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MO PAU

1. Tinh cap thiét cha deé tai
Boéi cdanh khoa hoc va thuc tién:

Stia d6i sau dich ma (Post-Translational Modification — PTM) 12 nhiing bién d&i
héa hoc dién ra sau khi qu4 trinh tdng hop protein hoan tit. Cac dang PTM phd bién nhu
glycosyl hoa, phosphoryl hoa, ubiquitin hda, acetyl hoa, lipid hoa, hay phéan giai protein.
C6 vai tro dic biét quan trong trong viéc diéu chinh cAu triic, chic ning va hoat dong

sinh hoc cua protein.

PTM tic dong siu rong dén nhiéu qua trinh sinh hoc then chét, chang han nhu
truyén tin hiéu té bao, diéu hoa mién dich, va biéu hién gen. Su sai léch trong qu4 trinh
PTM lién quan truc tiép dén nhiéu bénh 1y nguy hiém nhu ung thu, réi loan than kinh va
bénh truyén nhiém. Do d6, viéc xdc dinh chinh x4c céc vi tri PTM trong chudi protein
la mot nhiém vu ¢6 y nghia quan trong trong nghién ctu y sinh, hd trg lam sang t6 ¢
ché phan ti, phat trién thudc va liéu phap diéu tri méi.

Khéi phé (Mass Spectrometry — MS) dudc coi 1a phuong phap tiéu chuin vang dé
phat hién PTM. Tuy nhién, k§ thuat nay thudng yéu cau quy trinh thi nghiém phiic tap,
ton kém va mat nhiéu thoi gian, dong thdi khé mé rong quy md. Do dé, su phat trién
cua cac phuong phap tinh toan c6 kha nang du doan vi tri PTM mdt cach nhanh chong,
chi phi thip va hiéu qua 1a hét stic can thiét nham hd trg cho cac nghién citu trong linh
vuc y sinh.

Su phdt trién ctia cdc phwong phdp tinh todn:

Trong hon hai thap ky qua, cdc phuong phép tinh toan da gép phan quan trong
trong du doan vi tri PTM, diic biét véi ba hudng tiép can ndi bat: hoc mdy truyén thong,
hoc séu, va xu ly ngon ngtt tu nhién (NLP) va m6 hinh ngén ngti protein (PLMs).

(i) Hoc mdy truyén thong (Machine Learning): Cac md hinh hoc maydudc st dung
x4y dung cac mé hinh du doan PTM nhu SVM, Random Forest, XGBoost hay kNN, tuy
nhién cdc md hinh nay thuong dua trén tap dic trung thii cong dudc thiét ké tir kién thic
sinh hoc (vi du: PseAAC, CKSAAP, BE, PsePSSM). Hudng nghién cifu nay c6 uvu diém
ndi bat 12 dé huin luyén, trién khai nhanh, va c6 kha ning dién giai tot, dic biét phi
hop khi 1am viéc véi dit liéu nho. Tuy nhién, nhude diém 16n 13 phu thudc nhiéu vao dic
trung thi cong vén mang tinh chii quan va dé bd sét cac tin hiéu ngit canh quan trong,
khién kha ning tdng quat hda bi han ché.

(i) Hoc sau (Deep Learning): M6 hinh du doan PTM dudc phat trién dua trén céc



kién tric mang hoc sau nhu CNN, LSTM, Bi-LSTM hoic cic m6 hinh hoc sau lai. Hoc
sau cho phép tu dong trich xuét dic trung tir dif liéu thd va mo hinh héa mdi quan hé phi
tuyén phtc tap trong chudi protein. Cac nghién cifu gan dy cho thiy mo hinh hoc sau
thudng vugt trdi hon so véi hoc mdy truyén théng vé hiéu qua du doan. Tuy nhién, ching
thuong doi hoi tip dit liéu huan luyén quy md 16n va tiéu tén nhiéu tai nguyén tinh todn.
Trong diéu kién dit liéu sinh hoc thudng han ché va mat can bang, mo hinh hoc sau dé
gip phai van dé qua khdp, 1am giam kha ning ting dung thuc tién.

(iii) Xt ly ngdn ngt tu nhién (NLP) va m6 hinh ngén ngtt protein (PLMs):

Trong hudng tiép can nay, chudi protein dugc xem nhu mot “ngdn ngit sinh hoc”,
trong d6 mdi axit amin tuong tng véi mot token, va ngit canh xung quanh token quyét
dinh chic nang sinh hoc ciia n6. Quan ni€ém nay md ra kha nang tng dung cac ky thuat
NLP vao du doan PTM. C4dc md hinh ngdn ngit 16n nhu BERT va T5 dudc st dung dé
trich xuit cidc embedding ngit canh, sau d6 ciac embedding nay dudc dua vao lam dic
trung cho cac mo6 hinh hoc may hodc hoc sau, xay dung nén cac mo hinh du doan PTM
hiéu qua.

Ngoai ra, mdt s6 md hinh PTM con khai thac cdc mo hinh tién huin luyén dua trén
BERT chuyén biét cho protein, chang han nhu ProteinBERT, dién hinh 1a DeepPTM.
Tuy nhién, mot han ché quan trong 12 chi phi tinh todn rit cao, gay kho khin trong trién
khai thuc té, dic biét khi dit liéu han ché hoic tai nguyén tinh todn bi gi6i han.

Cdc thdch thiic va khodng trong nghién ciiu:

Miic du da dat dugc nhiéu tién bd, cac nghién citu du doan vi tri PTM hién nay van
ton tai mot s6 thach thic sau:

- Phu thudc dic trung thi cong: Phan 16n cac phuong phap hoc mdy truyén thong
van dua nhiéu vao dic trung do con ngudi thiét ké, mang tinh chi quan va thiéu kha
nang khai quat khi d4p dung cho loai méi hoac dang PTM khac.

- Nguy c0 qud khép do dit liéu han ché: Trong bdi canh dif liéu PTM thudng nhd
va mat can bang, cac mo hinh hoc sau dé bi qua khép, lam gidm tinh tdng quat trong
thuc tién.

- Chi phi dit liéu va tai nguyén 16n: Cac m6 hinh hoc sau va PLMs/LLMs yéu cau
tap dit liéu khdng 16 va ha ting manh, khé 4p dung trong méi trudng nghién cttu han ché
vé tinh todn.

- Chua khai thac ky thuat chit loc tri thic (Knowledge Distillation-KD). KD da
ching minh hiéu qua trong thi giac may tinh (Computer Vision) va xt ly ngén ngi tu
nhién (NLP), cho phép xay dung mo hinh gon nhe nhung van duy tri hiéu suét cao. Tuy
nhién, dén nay chua c6 cong trinh nao 4p dung ky thuit hoc chit loc tri thic vao du doan



PTM, trong khi day 12 mot huéng hita hen phit hop véi dif liéu han ché va méi trudng tai

nguyén gidi han.

Xuat phét tif tAm quan trong ciia viéc xdc dinh chinh x4c vi tri PTM trong nghién
ctfu y sinh, cling v6i nhu cau phat trién cic phuong phdp tinh toan tién tién va nhiing
khodng tréng nghién cifu da phan tich, NCS Iua chon dé tai “Nang cao hiéu qua phan
tich protein sira d6i sau dich ma trén co s& két hop md hinh hoc mdy va xit Iy ngén ngi

tu nhién” 1am luén 4n tién si nganh Khoa hoc may tinh.

2. P6i tugng va pham vi nghién ctiu
(1) Béi tugng thit nhdt la cdc protein sia doi sau dich ma:

Hién tai, c6 hon 600 loai PTM khéac nhau da dudgc phat hién va dinh danh. Mong
mudn ctia NCS 1a c6 thé thuc hién nghién citu dudc v6i nhiéu loai PTM khéc nhau nham
bd sung, gép phan 1am giau tri thic, su hiéu biét ctia con ngudi d6i véi tat ca cic loai
PTM hién c6. Tuy nhién, trong pham vi luan an nay, nghién cdu tap trung vao ba loai
phd bién va c6 dit liéu tuong d6i ddy di va con khoang tréng nghién citu: SUMOylation,

Succinylation va Ubiquitination.

Ngoai ra, qua khao sat, ciu triic protein bic cao (ciu triic bac 2,3,4- thuong ducc
luu trit dudi dang anh 3D) trong cac ngan hang Protein(UniProt, NCBI, Ensembl...) con
thiéu, chua day di va rit ton kém bod nhé d€ Ivu trit; hon nita hau hét dit liéu protein hién
nay dudc luu trit dudi dang chudi FASTA (Protein bac 1). Dang biéu dién nay khong chi
phd bién ma con tiét kiém tai nguyén va phit hop vé6i cac ki thuat hoc mdy, hoc sau hién
dai va NLP. Vi vy, luan 4n Iya chon ciu triic protein bac 1 1am dau vao dé phat trién mo

hinh du doan vi tri PTM véi hiéu nang cao cho ba loai néu trén.

