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Abstract: Objective To design a dual-target inhibitor of DPP-4 and SGLT-2. Methods The BiRNN model was trained according to
the existing DPP-4 and SGLT-2 active compounds to generate new dual-target molecules with potential activity, and the HipHop
pharmacophore model was constructed using the reported active compounds, and the new molecules were pre-screened through the
pharmacophore model, and then the small molecules were further screened by molecular docking, molecular dynamics simulation and
combined free energy calculation, and the candidate compounds were finally obtained. Results A total of 7 494 new molecules were
generated by the BIRNN model, and the compounds NM186, NM21, NM249, and NM107 were found to be relatively ideal dual-target
inhibitors of DPP-4 and SGLT-2. Conclusion NM186, NM21, NM249 and NM107 may be dual-target inhibitors of DPP-4/SGLT-2
with novel structures, which enriches the diversity of DPP-4 and SGLT-2 dual-target inhibitors and provides new design ideas for their
development.
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55 DPP-4 H SGLT-2 Bl AHEL,  XUHE s 4] e
BERRCMPE. LM EE (HbAle) /K7, 1
PP N s 52 = P D

DPP-4 i55IF1 SGLT-2 i F7I7E FpEp LA L
WA ERERYFEIER, DPP-4 M7 Al FF & P I
P s MBS R AEAR-1 (GLP-1) /K°F, 1fii GLP-1 1f
54T B 4UMuERTH ) GLP-1 524k (GLP-1R)
SEEINFHBRIES R, M PR TS K6,
SGLT-2 il 77 3 2246 H T8 WEz th /N () SGLT-2
A (SGLT-2R), il Hoxt 4 &7 47 fry E i, 38 n
PRBERIHEME, M BRI MURE KSPI, 36T SGLT-2 43
i35, 45& DPP-4 HHiIFRIf4RF St DPP-4 Al
SGLT-2 XUAE s 1] 751 ] LAAE B0 i 260 0% £ B JUE vh
IR L, [FIEHRZE DPP-4 XF GLP-1 K%
ER, REEERILE R IES ISR B R, 1E
IR B M PERE SR IR, Sk IR R G (A
RN AMUEA BNk, ke TECE 2
YA EAE R, 35 T R B MR 25 i it
it AR RN . HATCF DPP-4 F SGLT-2 XWAL
RUHIHFRE N IR FER B . nrh [ S AR R A4
REGEA (TR ARAFMAIH 25 CGT-2201 H
AT CLRAT I 5% 24 i M B A B ) W PR AR B BR R VP T
R & SGLT-2/DPP-4 XUAE f 57 B A E 2 ik
IR o A FUEENAY ) BRIE. 77Xt
BT 8 ) AR 71 G #08 8) DPP-4/SGLT-2
U 5 A7 o
1 MR5RE%
1.1 HEEZS5ERRY

M DrugBank ¥#i# )% Chttps://go.drugbank. com)
J% PubMed %4 [ Chttps://pubmed.ncbi.nlm. nih.gov)
HR R # A b HE T DPP-4 AT SGLT-2 #i7),
T s 2 g T HE A ST RN TR NI SRR
PR 2R AR Y

M BindingDB % % Chttps://www.bindingdb.
org) LA “DPP4” “SGLT2” JyxEtinlf % % 6 896
A~ DPP-4 FHSRHIMLEHAT 1 271 A SGLT-2 FHEH
AW, Fo R H I FE (1Cso )8 /N T~ 100 pmol/L
HEA DPP-4 Fll SGLT-2 i FHEHNH 117N 533

A 4036 MFITT70 /.

AR L 100 NMNoT, 10 MEPE
TR 90 ANMEIEME S TA R, JEEM S TORA
BindingDB {4 /% 41 1Cs0>200 pmol/L fJ/N3F.
WEPE4> Tk B Binding DB #E i H 1Cs0 << 200
nmol/L /N5 10 i % DPP-4 Fil SGLT-2 il
S NGEHINEYAFE, H YA0L~YALO 45
10 MEMS T, Y111~YI1100 %5 90 AN R
5

DPP-4 {45 #) (PDBID:3GOB) B, SGLT-2
gk (PDBID:7VSI) PBRJET PDB 2 [ 44
(https:/iwww.rcsb.org) . T HEFLLITIENRT 7 494 /Mb
&Pk UE T BIRNN 5 & ( https://github.com/
ETHmodlab/BIMODAL ). Zy3kHME. 47X,
Rz Rk S ADMET % % il il 5/ | Discovery
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Table 1 Configuration of molecular simulation workstation
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Fig. 1 Combinatorial chemical molecule design process based on BiRNN
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%2 DPP-4IGEREY
Table 2 DPP-4 training set compounds

