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Abstract  Four potential cyclin-dependent kinase 2 (CDK2) inhibitors were discovered through machine learning
and molecular dynamics simulation methods. First, a classification model for CDK2 inhibitors was established using
existing large-scale activity databases and machine learning algorithms. The extreme gradient boosting (XGBoost )
model with extended-connectivity fingerprints (ECFP6) was used to screen the Enamine database, identifying 1152
novel compounds. These potential compounds were then ranked based on their affinity for CDK2 using molecular
docking and scoring functions. The compounds were clustered into four categories using fingerprint clustering
methods, and one compound with a high docking score was selected from each category. Subsequently, the four
selected compounds underwent drug-likeness analysis and molecular dynamics simulations. The four potential CDK2
inhibitors (21766368563, 7363564868, 71891240670 and Z2701273053) demonstrated good drug-likeness proper-

ties and high binding free energy in molecular dynamics simulation results. The findings suggest that these four
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compounds can serve as lead compounds for subsequent modification and optimization as CDK2 inhibitors.
Keywords Cyclin-dependent kinase 2 (CDK2) inhibitor; Machine learning; Molecular dynamics; Binding free

energy
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Fig. 1 Structure and binding sites of CDK2
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[ it 25 ) 2% 45 230 07 (Attentive FP)TE CDK2 B0 42 v 600 HH B AP pO Wi MERE . Fe 2K, YEFE XGBoost fi
BIAE Enamine $0H5 2 Fp 07 26 H 4 Fh ¥ AE A9 CDK2 #1155 (21766368563, 7363564868, 71891240670 Al
72701273053) , HHA RAF s, Haef e fA7ET CDK2 i, AIE R Se Sk S WA 1 e 2k i ele vt il
k.
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(https: //pubchem. nebi. nlm. nih. gov/ ) K2 F] .
1.6 EHEST

REFIR— IR 2P A RRE , JE B 25 R B R 0y BAR P BT (anJ 1 . BEZK 3T
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Fig. 2 Visualized spatial distribution of CDK2 training sets and validation sets by t-SNE
(A) Based on ECFP6 fingerprints; (B) based on ECFP6 fingerprint plus 6 physicochemical property descriptors.
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fi F RDKit 235153 B CDK2 B i id v S e ML S i B 22 2461 . RDKi 34 T AR 4 5 7
T HEZERPE T o0 R Murcko B 2R AR B 2L UFRE . Murcko BARSERR A REEF], (BIREE T RS
P4k 5 BB 2R Murcko B 2R i 2% S5 7 B8 ORI B IR T, T A S R B0 o B . S5 OR, 1
CDK2 B4 Hh, T PEID 1 S0 B ™= A2 T 863 A JHAF 1) Murcko B 221 456 M HRF ik 22 5 1398 4~
Murcko B 221 863 ik B 24 7E T CDK2 AW PR £t b . b, 7E Murcko ‘B 48 M, K29 95% B 4L
AN 104015 [ K29 90% BIRE B 10401, B3 7 CDK2 354 5 ARG M HELE FT FA Y
B S2, WASCHFGEE), M aRIEMEL R0 M T SR 7 03 48 AR, Bl
TEVERY 22 F T RE S ARG . RS TP SR A GE T4 SR S T CDK2 B 45 R AL S 25k AT 20
P BRI S AR TR 22 50T LU 25 A A A R R
23 HIBEFEIFMER AT

i T PIRIE GEAL 2 > TR 3 R R B 2 S AR . A3 A B I E Python M35 T 503, - H &5
TZWEUE, LS RIBEYLAYZE R . CDK2 AR A 56 IE AR 5 R AE PPl 25 S 40 5151 T3 1 file 2.