(2) Péi twong thit hai la mo hinh du dodn vi tri PTM diwa trén mé hinh hoc mdy két
hop vdi xut ly ngoén ngit tu nhién:

Ky thuat phd bién d€ du doan vi tri PTM, c6 d6 chinh xdc cao hién nay chinh 1a
ky thuat khdi phd va giai trinh tu. Tuy nhién, k¥ thuit MS niy c6 chi phi rat 16n, thoi
gian thuc hién lau, va dic biét 12 khé 4p dung vdi nhiéu protein cung lic. Chinh vi vay,
viéc nghién ctfu cic mod hinh du doan PTM dua trén md hinh hoc may, két hop véi NLP
12 mot céch tiép can phi hop bdi n6 khai thac dudc nhitng tién bd clia cong nghé thong
tin, cdc mo hinh hoc mdy va ky thuat NLP nham gitip ngan thdi gian hd trg cho cic nha
sinh/y hoc dua ra nhiing két luAn nhanh va chinh xéc, phit hgp nhu cau va xu huéng phat

trién hién nay.



3. Phuong phap nghién ciru

D¢ dat dugc muc tiéu nghién ciu, luin 4n tri€n khai song song hai huéng chinh,
d6 1a: (1) Nghién ciu co sé ly thuyét d&€ dé xuit md hinh méi va (2) Nghién citu thuc
nghiém nham kiém chiing hiéu qua cac md hinh nay.

(1) Vé ly thuyét, luan 4n ké thira va phat trién cac phuong phép hién dai ctia khoa
hoc dit liéu va tri tué nhan tao, bao gdm: Hoc mdy tS hop (Ensemble Learning) nham
khai thac vu thé ctia nhiéu bd phan loai d€ nang cao do tin ciy du doan. Xt ly ngon
ngit tu nhién dé bi€u dién “ngdn ngit protein” va trich xuit ngit nghia, ngit canh tif chudi
axit amin; Céc kién triic hoc sau lai (Hybrid Deep Learning) két hgp CNN va LSTM/Bi-
LSTM nhim tin dung dong thdi kha niing phat hién dic trung cuc bd va quan hé tuan tu
dai han; Hoc chat loc tri thic d€ xdy dung cdc md hinh gon nhe, thich tng véi dit liéu
han che;

(2) Vé thuc nghiém, cidc md hinh dudc huin luyén va ki€ém dinh trén dit liéu PTM
thuc té, sau d6 so sdnh vé6i cac phuong phap tién tién hién c6. Két qua danh gia gidp
khang dinh tinh kha thi, hiéu qua va y nghia ting dung clia cdc md hinh dé xuét trong

viéc du dodn vi tri stta d6i sau dich ma trén protein.

4. Cac dong gop cua luin an

Lun 4n tap trung nghién cttu va dé xult phuong phap du dodn ba loai PTM phd
bién, bao gdbm: SUMOylation, Succinylation va Ubiquitination. Trén cd s két hop cac
phuong phép truyén thong, hoc mdy, hoc sau va ky thuat xi ly ngdn ngit tu nhién, luin
4n da giai quyét dudc cdc muc tiéu dit ra cla dé tai, dé xult dugc nhiing mé hinh cai
tién v6i hiéu suat cao. Trong qud trinh thuc hién ludn 4n NCS da cong bd 08 bai bao
khoa hoc trén cac tap chi va hoi thao chuyén nganh trong nuéc va qudc té. Trong do, 06
cong bd c6 ndi dung gan truc tiép v6i tén dé tai, phan 4nh rd rang cac két qua nghién
ctfu chinh ctia luan 4n, dudc trinh bay day di va chi tiét trong cac chuong noi dung. Bén
canh d6, 02 cong bd khac c6 ndi dung lién quan va hd trg, gép phan lam phong phu thém
cho luan 4n, mé rong pham vi nghién citu, dong thdi khang dinh kha ning ng dung,
tinh téng quat va huéng phat trién ctia két qua nghién ctiu, cic cong bd bé trg nay khong
di sau vao ndi dung chinh ctia luan 4n nhung c6 y nghia bé trg vé phuong phdp, ki thuat
va linh vyc tng dung.

Danh muc chi tiét cdc cong bd da dugc liét ké trong phan Danh muc cong trinh
khoa hoc kém theo luan an.

Luan an c6 ba dong gop chinh sau:

(1) Co s6 Iy luéin va tong quan hé thong: Luin 4n dd hé thdng héa, phan tich va
so sanh cac phuong phap tif truyén thdng, hoc mdy t6 hop, hoc sau lai, k§ thuat NLP



trong bai toan du doan PTM, qua dé xay dung nén tang khoa hoc viing chic cho céc

nghién citu tiép theo.

(2) Khai thac NLP cho dur liéu protein: Luan an da chiing minh kha nang tng
dung va hiéu qua cta céc ky thuat NLP trong viéc bi€u dién ngit canh ctia chudi protein,

gidp vuot qua han ché ciia dic trung thii cong va nang cao do chinh xac trong du doan.

(3) Pé xuét va phat trién mé hinh méi: Luan 4n da d& xuAt bén mo hinh PTM
v6i hiéu suit cao, trong d6 c6 cac md hinh lai két hop hoc sau v6i NLP va dic biét 1a md
hinh 4p dung hoc chat loc tri thifc cho Ubiquitination, phit hdp véi bdi canh dif liéu han
ché va moi truong tinh todn han ché. Cu thé, bon dé xuét chinh gom:

- Pé xuét mo hinh du dodn vi tri PTM (SUMOylation) dua trén hoc may t3 hop va
cac ddc trung lai ghép.

- Pé xuét hai mo hinh du dodn vi tri PTM (SUMOylation va Succinylation) dua
trén ky thuat hoc sau lai ghép va ky thuat xti ly ngdn ngt tu nhién.

- Pé xuit mo hinh du doan PTM (Ubiquitination) dua trén hoc chit loc tri thic va
ky thuat xt Iy ngdn ngit tu nhién.

5. B0 cuc cua luidn an

Luan 4n bao gébm cdc phan: M& dau, 4 chuong noi dung chinh, két luan va huéng
phat trién, danh muc céc cong trinh khoa hoc di cong bd va danh muc tai liéu tham khio.
Noi dung chinh ctia 4 chuong dugc tém tat nhu sau:

Chuong 1. Tong quan du doan vi tri stra doi sau dich ma trong chuéi protein
va cdc kién thitc nén tang

Trong chuong niy, NCS trinh bay cac kién thiic nén tdng vé protein va protein siia
ddi sau dich ma (PTM), vai trd clia viéc xay dung mo hinh du doén vi tri PTM hiéu suét
cao. Phan tiép theo clia chuong trinh bay vé bai todn du doén vi tri PTM, cdc budc xay
dung md hinh du doén vi tri PTM, cac phuong phap ma hoa dic trung protein hién nay,
tong quan tinh hinh nghién ctiu du dodn vi tri PTM, mot s6 han ché va dé xuét huéng
nghién cuu.

Chuong 2. M6 hinh hoc may t6 hgp du doan vi tri sita ddi sau dich ma trong
chuoi protein

Trong chuong nay, NCS trinh biy vé phuong phap du dodn vi tri sita d6i sau dich
ma trén protein dua trén k¥ thuat hoc mdy t& hop. Phuong phap dé xuét sit dung ba mo
hinh thanh phan gom Random Forest (RF), Extreme Gradient Boosting (XGBoost) va
Support Véc té Machine (SVM), dudc huin luyén doc 1ap va két hop két qua du dodn
bing chién lugc trung binh c6 trong s6 (Weighted Average Voting). Céch tiép cin nay



gitp khai thac thé manh riéng biét clia ting mo hinh hoc mdy, tir d6 cai thién do chinh
x4c va tinh 6n dinh trong du dodn. Cac két qua thuc nghiém cho thiy phuong phap td
hop mang lai hiéu suat vuot trdi so véi cdc md hinh don 18.

Chuong 3. Mé hinh hoc siu lai két hop xi Iy ngdn ngit tu nhién du doan vi tri
stta doi sau dich ma trong chudi protein

Trong chuong nay, NCS gidi thi€u m6 hinh hoc séu lai tich hgp vé6i ky thuat NLP
nhiam ning cao kha ning du dodn vi tri PTM. M6 hinh dudc xay dung dua trén su két
hop gitta mang CNN1D dé khai thac dic trung cuc bd va mang LSTM/Bi-LSTM dé hoc
ngit canh tuan tu trong chudi protein. Ky thuit NLP dugc ap dung dé biéu dién chudi
axit amin dudi dang véc to, gitip md hinh hoc dudc cac thdng tin 4n trong chudi sinh hoc
mot cach hiéu qua hon. Thuc nghiém trén céac tap dit liéu PTM cho thdy md hinh lai cho
két qua chinh x4c va 6n dinh hon so véi cac md hinh don céu triic, dong thdi khang dinh
dudc kha niing tong quat héa ctia phuong phép.