A 45K ICso/(nmol L 1) | FE 5 “Ei ICso/(nmol L.71)
1 0 n 9 3.80 11 szi 19.00
et REES
= N7 4 K/N Y,
N CF;
2 1.00 12 CFs 10.30

\
SN OYN N\ SN
©¢\/N\NIN>_NQ P NS | N,
0 \\Nﬂz o VHz O
3 26.00 13 8.47
OH ///KP o
o N 1

4 @N/N 1.75 14 K . o 1.60
- o
9 N FNH,

5 NQ\O 3.50 15 4.00
on
N

6 19.00 16 i . o 33.00
N
7 26.00 17 13.00
8 22.00 18 NH, 180.00
O H o
N\)‘\O
9 0.80 19 Nozm 0.92
Ny
Q“m"
10 7.50 20 c N 23.00
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# 3 SGLT-2 I&&ELEY
Table 3 SGLT-2 training set compounds

ICso/(nmol LY | F5 “51 ICso/(nmol L.71)
2.00 11 3.10
2.20 12 1.10
0.88 13 1.80
7.38 14 2.26
2.90 15 22.00
3.00 16 3.00
0.30 17 8.10
OH
8 53.00 18 17.40
9 NI 110.00 19 72.60
AN /Y 7 A=
A N\/LN \ /
r oL
10 32.00 20 46.90
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PDB:7VSI

B 2 DPP-4 @&i&LEH#5 alogliptin (A) K SGLT-2 @iks
#5 empagliflozin (B) B 3D Z&1EREN
Fig. 2 3D bonding mode of DPP-4 crystal structure with
alogliptin (A) and SGLT-2 crystal structure with
empagliflozin (B)
2.4 HipHop 2 A 8I#E 5363E
N T g B E ) DPP-4 A SGLT-2 XUHE £/
43I0, AHE 7RI H Discovery Studio 3.5 H
HipHop & PEAE Y 759270 73K 2 7 DPP-4 i3 AN
SGLT-2 il 71 245 R AR o #a s 2 A 25 20 AR
I IS A E 20 NN FIED, el

3 BIiRNN EEGEMLER
Fig. 3 Simulation results of the BIRNN model

B AT DPP-4 F1 SGLT-2 4HEYE, 4549 Mok
PELE 2, 3,

A2 G RS HONAR 4. 5, T AR
DPP-4 2y FIRE AL & 3 AMRFIETE &, 46 1 A
Bk, 1 AEAFOM 1 BRI, WK
SGLT-2 Z5 3 AR A5 2 AMFIE TR, B4 3 MA
BERZARRN 1 ANBK

TREELE BIGAE T 7N, DPP-4 451 1. 8.
9 524 HAIM) YA, GH #i2h 100%H. EF %54 10,
W2 6, 32 R AL i i 45 SR (0 Eff B2 3 3
HARIEARE (B 4) WTHRIL, 1525804 % k4
NS TFIX Gy FE T AR, 0 [ A S AN B PR A
PEHIRE S L, RIMERE 1 5 253004 H T 5 22
LI . SGLT-2 $IHIIFIN 1 5245k & 10 A 2455%
] — (1) YA F1 GH #52y 100% H. EF 74 10 ()2}
R, Wk 7. B 5, RS 1 S8BT E%E
{14 K AU 4

F 4 DPP-4 A ARB R XESH
Table 4 DPP-4 pharmacophore model and key parameters

AL T DE ARHE S IZRE S T IIL RS B 23R H 24 20 ATRFAE B DL P 75 20
1 PHA  91.208 11111111111111111111 00000000000000000000 3
2 PHA  86.147 11111111111111111111 00000000000000000000 3
3 PHA  82.250 11111111111111111111 00000000000000000000 3
4 PHA  81.913 11111111111111111111 00000000000000000000 3
5 HDA  80.143 11111111111111111111 00000000000000000000 3
6 HDA 78379 11111111111111111111 00000000000000000000 3
7 PHA  77.995 11111111111111111111 00000000000000000000 3
8 PHA  77.243 11111111111111111111 00000000000000000000 3
9 PHA 75558 11111111111111111111 00000000000000000000 3

