EStack-PPL
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