Chuong 4. Mé hinh hoc chit loc tri thitc két hop x& Iy ngén ngit tu nhién du
doan vi tri stta doi sau dich ma trong chudi protein

Trong chucong nay, NCS trinh bay vé dé xuit mot phuong phap du doan vi tri PTM
dua trén kién triic hoc chit loc tri thifc két hgp NLP. Phuong phap st dung mé hinh Gido
vién-Hoc vién, trong d6 mo hinh Gido vién c6 cau triic 16n hon va dudc huin luyén trén
tap dit lidu da loai d€ rit trich tri thiic, sau d6 truyén lai cho mo hinh Hoc vién nho gon
hon, dugc huin luyén trén tap dit liéu chuyén biét cho mot loai. Viéc két hop ky thuat
NLP gitip ma héa chudi protein thanh khong gian véc to, hd tr¢ qua trinh hoc hiéu qua tir
dit liéu thd. Thuc nghiém chiing minh ring mo hinh Hoc vién khong nhiing gidm dang
k€ s6 lugng tham s6 ma van duy tri dudc hiéu suét cao, thim chi vugt trdi so v6i cidc md

hinh khong st dung hoc chat loc tri thiic trong cuing diéu kién huin luyén.
Phan cudi ciing cta luan 4n NCS trinh bay cac két luan chinh va dé xuét huéng
nghién ciu tiép theo.
CHUONG 1. TONG QUAN DU POAN VI TRi SUA DPOI SAU

DICH MA TRONG CHUOI PROTEIN VA CAC KIEN THUC
NEN TANG

Trong chuong 1, NCS trinh bay mét sé kién thiic nén tdng vé protein va protein siia
doi sau dich mad (Post-translational modification - PTM), vai tro cua viéc xdy dung mé
hinh dy dodn vi tri PTM hiéu sudt cao. Phdn tiép theo ciia chwong trinh bay vé bai todn
du dodn vi tri PTM, cdc budc xdy dung mo hinh du dodn vi tri PTM, tong quan tinh hinh
nghién citu trong béi cdnh Al (SOTA), cdc khodng trong nghién ciu, thdch thitc ciia mé
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hinh dw dodn vi tri PTM, huéng nghién citu trong ludn dn. Phdn cudi ciia chiuong trinh
bay vé méi truong sit dung dé’thie nghiém, phwong phdp ddnh gid mé hinh dé xudt. Mot
phan két qud nghién citu dugc dding trong bai bdo téng quan cdc mé hinh hoc mdy trén
tap chi Expert Opinion on Drug Metabolism & Toxicology, SCIE Q1, IF=3.9 (CTI) va
hoi thdo iFUZZY, Kagawa, Japan (CT2).

1.1 Gidi thiéu chung
1.1.1 Protein
1.1.2  Protein sita doi sau dich ma

Sau qud trinh dich ma, cdc protein méi tong hdp khong hoan toan & trang thdi hoat
dong ma thudng trai qua cac bién d6i héa hoc bd sung goi 12 sta ddi sau dich ma (Post-
Translational Modifications — PTMs). Day la qua trinh trong d6 cdc nhém chuc hoa hoc
(nhu phosphate, ubiquitin, acetyl, methyl, succinyl. ..) dudc gan hoic loai bd khdi chudi

protein, thong qua hé théng enzyme chuyén biét.

Mai loai PTM chi x4y ra tai mot hoic mot s axit amin nhat dinh, diéu nay din dén

hai bai toan phan 16p: Phan 16p nhi phan va phan 16p da phan.

1.1.3 Vai tro cua bai todn duw dodn vi tri PTM va cdc phuong phdp xdc du dodn vi tri
PTM hién nay

1.2 Bai toan du doan vi tri PTM dua trén hoc may

Pau vao: Chudi protein bac 1, kém theo cdc vi tri nghi ngd c6 kha ning bi stia d6i
sau dich ma.

Pau ra: Nhan dy dodn cho tung vi tri nghi ngo, xac dinh xem dé 1a vi tri PTM hay
Non_PTM (c6 thé kém theo x4c suit du doan).

Muc tiéu: Pé xuit mot md hinh hoc mdy hiéu suét cao, c6 kha niing du doan chinh

xdc cdc vi tri PTM trén chudi protein.

Qua trinh bién d6i sau dich ma 1a mdt co ché sinh hoc quan trong, x4y ra tai mot
hodc mot sd axit amin cu thé trong chudi protein. Trong thuc té, chi mot phan nhé cac
axit amin trén chudi protein chiu dnh hudng cua viéc stta doi sau dich ma dudi tac dong
cua enzim nhu phosphoryl hoa, ubiquitin héa, succinyl hoa,. .. Mat khac, dd dai cua cac
chudi protein 1a khac nhau ¢6 chudi dai vai nghin axit amin, cdc vi tri stta d6i trén chudi
protein thudng khong dudc biét truée, do d6 can ap dung ky thuit ctia sd trugt (sliding
window) d€ tao ra cdc phan doan peptide c6 do dai cb dinh, trong d6 tim ciia s6 tuong
ting v6i vi tri nghi ngd bi stra doi.



>sp| Q9BQ6I | MACD1_HUMAN
MSLQSRLSGRLAQLRAAGQLLYPPRPRPGHLAGATRTRSSTCGPPAFLGVFGRRARTSAG

VGAWGAAAVGRTAGVRTWAPLAMAAKVDLSTSTDW KEAKS FLKG LSDKQREEHYFC

KDFVRLKKIPTWKEMA KGVAVKVEEPRYKKDKQLNEKISLLRSDITKLEVDAIVNAANSSLL
GGGGVDGCIHRAAGPLLTDECRTLQSCKTGKAKITGGYRLPAKYVIHTVGPIAYGEPSASQA
AELRSCYLSSLDLLLEHRLRSVAFPCISTGVFGYPCEAAAEIVLATLREWLEQHKDKVDRLIICV
FLEKDEDIYRSRLPHY FPVA

Mau dwong tinh (PTM) m Mau &m tinh (Non-PTM)

sp|Q9BQEI_129:

sp|Q9BQ6Y_9%6: HYFCKDFVRLKKIPTWKEMAKGVAVKVEEPRYK
PLAMAAKVDLSTSTDWK EAKSFLKG LSDKQREE sp|Q9BQEY_138:
sp|Q9BQB9._133: LKKIPTWKEMAKGVAVKVEEPRYKKDKQLNEKI

sp|Q9BQ6Y_145:
KEMAKGVAVKVEEPRYKKDKQLNEKISLLRSDI
sp|Q9BQ6Y_146:
EMAKGVAVKVEEPRYKKDKQLNEKISLLRSDIT

Dw doén cac vi tri tam cta mau divliéu 1a PTM sp|Q9BQ6I_148:
hay Non-PTM, sau dé truy nguworc tim vi tri AKGVAVKVEEPRYKKDKQLNEKISLLRSDITKL
, 0 I

KDFVRLKKIPTWKE MAKGVAVKVEEPRYKKDKQ

Hinh 1.1 Chuyén tir bai toan tim vi tri nghi ngo stra doi sau dich ma, vi tri nghi ngo
d6 nam & thit tu bao nhiéu trong chudi vé bai toan phén loai nhi phan

Mai phan doan dudgc xem nhu mot mau dau vao cho md hinh hoc mdy. Néu axit
amin tai tam ctia s 13 vi tri PTM da biét, miu d6 dudc gan nhin duong tinh (1); ngudc
lai, néu khong bi stta ddi, miu dudc gan nhan am tinh (0). Bai todn vi vay dudc quy vé
mot bai toan phan loai nhi phan, véi dau vao 1a cac phan doan da gan nhan, va dau ra 1a
X4c suit clia axit amin & trung tAm cta ctra s6 12 PTM hay Non-PTM. Dua trén két qua
dau ra cia mo hinh, c6 thé anh xa ngudc lai cdc tAm ctia s6 vé vi tri tuong tng trén chudi
protein gbc, tif d6 xdc dinh céc vi tri c6 kha niing bi stta ddi sau dich ma. Céch tiép can
nay cho phép xdy dung cc cong cu du doan vi tri PTM véi do chinh x4c cao, gop phan
hd trg cac nghién ciu y sinh va thiét ké thude.

Tir d6, bai toan du dodn vi tri PTM dudc chuyén thanh mot bai toan phan 16p nhi
phan, trong dé:

Pau vao: La mot tap cdc doan peptide X = {x1,x2,...,%,}, trong d6 moi x; 1a mot
doan peptide cb dinh c6 dd dai 1a w (w 1a kich thu6c cira s6 truct), dudc trich xuét tir
cdc chudi protein ban dau bang phuong phdp ctia s6 truct. Vi tri trung tam ctia mdi doan
peptide dudc gia dinh 1a vi tri nghi ngd c6 thé xdy ra su kién stta d6i sau dich ma (PTM).