10  HDA  75.269 11111111111111111111 00000000000000000000 3
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#*5 SCOLT-2 HYHIRB R XESH
Table 5 SGLT-2 pharmacophore model and key parameters
R RRE IHE 2R 5 I ZREE S TN TL RS 0 i RURFIE R H 22 RRAE ¥ DC G 15 0
1 HDD 102.428 11111111111111111111 00000000000000000000 3
2 HDD 102.428 11111111111111111111 00000000000000000000 3
3 HDD 102.428 11111111111111111111 00000000000000000000 3
4 HDD 102.428 11111111111111111111 00000000000000000000 3
5 HDD 101.773 11111111111111111111 00000000000000000000 3
6 HDD 101.220 11111111111111111111 00000000000000000000 3
7 HDA 100.428 11111111111111111111 00000000000000000000 3
8 HDA 100.428 11111111111111111111 00000000000000000000 3
9 HDA 100.428 11111111111111111111 00000000000000000000 3
10 HDA 100.428 11111111111111111111 00000000000000000000 3
F 6 DPP-4 Mt I I A FR B L5 R4
Table 6 Data of the DPP-4 test set for the validation of pharmacophore models

TR N n Ht Ha YA/Y% GH/% EF

1 100 10 10 10 100 100 10.0

2 100 10 1 10 91 92 9.1

3 100 10 13 10 77 80 7.7

4 100 10 15 10 67 71 6.7

5 100 10 22 9 41 46 4.1

6 100 10 35 9 26 30 2.6

7 100 10 14 9 64 67 6.4

8 100 10 10 10 100 100 10.0

9 100 10 10 10 100 100 10.0

10 100 10 53 9 17 18 1.7

N: KRGS THG n: WSS TEL He @b T80 Ha: e TrvstEn 740 YA: WEMEarPE, GH: WG4, EF: B4R T
N: number of test sets, n: number of active molecules, Ht: number of hit molecules, Ha: number of active molecules in hit molecules, YA: activity hit
ratio, GH: goodness of fit fraction, EF: enrichment factor.
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) N [a2] < Yol © ~ o] (2] o
o| o| o| o| c>I oI c>I oI c>I HI
¥ ¥§ F S IS IS TTT
o o [a [a [a o [a o [a o
O 0O 0O 0 o0 Q0 o0 o0 oo
o 0 0000 o0 o0 Q0 ANQ
4 DPP-4 Ligand Profiler #[&

Fig. 4 DPP-4 Ligand Profiler heatmap
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2.0 A R EIREE). 480K 6 fix, DPP-4
M SGLT-2 WXt R 5 H 51 2 & Wi R
RMSD {4359 0.396 8. 0.515 2 A.
26 EIFEER

FIFH DPP-4 (1] 1 ‘5 252 [A1F1 SGLT-2 ¥y 1 524
RAXF BIRNN A RIA Bt 7 494 /N/Noy1-45 Sl idk
TR, B FitValue>1, Bkl Brar gt
2 452 AN/NorF. f# ] Schrédinger #2FH K Glide
ROk 2 452 A~/Nor1- 5 DPP-4 Fll SGLT-2 437 i3t
ITEFEE (XP) Xz, BT /080 2%7 3452 49 4~
INGFT, X 49 NN T RS RS B 10 AN A5k /Ny
Ty BRGSO BAT /0 E W3R 8.
2.7 #i&NGrFE) ADMET FUl

f# /il Discovery Studio 3.5 #EAT %1% /N T-HY
ADMET M5 Til, 455 L3 9.
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F 7 SGLT-2 M EIIEA AR BILE R KR
Table 7 Results of the SGLT-2 test set validated pharmacophore model

i N n Ht Ha YA/% GH/% EF
1 100 10 10 10 100 100 10.0
2 100 10 10 9 90 89 9.0
3 100 10 9 8 89 86 8.9
4 100 10 9 7 78 74 7.8
5 100 10 10 4 40 37 4.0
6 100 10 10 7 70 68 7.0
7 100 10 15 7 47 48 47
8 100 10 12 7 58 58 5.8
9 100 10 13 7 54 54 5.4

10 100 10 16 7 44 45 44

N: WL THG n: S THG He @b T4 Hae arh i 7idved 7480 YA iEtEarhas, GH: WG IEN L EF: WHERT.

N: number of test sets, n: number of active molecules, Ht: number of hit molecules, Ha: number of active molecules in hit molecules, YA: activity hit

ratio, GH: goodness of fit fraction, EF: enrichment factor.