MFE1EF 20T LIE H, BiEgE SR s ong il w4 sl S5 AR T, 3O= PR R e I 2 A
t, BHIEES S TR SRR, ISR RS A o A T e SN2 A 20 . R 2 7]
W, 3T ECFP6 35401 RF F1 XGBoost BRI AE CDK2 %4k 4 R BUAR €2, MIiA4E AUC 43 5112 93. 80% F11
93.56%. 5 Z M LI MACCS $540HY RF 1 X GBoost A5 H 78 FiU A1 il 77 1 6 1 b 2R . ECFP6

B SUHE T 1 RF AR A SP QR TFON AR TS AL B P 0 BOE R 91. 77% , FRBH RF BERIAE FO A1 iEPEAk &

VIt BA B R R PE . 5T ECFP6 540 1Y XGBoost A R T IN & 1 AR TE MEAL S M 00 BE ) B 473 B
PG (R BE T 41 . AEEIRAIT, Aventive FP TN b, MASE AUCAE R 92. 34% , TR AR 2% &
TR G B, JF FaE i B AL S T E R TR . CATRIRLY SE >N 94. 58%,
& WA TR AR 4 T EL A TR R 0% W Y B bt U 3 A P TR0 5 L SR IR 0 A T 400 ) ) e R SR
7, SPAEANH 56. 40%.
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Table 1 Performance of CDK2 inhibitor machine learning algorithm on validation set
Model Feature AUC(%) ACC(%) MCC(%) SE(%) SP(%)
RF MACCS 91.73 84.55 69.16 82.53 86.57
ECFP6 93.80 86.80 74.23 82.37 91.22
XGBoost MACCS 86.00 77.14 55.02 84.17 70.16
ECFP6 94.14 88.20 76.65 88.58 90.81
GAT Graph 90.53 73.56 55.16 92.17 57.63
GCN Graph 91.53 83.10 64.17 75.36 87.42
Attentive FP Graph 93.11 86.99 71.13 88.13 86.99
Mean value 91.55 82.91 66.50 84.76 81.54
Variance 6.58 26.17 65.30 25.75 138.63
Table 2 Performance of CDK2 inhibitor machine learning algorithm in the test set
Model Feature AUC(%) ACC(%) MCC(%) SE(%) SP(%)
RF MACCS 90.85 83.14 66.21 81.88 84.39
ECFP6 93.80 86.00 72.55 79.76 91.77
MACCS 91.31 84.20 68.15 84.65 83.75
XGBoost
ECFP6 93.56 87.93 73.37 88.28 89.58
GAT Graph 90.67 75.49 52.85 94.58 56.40
GCN Graph 91.00 81.30 63.72 73.75 88.72
Attentive FP Graph 92.34 85.96 70.73 87.63 86.45
Mean value 91.93 83.43 66.80 84.36 83.01
Variance 1.48 14.50 42.56 38.64 124.98

2.4 HEBEFIIEEER

Shapley additive explanations (SHAP ) J&— M BEHL AR 7 2 BRI ZE LA T 204 ffi ] SHAP X5 T
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1480137, 80137 . 352 LA S 1573 540 v Bei), AT RESRARAL G 4 il CDK2 ii& LB 3(B) 1. HAKR)
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Fig. 3 Visualized feature importance of RF model(A) and XGBoost model(B) based on ECFP6
fingerprint in CDK2 dataset

The higher the feature value is, the higher the feature importance is.
BR R RERI RS SOHEA T RSN, B 01 TP s B AR PRALAT Bl — B 1 A R S A A B
i AETETEMRALE 4(A) I, 23 T4 P RO R BOER, JCHAL T 0 & R LR R YA,
Ut B AR TR Y 2RI X i3 2 J 5 I OG T, A5 F X COK2 #0031 1 S /E . i AR T
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Fig. 4 Atomic heat diagrams of the active inhibitor(A) and inactive inhibitor(B)
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(A) The darker atomic color indicates a positive correlation with the activity of the inhibitor; (B) the darker primary color

indicate a negative correlation with inhibitor activity
PR 1 4(B) Jrh, WOGTE A2 —LSE i BLfi . AIAANGE A —SEfR T~ | FRIESE , X SRR B AL
AR YRS . R R AR AR S 0 TR SO R R 45 R B
241 MEFIEA WA BRSO IR, FUHPEE bR B T R T
PO . XGBoost BERLTE TGN P AR S VAL S PR A ARG BORCR . RF 5 Attentive FPRCR AT, (HE
TE TIN5 P B AR T B A A AN AL . B BRI R B A B, e A PRl XGBoost A5 BY T
CDK2 VEAEAN IR . vk i 18 BT FH B 80K Y8 F Enamine HLL-50 (https: //fenamine. net/) , H415 5 54>
BRURFE TS Y . B, R S BAREMFAT, MERELFZR-SY) BlJS , 6 XGBoost AR 1
AT, 458 17 1152 M EIE AL 59 (https : //github. com/yulinliul 11/DATA).
242 HFaEANFE RS I EIYL T R 11520 COK2 W EIN T R 24T 705X 52, KB
1152 MEA Y15 CDK2 Z2 (R B B4 34976 -29. 3 AR [ &1 5(A) ], d B ST A BRI ZE 0 CDK2 375
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Fig. 5 Docking scores of 1152 screened molecules(A), the number of clusters determined based on the
silhouette coefficient index(B), cluster diagrams of compounds and molecular structures of the