Pau ra: Vi tri trung tAm ctia moi doan peptide 1a PTM hay Non-PTM, c6 thé phat
biéu dau ra nhu mot tap cac nhan tuong tng ¥ = {y1,y2,...,ys}, trong do:

Muc tiéu: Xay dung mo hinh phan 16p nhi phan:

f 2= (1.1)



INPUT

sp|Q9BQ6Y 129
HYFCKDFYRLKKIPTWKEMAKGVAVKVEEPRYK OUTPUT
sp|Q9BQGY 128

LKKIPTWKEMAKGVAVKYEEPRYKKDKQLNEKI T
sp|Q9BQ69_145:

KEMAKGVAVKVEEPRYKKDKQLNEKISLLRSD |

sp| QIBOBY_146: B§ phin l6p:

EMAKGYAVKY EEPRYKKD KQLNEKISLLRSDIT f XY= {0 1}
sp|Q9BQGY_148: 2 Non- PTM

AKGVAVKVEEPRYKKDKQLNEKISLLRSDITKL

D doan cic K & tim ciia chudi 1a PTM hay Non-PTM

Hinh 1.2 M6 ta bai toan du doan vi tri PTM

1.3 Xay dung mo hinh du doan vi tri PTM
1.3.1 Thu thdp va tién xi Iy dit liéu
1.3.2 Phuong phdp ma hod va trich chon ddc trung

1.3.2.1 Phuong phdp trich chon ddc trung dva trén chudi
1.3.2.2 Phuong phdp md hod dua trén ky thudt xit [y ngén ngit tu nhién

1.3.3 Xdy dung mé hinh

Luén an dugc thuc hién theo hudng thuc nghiém, tap trung xay dung, thir nghiém
va danh gid cac mo hinh hoc mdy, hoc sau dé xac dinh kién tric t6i uu cho bai toan du
dodn vi tri PTM. C4c md hinh sau dugc lwa chon dua trén kha ning x{ ly di liéu chudi
va hiéu qua dy doan:

- M6 hinh hoc mdy truyén théng: SVM, XGBoost, RF.

- M6 hinh hoc sau: CNN1D, LSTM, Bi-LSTM va céc bién thé két hop theo hudng

md hinh hoc sau lai, hoc chat loc tri thifc.



1.3.4 Lua chon cdc tham sé trong qud trinh hudn luyén mé hinh du dodn

1.3.5 Ddanh gia mo hinh

1.3.6 Lua chon mé hinh

1.3.7 Cdc yéu cau hé thong va méi truong cai dit

1.4 Thach thitc cia cac mé hinh du doan vi tri PTM

1.5 Téng quan nghién ciu vé du doan PTM va cic phuong phap tién tién
hién nay

Hinh [1.3[1a so d6 bic tranh téng thé vé ba hudng nghién cttu chinh trong du dodn
PTM hién nay.

Téng quan nghién ciru vé dw
doan PTM duva trén hoc may

I

-
N . A s Vs
Mo hinh hoc may truyén Mo hinh hgc sdu, mé hinh Cac mo6 hinh ngon ngir protein (Protein
L thong L hoc séiu lai Language Models - PLMs) va mé6 hinh
S ngon ngir lon (LLMs)
Mo hinh: SVM, RF, XGB Mo hunh: M5 hinh:
6 hinh: ,RF, 00st, ... . :
CNN, LSTM, Bi-LSTM SVM, RF, XGBoost, CNN, RNN, LSTM, Bi-
LSTM
Pac trung:
Pac trung thii cong: PseAAC, - Th cong: PseAAC, CKSAAP, Dic trung:
CKSAAP, PsePSSM, BE, PsePSSM, BE, Aaindex ) a s:
AAindex - Embedding: One-hot, Word2Vec, - Embedding: Bert, ESM, GPT
Fastext,... - Pac trung lai: dac trung thi céng va dac
- Pac trung lai trung Embedding

Hinh 1.3 So d6 téng quan cac huéng tiép cin trong du doan vi tri PTM

Khoang trong nghién citu:

Mac du cac phuong phap hoc may, hoc sau va md hinh ngén ngtt protein da dat
dudgc nhiéu tién bd quan trong trong du dodn vi tri PTM, nhung hién tai van tdn tai mot
s6 han ché can tiép tuc gidi quyét. Céc khoang tréng nghién ctiu c6 thé tém lugc nhu
sau:

- Phu thudc dic trung thii cdng: han ché tinh téng quat khi 4p dung trén PTM hoic
loai méi.Céc dic trung nay bao gdom PseAAC, BE, CKSAAP, AAindex hay PSSM —
dudgc rt trich dua trén kién thiic sinh hoc va théng ké chudi — tuy c6 hiéu qua nhit dinh
nhung lai mang tinh cuc b, thiéu kha ning bi€u dién cdc mdi quan hé ngit canh siu va
c6 thé han ché kha ning téng quéit ctia mo hinh. Viéc phu thudc vao dic trung thi cong
cing gay ra thach thuc khi a4p dung mo hinh cho cac loai PTM khac nhau hodc cac loai
chua dugc nghién citu k¥, do can thiét ké lai dic trung tuong ting. Piéu nay cho thiy nhu
cAu phat trién cdc mo hinh c6 kha ning tu dong hoc dic trung tir dif lidu tho (end-to-end),
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huéng dén gidm thiéu t6i da su can thiép ctia con ngudi trong qua trinh tién xt ly dit liéu.

- Yéu cau dif liéu va tai nguyén 16n: hoc sau va PLMs can tap dit liéu khdng 16 va
ha ting manh, d6 phic tap cao va nguy co qua khép khi 1am viéc vé6i cic tap dit liéu
PTM c6 kich thuéc nhd. Nguy co qua khép: dif lieu PTM thuong nhd, mét cin bang, dé

din dén mo hinh kém tng quat.

- Chua khai thac chat loc tri thiic (Knowledge Distillation): mic du k§ thuét nay
da dugc ing dung thanh cong trong céac linh vuc thi gidc may tinh va xi ly ngén ngt tu
nhién, nhung dén nay chua c6 cong trinh nao ap dung cho du dodn PTM. Pay 1a mot
hudng nghién citu diy tiém ning, dic biét phu hop trong bbi canh dit liéu han ché va moi
truong tai nguyén gidGi han.

1.6 Hudng nghién citu trong luan an

Xuét phét tif nhitng khodng tréng trong nghién ctu du dodan PTM, nhu cau phat
trién cac md hinh c6 kha ning tuw dong hoc dic trung ti di liéu tho (end-to-end), huéng
dén gidm thiéu tbi da su can thiép ctia con ngudi trong qua trinh tién xi ly dit liéu dic
biét 12 su phu thudc vao cic dic trung trich xult thii cong va viéc chua khai thac tiém
ning cta ky thuat hoc sau lai, ky thuat chat loc tri thiic, nghién cttu nay dudc trién khai
theo ba giai doan chinh nham gii quyét tuan tu cic thach thic hién tai.

Thit nhit, trong bdi canh dit liéu huin luyén han ché, d€ nang cao kha ning khai
thac thong tin tf cd dic trung sinh hoc thu cong va bi€u dién theo ngit canh tit NLP,
nghién ctiu da dé xuit mot mo hinh hoc mdy t& hop, st dung dic trung lai ghép giiia hai
nhom: (i) dac trung thu cong (AAindex, BLOSUMG62, CKSAAP) va (ii) déc trung hoc
dugc tif md hinh NLP (Word2Vec). Su két hop nay gitp tin dung dong thdi kién thiic
sinh hoc chuyén biét va kha ning hoc mau ngit canh tif chudi protein. Ngoai ra, thiét ké
lai ghép con déng vai trd nhu mot bude nén quan trong dé danh gid dinh lugng mic do
dong gbp cua tiing nhém dac trung trong nhiém vu du doan vi tri PTM.

Thi hai, nham gidm thiéu sy phu thudc vao dic trung thi cong, nghién citu phat
trién mot mo hinh hoc sau lai két hop gitta CNN1D va LSTM/Bi-LSTM, tich hop k¥
thuat NLP dé tu dong hoc biéu dién dic trung tif mau dit liéu thd. Mo hinh dudc huin
luyén theo co ché dau-cudi (end-to-end), trong dé toan bd quy trinh tit biéu dién, trich
chon dic trung dén phan loai déu dudc tdi uu héa dong thdi trong mot mang duy nhat.
Céch tiép cin nay gidp md hinh hoc truc tiép tir dit liéu tho, nang cao tinh tdng quat va
kha nang tu thich ung.

Thit ba, nhan thdy mo6 hinh hoc sau lai va t6 hop tuy hiéu qua nhung tiéu ton tai
nguyén tinh todn ding k&, nghién ctiu dé xuét ting dung ky thuat chat loc tri thifc két
hop véi k¥ thuat NLP dé xay dung mo hinh du dodan PTM hiéu qua hon vé miit chi phi.
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Cu thé, mdt md hinh manh (gido vién) sé truyén tri thiic cho mot mo hinh nhe hon (hoc
vién), qua d6 duy tri hiéu ning du dodn trong khi gidm dang ké do phuc tap va thoi gian
huan luyén. Day 14 huéng tiép can mdi, chua dugc ap dung trong linh vuc du doan PTM,
c6 tiém ning 16n ca vé gia tri hoc thuat 14n tinh ing dung thuc tién.

1.7 Két luan chuong 1

Trong chuong NCS d trinh bay c4c kién thiic nén tang vé protein, dic biét protein
stta doi sau dich ma, vai trd viéc xdc dinh vi tri PTM trén chudi protein. Phat biéu bai
toan du doan vi tri PTM. Quy trinh xdy dung md hinh dy doan, phuong phap ma hoa
dic trung hién nay, phuong phdp ddnh gia mo hinh du doén, yéu cau hé thong thu vién
va moi trudng cai dit. Tong quan tinh hinh nghién ciiu trong bbi canh sy phat trién cia
Al va SOTA, khodng tréng nghién cifu, lua chon huéng nghién ciu ctia luan an.

