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Interaction of carbohydrate derivatives and sodium-glucose cotransporters 2
by molecular dynamic simulation
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Abstract: Objective To investigate the interactions between carbohydrate derivatives and sodium-glucose cotransporters 2 (SGLT2)
using molecular dynamic (MD) method and to explore the mechanisms and structure-activity relationship of SGLT2 inhibitors.
Methods The homologous structure of SGLT2 was modeled, the GROMACS program was used to model eight structures, such as
SGLT2, SGLT2-glucose compound, and SGLT2-carbohydrate compound. And the root mean square fluctuation (RMSF) of the key
residues and ligands and the interaction energy between the ligands and SGLT2 was investigated by trajectory analysis. Results The
interaction energy calculated by MD method had the higher correlation with experimental results than that by molecular docking
method. H80, K154, D158, and Y290 were the key residues involved in the interaction, N75 and F453 were the important residues, and
W291, Q295, and S393 might be the auxiliary residues. The ligands had a relatively consistent conformation, and fragments A and C
played the more important roles in receptor binding. And the size, rigidity, and polarity increasing could elevate the bonding strength.
Conclusion MD simulation results could display the good performance of the interaction between the ligands and SGLT2, and could
give clear guidance for the design of new SGLT?2 inhibitors.
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Fig. 1 Structures of SGLT?2 inhibitors and glucose
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Fig. 2 Side view (A) and top view (B) of homologous 3D model of SGLT2
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Fig. 3 Ramachandran photogram of SGLT2 protein structure
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Fig. 4 Key binding sites of endogenous glucose and SGLT2
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Table 1 Activity, docking score, and MD interaction

energy of ligands
B O gy PTG
(nmol-L ) (kJ-mol ")
T B - —6.9 -23.0
PF-04971729 0.877 -7.8 —81.7
BB 1.2 -13 ~70.0
TS-071 2.26 -8 —65.1
canagliflozin 2.7 —8.8 —77.8
empagliflozin 3.1 -7.9 =70.9
tofogliflozin 6.4 -6.9 -71.4

2.3 Eik5S SGLT2 HHE/ER IS FiEHl

231 BRUMERIPETS L 76 PR EO R
o1, L RMSD {H 7% %A R i, 27 % SGLT2.
IR K 6 MiTAEY S SGLT2 MR AWIAE 2 ns B
PARFRIPY S #LE 500 ps JG A B PHPIRE, T R T
St RMSD Bt 7] (1 ds B K 12, 9 8y
A 0.2 nm, KEERL T-FHERIRES, HEULRE
8 2 NSRS M BN S AR EAEH .

232 HEAERAEFMTAEMT SGLT2 X B4
BT RN T AR SGLT2 N HA 7 ffy AH H A
B, M TR S EAE ST, X
Bt gt 2 2. 2 2 HI28 1) T~ VIIT 8 X B
(455 RE S TR AR T A 25 X B4l e v BI5GB BRI
90% LA b, KI5 B, K 455 RETRT 3 K 0~—10
—10.1~-20. <-20 kJ/mol 3 2%, 7> ALK 55 .
oA EAEH . 3R 2 A%, HI%RES SGLT2 1%
X BAHEAEH#:55; canagliflozin U F 25X B 1
AV AR A HAE R s 154% F1IR =225 il 5 X
B 1MV AR ST AEH ;. PF-04971729
Ko TS-071 23505 1. 1. VR AR 25 ak ip 25 R 5 )
A HAE; tofogliflozin 5 I. V. VII &4 A aiAf B
Y/ empagliflozin 5 I. V. VII KA & (RAH
YER . HHIE ] WLERFE X BE 70~100 % 280~300 £E T
HWERAT Y 52 E A S5 A AT T OB A
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A HE [/ AR 2C EL i 23, PF-04971729 Al
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Table 2 Decomposition and combination energy of key residue sections and ligands
KBS RIS — e /(T mol )
HIZjPE  canagliflozin  empagliflozin  JA#FIBE  PF-04971729 TS-071 tofogliflozin

I 70~100 -1.0 -17.3 -14.3 -35.9 -19.8 -24.1 -13.7
II 145~160 0.2 -8.5 -10.0 =79 -19.0 -12.3 —8.8
III 180~200 -6.5 0.5 -3.5 -2.3 0.8 0.1 -7.5
v 230~239 0 —-0.1 0 0 0 0 0
\% 280~300 =73 —22.2 -19.6 -12.5 -22.9 -15.2 =27.7
VI 321~329 -0.9 -8.3 0.2 2.1 -3.5 -0.7 0.7
VII 383~404 —-4.4 =7.6 —15.1 -6.2 —6.1 -9.2 -11.5
VIII 451~462 0 =5.7 —4.6 -3.0 -5.2 -2.7 0.8

RS R -23.0 =77.8 =70.9 =70.0 —81.7 —65.1 =70.5

*3 EA-ZHRESYESTH SGLT2 EXHXE RMSF £
B RSGET
Table 3 Statistical classification of RMSF difference in key
reside section of ligand-receptor complex
and no-loading SGLT2

o Rmse 2
o m Iv VvV VI VI VI

2 Bl -1 -1 1 -2 -1 -1 -1 -l
canagliflozn -1 -1 -1 -2 -1 -1 -1 -1
empagliflozin -1 -1 -1 -2 -1 -1 -1 -1
IS -1 -1 -1 =2 -1 1 -1 -1
PF-04971729 -1 -1 -1 -2 -1 -1 -1 -1
TS-071 -1 -1 -1 -2 -1 -1 -1 -1
tofogliflozin -1 -1 -1 -2 -1 1 -1 -1