four chosen compounds(C)

(B) The closer the value of silhouette coefficient is to 1, the better the clustering effect is.
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PRy B RAFRROR . B RIHE LS Y a5 N A 2060, (1 K-Means S35 0F 1T R 2,
FIIF 5 5 R BOR AR R FIW e e R A, 30 B REBUEE I (-1, 1], BT 1, Ui
FRARBORBT 5 BUEBAEIT -1 WBCREE . R S(B) Al DL, YIRS BI R 41}, 0BRS8N,
W 11524405 425, BREEATRA RIS, RSS2 I 25 [E 5(C) 1.
AN o R o345 o B AR B A E R i e ) CDK2 YRR, b 75 S 28 240 HT .

It SHAP XA TN (44 A 4 0005 kS5 TG P 25 A A T R, e KA B AP AR E%ﬂﬂ?ﬁ%
A R R G P m A T P 2, SR AR TR 5 R AL T T PR A . DT ST(A) (LA H5 (5 B
AL, BEELEE— A P T A PR R 8 R R - AR B R TR 80 B (111292, 156%[11272
S5 AR (2160 M3t T AETE AT S0 R B (B €0) A A (2. 23). MEIST(B) AL, —ME A4
TAEER B (L m), (R A Y AR 80 Bo G (5 ) i i TE e 80 B, R4l
A AR AR T
2.5 RAGHEDH

2350 W T F SwissADME F1 ADMETlab 78 £k 9% 3l i i 25 5 1 4 F ik A 90 B9 28 250 4 W 6 b (L
b, MW &40 F i, HBD/HBA {03 S B A/ 2 %, TPSA R FMEPER L, GI absorption {03
1 B SRR B, QED S8 FE AL IS 25 M 4L, 1gP RIR/K 3L R 5.

Table 3 Chemoid-like analysis of the four chosen compounds

Compound MW HBD HBA TPSA/nm? Gl absorption QED lgP
71766368563 391.3 2 7 0.717 High 0.648 4.487
7363564868 419.4 2 4 0.872 High 0.630 3.360
71891240670 3934 0 7 0.958 High 0.528 2415
72701273053 368.4 0 6 0.820 High 0.475 5.003

WL 3T LUE 1, 4 Fh T3 HAT 505 0 QED 43 B0F & 14 15 a8 I, HBA B0 AF 0~10 Z ],
HBD £ 0~5 2 [a] , TPSA 7£ 0~140 Z[8], lgP 7E 0~5 Z [0] . A WL, Ve 4 fib- &9 B B I 25tk
AT LE R e AR A I 2 B AR A R e
26 DFHNFELEEEHEST

B ECR-Z AR 2 A WK R A8 B 2K T 100 ns B9 MD AL . A 1 56 UE S B AHE SZ AR R Y
R P MD B A5 B0 G 38, 7E 100 ns 19 MD B EAGIN 1B 48 1934 5 fi i 22 (RMSD). - FH ]
6 AT UL, BAR RLERIUG I B 5 B W ik B 8h )2 P HERAS , B shyEFIAE 0.2~ 0. 3 nm Z [A] . K[ 6(B)~(D)