CHUONG 2. MO HINH HOC MAY TO HOP DU DOAN VI TR
SUA POI SAU DICH MA TRONG CHUOI PROTEIN

Trong giai doan ddu ciia nghién citu, dé gidi quyét van dé di liéu han ché va dé
hiéu mot sé loai ddic trung trong du dodn PTM, NCS nghién citu cdc mé hinh hoc mdy va
cdc ddc trung (bao gém cd thii céng va ddc trung tic mé hinh NLP Word2vec), tiép theo
NCS dé xudt mé hinh hoc tdp t6 hop dua trén ddic trung lai dé du dodn PTM. Mdc di
viéc két hop nhiéu ddc trung lam tdang chiéu va do phiic tap, tuy nhién budc nay cé vai
tro nhw mot budc nén dé ddanh gid khd ndng dong gop ciia loai ddc trung trong mé hinh
duw dodn vi tri PTM. Két qud nghién citu dugc cong bo tai Hoi thdo quoc té CITA2023
(Indexed: Scopus Q4) - (CT3).

2.1 Dat van dé
2.2 Ky thuat hoc tap té hop
2.3 M5 hinh du doan vi tri PTM dua trén ky thuit hoc tap t6 hop dé xuét

2.3.1 Tén viéttat

2.3.2 Du liéu thuc nghiém

Bang 2.1 Bo dur lieu SUMOylation st dung trong nghién citu

SL mau duong tinh | SL mau Am tinh

Tap dit liéu huan luyén 745 1490
Tap dit liéu ki€m tra 117 234
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2.3.3 Phuong phap trich chon ddc trung va ma hod

Dé xay dung cdc mo hinh du dodn cho viéc xdc dinh cdc vi tri SUMOylation, NCS
trich chon cdc dic trung duva trén chudi: AAlndex, CKSAAP, BLOSUMG62, cic dic
trung nay dudc trich chon bdi tool iFeature; dac trung dua trén k¥ thuat NLP dugc trich
chon bdi moé hinh Word2Vec (Skip-gram).

2.3.4 Kién triic mé

hinh du dodn PTM dé xudt dua trén ky thudt hoc tip té hop

Data collection and pre-processing  Feature Extraction and Encoding Modellearning and Evaluation

Protein sequences:Training or Test

AAINDEX_ CKSAAGP

l Window sizel

Positive Negative

J coHT |
T

Databases or Literatures

Independent testing

AAINDEX AAINDEX_BLOSUMG62
CKSAAGP AAINDEX_Word2Vec
BLOSUMG2 CKSAAGP _BLOSUMG62
= Word2vec CKSAAGP _Word2vVec =»

BLOSUMG2_Word2vec

Cross-Validation

AAINDEX_ CKSAAGP _BLOSUMG2
AAINDEX_BLOSUMG2_Word2Vec

CKSAAGP _BLOSUMG2_Word2vec
AAINDEX_ CKSAAGP_BLOSUMG2_Word2Vec

*=| Parameter Optimization

Ensemble learning: RSX_SUMO building

___I_n_de_perﬁe_n_t___ =»
Testing datase

.

N\

RF Classifier XGB Classifier

Feature
encoding

Other prediction
tools

RSX_SUMO
(f = O.I1*RF + 0.4* XGB + 0.5* SVM)

Hinh 2.1 Kién tritic mé hinh hoc tip té hop du doian PTM dé xuat
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2.3.5 Chién ludc va tham sé hudn luyén mé hinh
2.3.6 Két qud va thdo ludn

2.4 So sanh mé hinh dé xuét véi cac cong cu du doan khac

Bang 2.2 So sanh hiéu suat mo hinh de xuat va cac cong cu du doan

Cong cu Nguong ACC SEN SPE
Low 0.877 0.884 0.875

GPS-SUMO2.0 | Medium 0.794 0.694 0.838
High 0.877 0.884 0.875

Low 0.855 0.828 0.865

seeSUMO2.0 Medium 0.769 0.644 0.829
High 0.836 0.790 0.853

RXS_SUMO (Pé xuit) 0.886 0.835 0.911

2.5 Két luan chuong 2

Trong chuong nay, NCS da dé xuit md hinh RSX_SUMO du doan vi tri SUMOy-
altion. M6 hinh RSX_SUMO xay dung dua trén k§ thuét hoc tip t& hop bang cach két
hgp ba thuat toan hoc mdy: RF, XGBoost va SVM. Viéc két hop nay gitip khai thac uu
diém cta ting thuit toan, nang cao hiéu suat phan loai va didm bao tinh 6n dinh cia mo
hinh. Tuy nhién mo hinh hoc tap t6 hgp v6i nhiéu md hinh co s6 va céc dic trung lai tuy
c6 hiéu suit cao hon mot chiit so v6i md hinh c¢d s nhung ton rét nhiéu tai nguyén tinh
toan. Py ciing 1a tién dé d€ NCS nghién ctiu dé xuit cac phuong phap du dodn & céc
chuong tiép theo. Noi dung ctia chuong NCS dudc cong bd trén hoi thao va sau:

CHUONG 3. MO HINH HOC SAU LAI KET HOP XU LY NGON

NGU TU NHIEN DU POAN VI TRi SUA POI SAU DICH MA
TRONG CHUOI PROTEIN

Tiép tuc nghién citu, trong chuong nay NCS tdp trung vao viéc khdc phuc cdc han
ché ciia mé hinh hoc mdy trong bai todn dw dodn vi tri SUMOylation. O thoi diém
nghién citu trong Chuong 2, nguén dit liéu SUMOylation con han ché, dnh hudng khong
nhé dén hiéu qud hudn luyén va khd ndng téng qudt héa cia cdc mé hinh. Nham cdi
thién diéu nay, trong Chuong 3, NCS dd tién hanh cdp nhdt va md rong tdp dit liéu
SUMOpylation, thu thép bé sung dit liéu, giip cdi thién chdt luong dit liéu dau vao cho
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mo hinh hoc sdu.

Song song vdi viéc md rong dit liéu, NCS dé xudt mdt hudng tiép can mdi dua trén
mé hinh hoc sdu lai, két hop gita CNNID va LSTM/Bi-LSTM, déng thoi tich hop ky
thudt xit Iy ngén ngit tu nhién (NLP) dé biéu dién trinh tu protein mot cdch hiéu qud.
CNNID cho phép trich xudt ddc trung cuc bo lién quan dén tin hiéu PTM, trong khi
LSTM/Bi-LSTM c6 khd ndng hoc cdc phu thudc dai trong chudi, von rdt cdn thiét cho
cdc ddic trung ngit canh sinh hoc. Cdch tiép cdn theo hudng NLP dé xudt con gip gidm
su phu thudc vao ky thudt trich chon thu cong, thay vao do cho phép mé hinh hoc ddc
trung tw dong tir chudi dau vao.

Khong ditng lai 6 SUMOYylation, chuong nay ciing md rong pham vi nghién ciiu
sang mot loai PTM khdc la Succinylation. Viéc phdt trién mé hinh cho cd hai loai PTM
nay nham vica kiém chitng khd ndng tong qudt héa ciia mé hinh dé xudt, vica gép phdan
lam giau hiéu biét ciia cong dong khoa hoc vé cdc dang sita doi sau dich md trong hé

gen va proteome sinh vdt.

Két qud thuc nghiém cho thdy cdc mé hinh hoc sdu dé xudt khong chi cdi thién do
chinh xdc va khd ndng tong qudt so vdi phuong phdp hoc mdy & chuong trudc, ma con
16i wu hon vé chi phi tinh todn va luu trit. Mot phan két qud nghién ciiu da dugc cong bé
trén cdc tap chi khoa hoc uy tin nhu Tap chi Tin hoc Piéu khién (CT4) va Computer and
Medicine (SCIE Q1, IF 7.0) (CTS), Hoi thdo CITA2024 (CT6) va héi thdao ICTA2024
(CT7).

3.1 Mo hinh hoc sau lai

3.1.1 Mo hinh mang neural tich chdp mét chiéu (CNNID)
3.1.2 Mo hinh LSTM, Bi-LSTM

3.2 Mé hinh du doin SUMOylation duwa trén kién tric hoc sau lai
(CNN1D_LSTM) va k§ thuét xi Iy ngén ngit tu nhién du dé xuét

3.2.1 Tén viéttat

3.2.2 Du liéu thuc nghiém

Bang 3.1 Dt liéu su dung trong nghién ciru

SL mau duong tinh | SL mau Am tinh

Dit liéu huan luyén 4985 9967
Dit liéu kiém tra 1245 2870
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3.2.3 Phuong phap mad hod va trich chon ddc trung

Embedding Layer

INPUT (Dik lidu huén luyén)
EEVKLSKESNVAR
MDKELSKEVNALE

|

Tokenzier (3-gram)
['EEV® “EVK” *VKI. ‘KLS” ‘I.SK” “SKE*
“KES” *ESN” “SNV” “NVA" “VAR’|
[ MDK’ “DKE” ‘KEL’ ‘LSK" ‘SKE’
“EVN’ “VNA™ “NAI “ALE’]

Convert lnicgcr vector

[12253222 ... 58682 41]
[344823...5398 3 17]

Word2vec Embedding matrix

Vocab (3-gram —
9261 tir)

—

Hinh 3.1 Quy trinh ma hoa du liéu dé xut, bao gom cac budc: (1) tokenization
chuoi protein b%ing n-gram, (2) chuyén ddi token thanh chi s6 6, va (3) st dung ma
tran nhiing Word2Vec 1am dau vio cho 16p embedding trong CNN1D va LSTM.