Y191 W 0.000
Y187 Wo.175
Y183 B 0.351
Y1761 B 0.526
- 0.701
YI67 0.877
Y162 1.052
Viss 1.227
e
Y145
1.753
Y138 1.928
Y133 2.104
Y129 2.279
Y121 W 2.454
Y114 M 2.630
YAL0: W 2.805
YAO04:
YAQ2
SI SI SI SI SI SI '5. SI 8. SI
§ § § § § § § § § §
B 555 5555585
22338333838
5 SGLT-2 Ligand Profiler #[&

Fig.5 Heatmap of SGLT-2 Ligand Profiler
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Fig. 6 Conformational superposition of DPP-4 inhibitor
alogliptin (A) and SGLT-2 inhibitor empagliflozin (B)
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Table 8 Structure and docking scores of the 10 candidate small molecules

454 Rkl (keal mol ™)

K 4ty
DPP-4 (ID:3G0B) SGLT-2 (ID:7VSD

alogliptin -11.910 —
empagliflozin — —-10.209
NM21 —14.305 -10.729
NH, O
F
NM141 ° ? —13.725 —-8.147
o o
(e
%
o H,N ¥
F
F
NM171 0 NH, —-10.053 —9.408

NM68 . —9.510 —9.035
F
NH,
o
0}
WO

NM248 —9.583 —8.882

F;C
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P _— 454 Bk (keal mol™)
N Z |
" DPP-4 (1D:3G0B) DPP-4 (ID:3G0B)
NM186 -13.208 -10.905
NH,
0]
(o]
vy
" o /B\OH
HO
NM107 « -13.701 -14.379
D
N.
N N
LY
L
HzNQJ\N
H
NM304 ¥ -12.108 -11.312
F.
F
NH,
0
(0]
o
N [0}
J T
&
NM108 N -12.851 -8.475
(0]
K\N)J\/\E
o) \\S/N\)
N\
\< o
N—N
NM249 0 -12.773 -11.113

HN o oL,
F3C©DVNN©/

NM249. NM107 E5 Y1k R 1) RMSD 1 b i 7] 4%
e gs R hiae i 7 frox, 18 100 ns AR
fErb, BT 3GOB-NM107 ix/MA R 7E 70 ns J5i#a T
RSN, HAR 7 AMERRITE 30 ns GBI T
Fre, A RMSD A28 E7E 0.1~0.2nm,
W/ RMSF 327 8 i 2 LR AE A st
FEF IR RIZIRERE . Wl 7 fios, BRoK
DX I FRAR o o Xk R R B b, K 2 B R IR ke A
o ZhVa Bl /N T 0.4 nm, R BAAEREA IS AR P 2
R I A A B X (3] Y .« RMSD il RMSF 11
I MTEE R R, fENI 100 ns 19913 J1 R it
R, FrA S -k S AR BPPATIRES, &
B 4 AMEIRAL A4 NM186. NM21. NM249. NM107

L5 DPP-4 Hll SGLT-2 HI45 & AHM AR E . AR FHIE
Wic A 5 8 45 G T BV I RS AN BN 28 R S TR 3R
KH MM/PBSA J7 iR IS #2510 ns g
— Wi 4s & E RE, B RS R AR
i 4 Mkt &80 alogliptin/empagliflozin X
DPP-4 1 SGLT-2 4ilae /1. &5k 11 Frow,
4 Mgkt &G B ek T alogliptin/
empagliflozin, 57y X EMI25 R 8 #—BIIE
T A Mgkt &Y%t DPP-4 £ SGLT-2 K45 & hE T
e [FIRF, 4 AMEIEGED NSRBI ARA K
SCERRTE BT &4, TR MR Bt 7 1 i
tEY), VEJHAITETEN DPP-4 Al SGLT-2 XUHE &
HFIFHEAT T — DL A
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Table 9 Prediction of the properties of 10 candidate small molecules for ADMET
wEY KRR M RFRRIEIETE D CYP2D6 i i Mt MmREOSEES  Emkicd
NM21 3 3 e x True 1
NM68 3 3 e H False 1
NM107 3 4 e x True 1
NM108 3 3 e x True 0
NM141 3 3 ¥ H False 0
NM171 3 4 e ¥ True 2
NM186 3 3 e x True 1
NM248 3 3 e x True 0
NM249 3 4 e x False 1
NM304 3 3 7 H True 1

a: 0~5 PR IRAATREVE . A DU IR . WRIEE . RS b 0~4 Rtk B, B, 8. AgEd. &
BEBOE G o A MIIRE A% EF LB R=90%K 22, False fURIKT 90%, True fARHT 90%; d: 0~3 AN B WML, ThaEREEM