0.5 0.5
A) — 71766368563 ®) 2363564868
— apo CDK2 apo CDK2

041 041
g 03F g 031
g8 g

’I Wu\,’m

5 020 5 02 MW‘W‘ MWMWMM

0.1 0.1

0 L 1 1 1 0 1 1 1 1
20 40 60 80 100 20 40 60 80 100
Time/ns Time/ns
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=
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Fig. 6 RMSD for systems Z1766368563- CDK2(A), Z363564868- CDK2(B), Z1891240670- CDK2(C)
and Z2701273053-CDK2(D)
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TE R A I ] TR 2 T 8 J1 2 B AR S, T 18] 6 (A) 7E %5 20 ns A B ik RS-, H MR 2 m
RMSDER K, 294 0. 3 nm, £ 21766368563 BLIARMI I 1At 45 CDK2 45 G AT E , 7R/ )5 20 ns
AR BRIk

K F MM-PBSA Ji 3 HE T 4 ME R4S G B thBE (R4 FIE S2, WACLFHFEE). 458 %M, &
PS5 R 2 (B0 S 1 S FVE A, BHEZS (AE,,) A (AG,, ) H # AR Bk 2 FAS A
TR SE ARG A . SR, JUEAERER (AR, ) TR S BE R (AG,, ) Z Y BT ko 4 A i 771
JEA RN . 72701273053 FLAAFE CDK2 SZ K 9454 A H BERAK (AG,,,, H-132. 60 kJ/mol) , FHirr, =%
FIRE DTS ARR A BAE R, EYOEARAR AR & L. 21891240670 BLIALE CDK2 SZ K H 45 &
AR, F-64. 63 kl/mol, HHTARRMNEAH A RERK, SRR S E T Z R AE5E H HREREL.
7363564868 Tt K 5 CDK2 524K 454 [ B g -81. 42 kJ/mol , IXFCARIR BTl K, FWATIATE 5321k
SEE B G ARAEYN, BRI GE A2 R 4%, HIL, FUARMZS S A haeidk.

Table 4 Binding free energy of the four complex systems

AL AL o Ao NG/ AGJ AC/ TAS/ AG, J

System (emol™)  (Jemol™)  (Kemol™  (kemol™)  (kJemol™)  (KJemol™)  (kJemol™)  (kJ-mol™)
71766368563-CDK2 2973 2200.10 136.64 22658 107.06 20668 2531 9431
71891240670-CDK2  ~16.50 ~197.78 145.86 21.99 12936 21977 2270 -64.63
7363564868-CDK2 49.71 22121 172.86 2724 123.15 24845 —4061 8142
72701273053-CDK2  ~39.14 24772 160.61 25,15 121.47 27286 -1879  ~132.60

R TN T 4 RO S A e B, B A A BEE— A A0 R e A 5 3% 3 22 18] B AH AR
g, AP PR BR BRI 5 2 FUBUE PE AL 2 G W B AR AL . R SA(IA SR ) B4 T A5k
SETTEROU M AR AR, A CHR I B AN T S3 (LA S H5M5 B Fiow . il ad HA 5% i B o0 B8 o
Mr, 21766368563 BriA By k#8135 1 1le10, Vall8, Phe80, Aspl45 5iik; 21891240670 BL A ek
FE ok H 1le10, Vall8, Asp86, Leul34 1 BTk ; 7363564868 FiL {4 1) 2 #5422k H 1le10, Vall8,
Phe80, Asp86, Lys89, Leul34, Aspl45 (i BT#ik ; 22701273053 M 142 1) 3k 8 14  Bk H Lys33, Phe80,
Leul34, Aspl45 By 5iHk .

T WS ECAA S CDK2 By SV SS 5 e 1 AT LASS H HOR R 88 R ) 9 B A5 S, . 8] VD Wa i B
A RTREH B A s HE R . RS AL, B IR 21766368563 B /A 75 B Ll i3 #2 o 5 Val64, Lys33 Fll
Aspl45 FR BB i 1 AU, (B SHE I 5 A R AR (12% ~ 19%) , R WA 0 & VB R A FR .
72701273053 BiifAk 5 Asp145 SR FIE iR E IO S, A KN 74. 61%. 7363564868 FiLiA 5 Asp86 5k Ik
TR T Ra e A, (5 5k 94. 30%. 71891240670 BCAA 5 Glul2 5% JEIE i 1 & ke sE &k, 5
HHEN67.23%. Wik SN, HEMECALE CDK2 A w5 i M AT BE 15 Asp 145 SR EAR T AR A —E 10