3.2.4 Kién triic mé hinh hoc sdu lai (CNN_LSTM) du dodn vi tri SUMOylation

MBb hinh hoc sau lai du dodn vi tri SUMOylation xay dung dua trén su két hop cia
hai m6 hinh hoc sau la CNN va LSTM (Hinh [3.2):

D T ——

+ “Data Collection and Pre-processing \\ Build Embedding Matrix Woerd2Vec
1 § . SWS WSP SPK PKI KIK IKR KRE REK EKS KS$ S§V
1
1 Kemose duplicare :’l;hw : Tokenizer:
[ — L — | SSWS', “WSP, *SPK”, ‘PKT', *KTK’, ‘TKR’, “KRF’, ‘REK’,
I - Training dataset 1 ‘EKS’, “KSS’, ‘§8V’
1 i LN
T
1 . ~
| = Testing dataset 1 EMBEDING_MATRIX OF WORD2VEC (21x300)
CD-HIT & = !
1 Redundaney reduction 1 1001156038, — 0.00370798, 0.00726882, — 0.00323456, — 000622324, .01 516087,
| g CL-LIET weilh 4% 1 102321764, 000389882, — 001039953, - 0.02650939..]
\ similarity thresold ’ vy
N o o D e ____ g ’
T T T TS T s s s T T TS TSR T T T TS ; DMDEDING LWER
fembedding_matria
i 1 Worazeee) . Dropout | [
1 E | ®o® oo : o
! TNPUT: g © | socsoe e 1 [ OUTPUT
1 — TEZ 3 | ssescse - - .
1 1§¥ng§|}$§|§$} :?E b - {[eessse conviD MAYPOOLING CowID MAXPDLING SUMOylation
1 S ) EYISE = Fatien baver
1 EEQ % Rl 7% None-
1 P E MR W T TTTTTTememes OY-® SUMOyation
1 Fl EMBEDING LAYER i
| = I Gembeatting matrix
1
\ 1 Dropunt
S M e e, e e, e e, ———————-—- 1
| seseee
|\ AL 1lXL] Flatien kyer
| J—

EMBEDING_MATRIX OF WORD2VEC (21x3(0)

—0.00622324, 0.0 1516087, 0.02321 764, 0.00389882,

(U G1156038, - 0.00370798, 000726882, 0 00323456,}

= 001039953, —0,02650939 ]

Hinh 3.2 M hinh hoc siu lai du doan SUMOylation (CLW_SUMO) dé xuét
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3.2.5 Chién ludc va tham sé hudn luyén mé hinh

3.2.6 Két qud va thdo ludn

3.2.7 So sdanh mé hinh dé xudt vdi cdc cong cu khdc

BGPE-EUMO20 mseeSUMO mIABEA

1

0g

08

¢}

~a

¢}

Lot

¢}

Lh

i}

=

i}

[

i}

ra

01
o]

GPE-SUMO2.0
seel URIC
JASEA
EestUMO
RXE_BUMO
CLW_SUMO

ResiUMO mEXS BUMO wmCLW_SUMO

U

ACC
0.877
0.835
0.87
0727
0.886
0.900

SEM SFE
0.884 0.875
0.79 0.853
0.453 0.5¢4
0.80% 0.649
0.835 0.91
0.880 0.909

MCC
0715
0615
0.423
0.456
0743
0773

Hinh 3.3 So sanh hiéu suat mé hinh CLW_SUMO véi cic cong cu du doan
SUMOpylaiton khac

3.3 Mo hinh du doan Succinylation dua trén kién tric hoc sau lai
(CNN1D_Bi-LSTM) va ky thuét xit Iy ngdn ngit tu nhién dé xuét

3.3.1 Ténviéttat

3.3.2 Du liéu thuc nghiém

Bang 3.2 Tap dit liéu huén luyén va kiém tra sit dung trong nghién citu

Tap du liéu SL protein | SL mau duong tinh | SL mau 4m tinh
Dit liéu huén luyén 2192 4750 4750
Dit liéu kiém thtr 1 124 254 254
Dit liéu kiém thi 2 124 254 2977

3.3.3 Phuong phdap ma hoa va trich chon ddc trung (Embedding dong)

Trong nghién cuu nay, NCS dé xuit phuong phap Embedding dong (Hinh tich
hop trong mo hinh hoc sau. Khi mo hinh hoc qua nhiéu epochs, thong qua qu4 trinh lan

truyén xuoi va lan truyén ngudc cia mang CNN1D va Bi-LSTM, céc gid tri s6 nay dudc
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cap nhat, gitip mo hinh hoc dudc bi€u dién tdi wu clia céc axit amin.

—— Deep leniiui
Vocab n-gram Embedding Layer HIDDEN LAYERS
U ram)

(Enable =True)
. Index vocab 21 AA
> 77316376144 12) l_‘ - SUTRUT
Index vocab 441 pair Bigram \

[215215113 99 ... 1510 6 250 400]
— Index vocab 9261 pair Trigram
ara -grd [12253222...5868241]
‘EEVEVK” “VK S “LSK “SKE" ‘KES"
“ESNT*SNV* “NVA' “VAR']

n-gram (n>3) | Index vocab 21" pair of n-gram
_'| _— [12253222... 58682 41] ‘_‘

Embedding

Hinh 3.4 Quy trinh ma hoa dur liéu protein véi phuong phap embedding dong

3.3.4 Kién triic mé hinh hoc siu lai (CNN1D_Bi-LSTM) du dodn vi tri Succinylation

Dataset Succinylation

Vocab: Axit amin
’I\raln TeSt 'GV,'AV,VVV,'L',VIV,'M',VP!,YFY,VWI,V
Sequence S','Tl’lNV,VQV,'YV,VC!,VK',VRI,VH!,V
[ CGSCRVQLLEGEVTPLKK ] D''E','X'
SAMGDDGTILCCSCV
Data Encoding i
1-gram

|[|Cv, 'G','s','C','R",'V','Q', 'L", ‘L,....,'T", 'I','L', 'C", 'C', 'S, 'C', 'V'] |

Integer_encode_1-gram

[[15,1,10,15,17,3,13,4,4,20, 1, ...,1,19,19, 1, 11, 5, 4, 15, 15, 10, 15, 3] |

INPUT
E II- — —bﬁ l Concatenate
Embedding Convolution Convolution OUTPUT
Maxpooling Maxpooling Averagepoolmg Flatten
Succinylation
Non-
1 Succinylation
Embedding Flatten

Hinh 3.5 Kién triic md hinh dv doan vi tri PTM dé xuét (CBILSuccSite)
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3.3.5 Chién ludc va tham sé hudn luyén mé hinh
3.3.6 Két qud va thdo ludn

3.3.7 So sdnh mé hinh dé xudt vdi cdc cong cu du dodn Succinylation

Bang 3.3 So sanh mé hinh dé xuat vdi cac cong cu dur doan succinyl héa khac

B6 dur liéu Tools ACC SEN SPE MCC

GPSuc 0.670 0.660 0.680 0.350

DeepSuccinylSite 0.700 0.790 0.690 0.480

e , . LMSuccSite 0.740 0.760 0.730 0.510
Dt liéu kiém thu 1

' pSuc-EDBAM 0.699 0.748 0.650 0.400

MDCAN:-Lys 0.707 0.768 0.646 0.420

CBiLSuccSite (Dé xuat) 0.763 0.803 0.724 0.530

GPSuc 0.850 0.880 0.490 0.300

DeepSuccinylSite 0.700 0.790 0.690 0.270

e , . LMSuccSite 0.790 0.790 0.790 0.360
Dt liéu kiém thu 2

' pSuc-EDBAM 0.738 0.760 0.736 0.290

MDCAN:-Lys 0.732 0.705 0.734 0.260

CBiLSuccSite (Dé xuat) 0.733 0.941 0.715 0.370

3.4 K&t luan chuong 3

Trong chuong nay, NCS da tap trung giai quyét bai toan du doan Post-Translational
Modification (PTM) bang cach dé xuét va phat trién hai md hinh hoc sau lai tién tién:
CLW_SUMO va CBiLSuccSite. M6 hinh CLW_SUMO dudgc thiét ké cho du doan vi
tri SUMOylation, st dung kién triic két hgp CNN1D va LSTM véi embedding tinh dua
trén ma trin Word2Vec nhim khai thac cc dic trung ngit nghia tif chudi protein. Trong
khi d6, CBiLSuccSite huéng t6i du dodn vi tri Succinylation, ap dung kién tric CNN1D
két hop Bi-LSTM cuing véi embedding dong, gitip nang cao kha ning hoc biéu dién va
tdi uu hda hiéu sut.