Wee AN B B HER A .

a: 0 — 5 means highly unlikely to dissolve, slightly soluble, less soluble, better solubility, moderate solubility, very soluble; b: 0 — 4 means easy to pass

through, easy to pass through, medium, not easy to pass through, and can not be defined; c: Classification of whether the plasma protein binding rate of

the compound is greater than or equal to 90%, False means less than 90%, True means more than 90%; d: 0 — 3 indicates easy absorption, medium

absorption, difficult absorption, and extremely difficult absorption, respectively.

#*10 10 Mg/ FEILE RS
Table 10 Physicochemical properties of 10 alternative small molecules

wEY X TE A EMMETES SRS H SR AE RTheR BRI R KA
NM249 480.4 2.98 5 9 7 2.28 0.87
NM248 508.5 3.02 4 9 8 2.76 0.74
NM107 505.6 3.03 4 12 9 1.09 0.66
NM141 507.5 3.22 2 9 10 251 0.63
NM21 599.7 3.32 4 1 2.99 0.65
NM108 439.5 3.39 1 12 7 1.29 0.71
NM68 478.4 3.48 4 9 9 2.05 0.67
NM304 4934 3.56 3 9 10 2.16 0.78
NM186 430.3 3.57 5 9 8 0.94 0.69
NM171 540.9 3.73 5 9 9 1.52 0.76

210 fZRiE N FEZHREANSEEERATT

15 FH PyMol B {15 B b ik &9 5 2 R 1 1 45
HIERBAATIE— b, Wi 8 Fis, NM21,
NM107. NM186. NM249 4 Mgk /Ny 115 DPP-4
[ F LR GLU205/206 1 B 2 4H A B AH HAE
i, HEEE%/NT 35 A, NM107. NM249 5 DPP-
4 R IERR ARG125 o —H A BEAH HAE
ANMEEYIE T 5 DPP-4 IRy et S LA A B
TER S Foe A e A S E A, M ZH)
FEAEFH AT RER 45 G 88 JI L alogliptin BE S ¥ A
JIUEHE . 78 SGLT-2 4 &I 4 ANy T 5K
G LR GLNAST 1 GLU99 ¥y HA7 Wy 4H A ke VE H
HEFE¥/NF 35 A, H NM186 Fil NM107 5
SGLT-2 fycH s JE B ASNT5 HAa S AR HAF H,
NM186 Al NM249 5 SGLT-2 K& 3L PHE9S

AEEANEAEA . XA A EAE F T e 2
1k 5 DPP-4 Fll SGLT-2 454 RE 7155 i 2 R A
3 g

AW TCEIHLAR T . ERLIFL . TR
T BN 1R T 15T RHT 8L DPP-4/SGLT-2 XUAE
RUHIHIFR o 5 3 25 R A RS I ANt 9 ok 5 LT
o ETRR/NY T, IR SR ST s AL S
IS ESE 290 UF 25 R Y, RAIE A FEE 1 24 2K A A
RIATSE. B BIRNN A28, JHitH &N, JEHmE
AR RIE T ESE R 31, 0 ) 41 B B
AIA R, RLE R S AL A SR S
F gl A1 E AT H A B R S R IR/ T
HER e . B DPP-4 F1 SGLT-2 AL 24 %% [
I3 FEAL IR BIRNN B A B 7 497 AS/Ny
TFIFBACEEILTT1F 2] 2 452 NS/ F-s

44~
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Fig. 7 RMSD plots and amino acid RMSF plots of compounds NM21, NM107, NM186 and NM249 with DPP-4 (PDB:3G0B)
and SGLT-2 (PDB:7VSI) during MD simulation
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Table 11 Binding free energies of the four candidate
compounds and alogliptin/fempagliflozin

754 H B¢ AEbing/(kcal mol™)

I 7

amET DPP-4(ID:3G0OB)  SGLT-2(ID:7VSI)
alogliptin -57.52+0.21 —
empagliflozin — —43.051+0.91
NM21 —85.311+4.76 —48.3971+0.36
NM186 —74.631+0.62 —75.112+15.26
NM249 —60.371+1.54 —45.024+1.07
NM107 —77.962+12.51 —62.097 +6.04
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Fig. 8 Interaction between NM21, NM107, NM186, NM24 to DPP-4 and SGLT-2
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