Table 5 Hydrogen bond occupancy in simulation time

Compound HBD HBA Occupancy (%)
71766368563 Lys33-Side-NZ Mol299-Side-02 18.99
Aspl145-Main-N Mol299-Side-02 17.59
Mol299-Side-03 Val64-Main-O 12.44
72701273053 Aspl145-Main-N Mol299-Side-O1 74.61
Lys33-Side-NZ Mol299-Side-02 28.97
1le52-Main-CA Mol299-Side-F 21.44
7363564868 Mol299-Side-N3 Asp86-Side-OD1 94.30
Mol299-Side-N3 Asp86-Side-CG 32.38
Glul2-Main-N Mol299-Side-O1 11.34
71891240670 Glul2-Main-N Mol299-Side-N2 67.23
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B SA (A H 5 B R T 4R BCA S CDK2 AR MM BEAER . S4(A) R T
71766368563 B AKLE CDK2 32 /A (/TR R, Aspl145 5 ECAAR d By kg 3R F B E O KR T &
i, Phe80 5 WRMMEE A IR K, T ar-or B, X 558 FLRE HE /0 P Asp145 5 Phe80 H{EAEAEBE & HE
k.

iy 18 S4 (B) Al W, , 7363564868 Bt {4 5 Asp86 Fl Glul2 JE %, 1 A S A0 HAEFH , 5 Lys89 i 1 FH
B F-m AHEAER . 7363564868 it {A 5 CDK2 FA4SAL i g AR PRI A T & M KA EAE . 456 5%
FERE LM RS T4, A4 B ek G SR N 45 S A BB IR T — @ TTEk . BB S4(C) R IL,
Glu12 F1 Asp86 15 71891240670 it {4 it 72 — s 3843 SIIE B, T S B A A 2 F -7 A EAE T, Glul2 SECA
PR LE R ANE BT B - M AR, 53R L RE i 2 i 45 R v Glul2 yuFE AL RE i sk R B 4
—F. HEM 22701273053 BLAATE 4 MEG W BA BRARMES G A B Y J5t 2 HAT v R BR 15 ik g
SEMIAEE 250 (B S5, WA SCE 35 8., Eak MD BLBUS 1 A BEAE R BT B S4(D) 1, XA 488 A
Bt 5 Lys33 B R T S B BEAE T, 5 Phe8O F1 Asp145 JE Bk /K AH BAE AT . 3 LIl 2 5% Jik g & ) i
75 H X 3 Fh AR S S A AR AT BLVE FHBE (AG,) Z A1 i GBS JL 1 AG, Z FY 64. 74% (£:54) ,
IHZEH R 22701273053 HH 0 JCHE 2540 . 3xX — 25 R SRRV 22701273053 14 1631 S 880 Be T 1
R BT

3 & i

=H

il B G ML AR 27 ] IR CDK2 FE v — /3 R0 . 4550380, AAF- S i KV fe R T
ECFP6 () XGBoost,, JiuFH SIS H AUCHRIAE] T 90% LA 1. RF FIEIEIE (Attentive FP)WLAT R 4FHY
TSR . A EE N SERUS , 8 SHAP MR RE 4348 B0FE RF Fl XGBoost 7Y (Y F 2%, FF H A AT
i T 1) PSS AU A i 22 1T X6 0 () T PR A A e, Fe & A 2 CDK2 110 3510 3 M FR) 544 7 e (A
1476, 1292 F1 158248 40). M ArHr a5 R A3 2 1) 3 F e SUR R 5 R AL B — 3. ZERTARIN A
YEAL AW S AR L 1 XGBoost B TE Enamine B30 4 ip EL 08 Y 115246590 . 0
Ve LAY 5 CDK2 SZ RS 7354z . R TR AT T o0 HE# thas IO AL S W 25k B — |, ¥ 11524
A YE L FR SR Ba TR MR RIFE R, FRBIRIM RN (428) , RS XT LT AR
APk — ARG Y . (3 A BT 4 B HE T, S5 R AR, 4 PP LR TE
CDK2 ZARHEE B F00E , JFTESS & HARAME L T F & Wa B e BAEH . AU S5 347 B T CDK2 411
il Sk el Fnpe A, F520 08 M 5 4 CDK2 Pl 571 .

X F1Z & Whttp: //www.cjeu.jlu.edu.cn/CN/10.7503/cjcu20240442.
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