Két qua thuc nghiém trén nhiéu tap di liéu doc 1ap da khang dinh rang ca hai mo
hinh déu vugdt troi hon cac md hinh co s va nhiéu phuong phap state-of-the-art hién
c6. Hiéu qua nay bat ngudn tif su cdng hudng ctia kién triic hybrid: CNN1D gitip trich
xuat dic trung cuc bd, LSTM/Bi-LSTM nam bat dudc ngl canh dai han, va Word2Vec
embedding hodc embedding dong cung cip bi€u dién ngit nghia phong phu hon so véi
cac dic trung thi cong truyén thdng. Nhiing két qua dat dugc khong chi chitng minh
tinh hiéu qué va tiém ning clia viéc tich hgp ky thuat embedding tit NLP véi md hinh
hoc sau lai trong du doan PTM.
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CHUONG 4. MO HINH HOC CHAT LOC TRI THUC KET HOP
XU LY NGON NGU TU NHIEN DU POAN VI TRi SUA POI
SAU DICH MA TRONG CHUOI PROTEIN

Trong chuong 3, NCS da dé xudt mot sé mé hinh hoc sdu lai két hop ky thudt NLP
nham cdi thién hiéu sudt du dodn vi tri Succinylation va SUMOylation. Cdc két qud dat
dugc da dwoc khdng dinh thong qua cdc cong bé trén cdc tap chi uy tin trong va ngodi
nudc, cho thdy tiém ndng cua hudng tiép cdn nay trong bai todn du dodn vi tri PTM.
Tuy nhién, véi mong muén tiép tuc md réng va lam giau tri vé cdc loai PTM khdc. Trong
nghién ciiu nay, NCS chon PTM Ubiquitination. Ubiquitination dong vai tro thiét yéu
trong diéu hoa su 6n dinh va phdn hity protein, va la muc tiéu nghién citu rong rdi trong

linh vie sinh hoc phdn tit va y hoc.

Bén canh do, tir thuc tién trién khai mé hinh ¢ cdc chuong trudc, mot thdch thiic
ddng ké dwoc ddt ra la chi phi tinh todn do sw dung cdc mé hinh sdu lai (CNN, Bi-
LSTM). B¢’ gidi quyét bai todn nay, chuong 4 dé xudt mét moé hinh mdi dy dodn vi tri
Ubiquitination dua trén hoc chdt loc tri thitc (Knowledge Distillation) — mot ky thudt cho
phép hudn luyén mé hinh gon nhe (mé hinh Hoc vién) nhung vdn duy tri hiéu qud dw
dodn twong dwong véi mé hinh 1én (mé hinh Gido vién). Pdc biét, mé hinh duogc thiét
ké ké thita cdc wu diém ciia ky thudt md héa NLP da chiing minh hiéu qud & chuong 3,
gip biéu dién tot hon thong tin sinh hoc tir trinh tw axit amin va tding cuong khd ning

hoc cia mo hinh.

Hudng tiép cdn nay khong chi giip md rong nghién ciu lam giau tri thiic vé mot
loai PTM khdc, ma con gop phdn t6i wu hod chi phi tinh todn, giam dé phiic tap mé hinh,
va ndng cao tinh khd thi trién khai trong thuc tién ddp iing yéu cau thiét yéu ciia cdc bai
todn sinh tin hién dai trong béi canh dit liéu ngay cang lon va da dang. Mot phdn két
qud nghién ciu duoc dang trén tap chi Methods (SCIE Q1) (CTS).

4.1 Hoc chat loc tri thitc

Tuy nhién, theo khdo sit va tong quan tai liéu hién nay, chua c6é nghién ctiu nao
ting dung hoc chat loc tri thic trong bai todn du dodn vi tri PTM, dic biét dbi véi
ubiquitination trong & thuc vat. Khoang trong nay chinh 1a co s d€ NCS lua chon ap
dung phucng phap hoc chat loc tri thiic trong bai toan du dodn vi tri ubiquitination cho
Arabidopsis thaliana. Viéc két hop gitta kién triic hoc sau va ky thuat chét loc tri thifc
dugc ky vong sé gép phan nang cao hiéu qua du doan, dong thdi md ra hudng tiép can
méi trong linh vuc tin sinh hoc, noi cdc md hinh du dodn hién nay con gip nhiéu han

ché vé kha ning tdng quat hoa va chi phi tinh toan. Day ciing 12 mot dong gép mdi vé
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mit phuong phap luan ctia nghién ciu nay ddi vdi cong dong nghién ciiu PTM.

4.2 M0 hinh du doan Ubiquitination dua trén hoc chat loc tri thitc va k§
thuit x& Iy ngén ngir tu nhién dé xuét
4.2.1 Tén viét tat

4.2.2 D liéu sw dung trong nghién ciiu

Bang 4.1 B§ dif liéu huén luyén va kiém tra sit dung trong nghién citu

Mo hinh B dit liéu SL Protein | SL mAu duong tinh | SL mAu 4m tinh
R .. ._ | Ditliéu huén luyén 25,103 3,373 3,373
M6 hinh Gido vién — —
Dt liéu ki€ém tra - 750 750
. . Dit liéu huan luyén 1,607 1,532 1,532
M6 hinh Hoc vién — —
) Dt liéu kiém tra - 511 511

4.2.3 Phuong phap ma hod va trich chon ddc trung

4.2.4 Kién triic hoc chat loc tri thitc du dodn vi tri PTM

Data for Teacher

Arabidopsis thaliana, Oryza
sativa subsp indica, and O.
sativa subsp japonica

CD-HIT
CD-HIT l__l
v v L .
Training Testing Training Testing

Data for Student

Arabidopsis thaliana

1
Sequence (WS =31)
QCTNGSHEMKFRTDPKNADFIIESGATRLLL
i
Tokenizer (1-gram)
Q,CTN,..., LLL
L3

| 13,15,11,12, ..., 4, 4, 4 | | 7, 8,16, 20, ...,5, 4,16 |

INPUTl INPUT 1

Knowledge transfer

| Sequence (WS = 31)
PFKEIEALLRNSGEKLNERDDKVSYVEILK
GEKLNEF
okenizer -gram

PFKIL LLK

Data collection and Feature Encoding

OUTPUT

E-E-E e

5 5 g 5 57 [ Y
— i ) -
EX-EN-EX —EX @
Teacher model Student model

Hinh 4.1 Kién triic md hinh hoc chit loc tri thitc KD_ArapUbi dé xuét
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4.2.5 Chién ludc va tham sé hudn luyén mé hinh

4.2.6 Két qud va thdo ludn

@ Class0 & ClassD
&0 Class 1 Clazsz 1
40
an -
Fiil
0
a o
=20
—20
40
—40
L]
L
100 T 50 15 L 2 50 TS 80 &0 40 a0 o i) 40 B0 BD
& Class 0 0 # Classp

0

a0 ' . }%’i "-_‘ Class 1
g'] A e A
, PR ;
Le® )

a0

20
-0

=0

-4

(C) (D)

Hinh 4.2 Truc quan hoa T-SNE (A) Dir liéu cia mé hinh Giao vién (cac loai thuc

vat) trudce khi huan luyén, (B) Dix liéu sau khi dugc huén luyén béi mé hinh Giao

vién, (C) Dur liéu loai Arabidopsis thaliana trudc khi huén luyén, (D) Du liéu sau

khi huén luyén béi md hinh hoc chit loc tri thitc KD_ArapUbi dé xuét (mé hinh

Hoc vién dudc huéng dan bsi mé hinh Gido vién da dugc huén luyén trén bo dir
liéu da loai). (Class 0: Mau am tinh, Class 1: Mau dueng tinh)
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4.3
thaliana
. . 8
= =)
208

| d
ACC

0.883

0.801

0.513

SEN

M AraUbiSite

0.914
0.843

0.782

SPE

m ArabidopsisUbqg

0.724

0.58

0.468

McCC
KD_ArapUbi

So sanh mo6 hinh de xuat véi cac cong cu hién co vé du doan Arabidopsis

861
0.923

0.868
0

AUC

Hinh 4.3 So sanh mé hinh dé xuét va cic cong cu du doan Arabidopsis thaliana

4.4 Phan tich so sanh tong th€ bon mé hinh dé xuét trong luin an

Bang 4.2 Panh gia so sanh bén mé hinh dugc dé xuét trong ludn an

Mo hinh RSX_SUMO CLW_SUMO CBiLSuccsite KD_ArapUbi
Hoc may t6 hop o o . ,
Hoc sau lai Hoc sau lai Hoc chat loc tri
Ky thuét xay dung md (XGBoost, . j
hinh (CNN-LSTM) | (CNN-BILSTM) thic
SVM, RF)
Vector dac trung
tha cong L Embedding Embedding
Embedding tinh R ) R )
(AAlndex, N dong (16p dong (16p
Phuong phap ma hoa (Word2Vec tién . .
di Tigu va trich chon CKSAAP, hudin luyén) embedding dudc | embedding dudc
diic trung BLOSUMG62, ' huén luyén) huan luyén)
Word2Vec)
o . 4,387,000 5,859,281 451,025 (1.72 | 174,538 (681.79
Tong so tham so
(40.3MB) (22.35 MB) MB) KB)
o 4,387,000 302,081 (1.15 451,025 (1.72 | 174,538 (681.79
Tham so huan luyén
dude (40.3MB) MB) MB) KB)
Thoi gian huén luyén Cao Cao Trung binh Thép
Phit hop véi dif liéu Han ché Vira,l6n Vira Han ché,vira
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4.5 Két luan chuong 4

Trong chuong nay, NCS da dé xuit va phat trién mo hinh KD_ArapUbi, mot
kién triic hoc chét loc tri thiic (Knowledge Distillation) ing dung cho bai toan du doan
vi tri ubiquitination trén loai Arabidopsis thaliana. Bang cach két hop giita “md hinh
Gido vién” Bi-LSTM manh mé, embedding dong va “mo hinh Hoc vién” gon nhe hon,
KD_ArapUbi di dat dudc hiéu suit vugt trdi so véi nhiéu phuong phdp truyén thdng va
cong cu du dodn hién c6, dong thdi gidm dang ké s6 luong tham s6 can huin luyén.

Bén canh d6, viéc so sanh va danh gid bon mo hinh khac nhau (RSX_SUMO,
CLW_SUMO, CBiLSuccsite va KD_ArapUbi) cho thiy su da dang trong céch tiép can
bai toan. C4c md hinh hoc mdy truyén théng dem lai d6 dn dinh va téc do xi ly nhanh,
thich hop cho dit liéu nhé. Cac md hinh hoc sau lai khai thac tt ca dic trung cuc bo va
toan cuc, song doi héi tai nguyén tinh todn 16n hon. Trong khi d6, hudng tiép cin hién
dai v6i hoc chit loc tri thifc da chiing minh kha niing t6i uu hod, vira gidm chi phi tinh

toan, vita duy tri hiéu suit cao, phit hop cho céc ting dung thuc tién.

Tir d6, ludn 4n khang dinh gid tri khoa hoc khong chi & viéc dé xuat modt md hinh
méi c6 hidu ning vuot trdi, ma con § viéc cung cip goc nhin toan dién vé uu, nhugc
diém va bdi canh st dung clia cic mo hinh du doan PTM. Day la cd sé quan trong dé
dinh huéng phat trién cdc cong cu tinh toan hiéu qua, phuc vu cho nghién cifu va tng
dung trong sinh hoc tinh toan.

KET LUAN VA HUONG PHAT TRIEN

Trong luan 4n nay, NCS di tip trung nghién cifu va phat trién cac mo hinh cai tién
nham nang cao hiéu suat du doan cac vi tri sita ddi sau dich ma (PTM) trén protein. Cu
thé véi viéc dé xuat kién tric Hoc tap t& hop véi dic trung lai ghép, mot s6 kién tric Mo
hinh hoc sau lai, hoc chét loc tri thiic két hop k¥ thuat NLP md&i gitip cai thién hiéu suét
cta 3 PTM (SUMOylation, Succinylation va Ubiquitination).

A. Cic két qua dat dugc cta luin an
Luan an co ba dong gop chinh sau:

(1) Co s6 1y luéin va tong quan hé thong: Luan an da hé théng héa, phan tich va
so sanh cac phuong phép tif truyén thdng, hoc mdy t6 hop, hoc sau lai cho dén ky thuat
xt 1y ngdn ngit tu nhién (NLP) trong bai toan du dodn PTM, qua d6 xiy dung nén ting
khoa hoc viing chic cho cic nghién ctiu tiép theo.

(2) Khai thac NLP cho dur liéu protein: Luan an da chiing minh kha nang tng

dung va hiéu qua cta céc ky thuat NLP trong viéc bi€u dién ngit canh ctia chudi protein,
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gilip vuot qua han ché clia dic trung thi cong va nang cao do chinh xic trong du doan.

(3) Pé xuét va phat trién mé hinh méi: Luan 4n da d& xuAt bén mo6 hinh PTM
v6i hiéu suét cao, trong d6 c6 cdc md hinh lai két hdp hoc sau véi NLP va dic biét 1a mo
hinh 4p dung hoc chat loc tri thifc cho Ubiquitination, phit hgp véi bi canh dif liéu han
ché va moi truong tinh todn han ché. Cu thé, bon dé xuit chinh gom:

- Pé xuét mo hinh du doan vi tri PTM (SUMOylation) dua trén hoc may t3 hop va
cac ddc trung lai ghép.

- bé xuat hai mo hinh du d6n vi tri PTM (SUMOylation va Succinylation) dua trén
ky thuat hoc sau lai ghép va ky thuat xu ly ngdn ngt tu nhién.

- Pé xuit mo hinh du doan PTM (Ubiquitination) dua trén hoc chat loc tri thifc va
ky thuat xt Iy ngdn ngit tu nhién.

B. Nhitng di€m méi va ¥ nghia ctia cac két qua nghién citu

Nghién ciu da dé xuat phuong phap ma hoéa dit liéu st dung ky thuat NLP, phu
hop v6i dit liéu protein cu tric bac 1, dong thdi tin dung dudc sic manh tu dong hoc
dic trung ctia mo hinh hoc sau. Piéu nay gitip cai thién dang ké kha ning bi€u dién dit

liéu, to1 uu hoa qua trinh huan luyén mo hinh va nang cao hi€u suat du doan.

Bén canh d6, luin 4n da dé xuat mot sé mo hinh tién tién dé€ du doan vi tri PTM véi
hiéu suét cao, trong d6 c6 RSX_SUMO, CLW_SUMO, CBiLSuccSite va KD_ArapUbi.
Cac mo6 hinh nay déu ing dung k¥ thuit ma héa chudi protein bang NLP, gitip khai thic
tot diic trung trinh tu protein. Hon nita, kién tric cia cac md hinh dé xuét da phat huy
stic manh ctia nhiéu md hinh hoc mdy va hoc sau, tir d6 cai thién hiéu sult tdng thé.

Mot s&6 md hinh hoc sau lai diic biét md hinh hoc chit loc tri thic khong chi gitip
nang cao do chinh xac ma con c6 kha nang tu dong hoc dac trung tu di li€u tho va thuc
hién qu4 trinh hoc end-to-end. Diéu nay gitp giam thiéu su phu thudc vao cic phuong
phdp trich xuit dic trung thi cong, dong thdi ddm bao tinh téng quat va hidu qua ctia md
hinh trong bai toan dy dodn vi tri PTM.Céc mo hinh dé xuét khong chi mang tinh hoc
thuat ma con cé y nghia thuc tién, h trd cac nha nghién cifu vé sinh hoc phan ti, dugc
si, bac si rit ngin thdi gian trong viéc phat hién, phan tich céc vi tri stta ddi trén protein.
Bén canh viéc cong bd két qua nghién ciu, NCS ciing chia sé dit liéu va toan bo codes
chuong trinh thuc nghiém 1én nén tang Github dé déng gép va hd trd tich cuc cho cac
nha khoa hoc trong qua trinh nghién ctiu, thyc nghiém c6 li€n quan cua ho.

Nhiing két qua nghién ctiu ctia luan 4n khong chi déng gép vao linh vuc du dodn
vi tri PTM ma con khang dinh tinh kha thi va hiéu qua cta viéc ting dung cdc mo hinh
Hoc tip t6 hdp, Md hinh hoc sau lai, Hoc chat loc tri thic va ky thuat NLP vé6i di liéu
protein cau triic bac 1 trong du dodn vi tri PTM.
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C. Huéng phat trién cta ludn an
Thit nhat: Nang cao do chinh xdc ctia mé hinh

Mic dit cac mo hinh trong ludn 4n da dat dugc két qua dang khich 1& trong viéc
du dodn cdc vi tri stta ddi sau dich ma (PTM), van con nhiing tiém ning dé cai thién do
chinh x4c. Trong cdc nghién ciu tiép theo, can xem xét két hop thém cac ky thuat hoc
sdu tién tién hon, t6i wu héa kién tric mo hinh hoidc két hop thém thong tin dic trung
sinh hoc d€ cdi thién chit lugng du dodn.

Thi hai: Xi Iy vin dé dit liéu mét can bang

Dt liéu PTM, dac biét khi md rong sang cac loai PTM khac hoac cac loai khac,
thudng gip phai tinh trang mit can bang nghiém trong giita sd lugng mau duong tinh
va am tinh. Trong nghién ctu nay, NCS st dung cac bo dit liéu da dudc cin bing theo
cac nghién cttu trude. Tuy nhién, cac hudng nghién cifu tiép theo can tip trung khai thac
va so sanh hiéu qua ctia cac phuong phap xi 1y dif liéu mét can bang nhu oversampling,
undersampling, 4p dung trong s6 cho ham mat mat, hoic st dung cac ky thuat nhu focal
loss. Piéu nay khong chi gitip cai thién hiéu qui du dodn ma con ting tinh ting dung khi
trién khai trén cac bd di lidu thuc té.

Thit ba: M6 rong mé hinh cho du doan cac PTM khac

Luén 4n da tap trung vao mot sé6 PTM tiéu biéu nhu SUMOylation, Succinylation
va Ubiquitination. C4c nghién ciu tiép theo c6 thé md rong pham vi nghién ciiu sang
céc loai PTM khac nhu Methylation, Acetylation, Phosphorylation,... d€ xdy dung mot
hé théng du doan PTM toan dién hon.

Thi tu: Phat trién phan mém va cong cu hé tro nghién ciu

Viéc trién khai cac mo hinh du dodn vi tri PTM dué6i dang phan mém hoic cong
cu dé st dung cho cdc nha sinh hoc va nghién ciu vién sé gidp tng dung rong rai cac
phuong phép trong thuc tién, gép phan hd tr¢ cic nghién ctiu trong linh vuc sinh hoc
phan ti va phit trién dudc pham.
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