“17 FoREAE 0~0.25; “—17 FREMAE 0~-0.25; “-27 L

RFEAAE-0.25~-0.5
“1” for difference in 0—0.25; “—1” for difference in 0— —0.25; “-2”
for difference in —0.25— —0.5

BCAA, 5 FAR AR 5 A nT DUE i b 3 e ()
VEFHAL R, B AR ] DANESS 8« Bt 5%k R60 HBO.
K154, K321, M5k 3E D158, D294, #itkIt S74.
N75. S78. Y290. D294. S393. Q295. M HHLM)
i kA, HS0. D158 Fl Y290 25 T 4/6 BiAAT)
MHAEH, N75. K154 25771 3/6 BUARAH HAEH,
W291. Q295 #1S393 2551 2/6 BiARHIAH HAEH,
X L5 KL H AT G A o
2.3.4 AR Z RO TAER P F 6 A
BT AR E 1 78 AL By C3 AN,
TR I RAN EAE R RE,  JE A 3L rh g L g
gy, @RINEK S,

HABRES A T U A B, 5 SGLT2 1H
i e 23 ki/mol, LA ZEtl, W UL canagliflo-
zin. empagliflozin FHILHE 51 W BEAT X BE &5 M 1EAT 18
i, BEALRFE T A Fr BCIAR BAE HIEE , PF 04971729,
tofogliflozin #3E I T —ANBE L5 K9 R4, [lE T

F4 SEFEFEFRREZEHEIEROZR

Table 4 Residues interacted with ligands at different degrees

AT AR / (kI'mol ™)

eI —3.0~—6.0 (R Kk —6.1~-9.0 fk3E <-9.0 5kt
A28 — - -
canagliflozin S74. S78. E288. D294. K321 H80. D158. Y290 —
empagliflozin N75. K154, D158, S393. 1397 Q295 -
e I H80. K154. D158, W291. F453 N75. Y290 —
PF-04971729 F98. D158, D294 H80. K154. Y290. Q295 —
TS-071 N75. T153. W291. 1297. S393 H80. Y290 —
tofogliflozin R60. 176. M198. Q299 V296 R300
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Table S Combination energy of each ligand fragment
_— ZE4vRE / (kI'mol ) #rHLAE / (kI'mol )

A B B FrE C B A B B JrBt C hB
A2 B -23.0 — — 1.3 — —
canagliflozin -23.0 -16.4 -38.4 -2.8 -0.2 -1.9
empagliflozin -23.5 —-18.6 —28.9 1.4 0.2 -0.3
IEHEH G -21.1 —-18.9 -29.9 -0.3 0.2 -1.9
PF-04971729 -35.2 —-18.1 -28.4 -13.8 -1.3 0.6
TS-071 —-18.2 -17.5 -29.4 1.7 2.0 -1.1
tofogliflozin -30.4 —-14.4 =25.7 33 -5.6 1.0

PRI AL S WS K SGLT2 [/ BRIEL 7
kJ/mol A L=, TS-071 ff1 A 3 BB SGLT2 1
FHEAE I BE R B2 9k T 440 5 kI/mol.

X B F B, canagliflozin, empagliflozin,
PF-04971729 FAKEHIGE HA L, FRIF EER
A I B AN UR AEAERE AT, 5= B
FBtY SGLT2 [WAH BAEH s B FE AR AL, U
canagliflozin F G518 4k F L 5 i FEE I A B A1
Lk M AERIEL, R4S TS-071 19 B Bt _EHEIRAR
Fr A FARE, RO HEE, AT B v B AR BAE A
AEA LA K . Tofogliflozin ] B F BRI At /N1
FHEG T EA IR, IR 5 g gk . W10
DA IE (BRI A2 5% B &5 45 R IR g

M, C F BOSHAE AR F STk K,
KR HIBE, PF-04971729. TS-071 F tofogliflozin 17
AL S5, 18 tofogliflozin 52 B} BX I SEIRIE
WIsL, C FBUER R IEA—3Y; canagliflozin
LISk HIRAREL, C v BRI n, AH T AE A
o N empagliflozin Hik#gFIEEAILL, C H
BRI, mgiaae LT R .

PLFCAA R 25 I 7 1) RMSF S Fa ks, 5584
MCAAIR) AL By C v BHES SGLT2 AH B AR Fi
I EHALE, [RIINAE A-B. B-C J B F43 I HCH N
REE ) 4 AN W B0 PR B Tl ) — T
5 LAIL AR B2 23 AT 238 2 S IR AA R S ARG Bl 1 D (R
6). MF 6 7 W, JiB A. B FIC [f] RMSF 43 4iiu
FEl 23931 4 0.62~0.84. 0.56~0.69. 0.56~0.81 nm,
PF-04971729 43 ¥ #AAE 56 Bl K, empagliflozin
ARG VU /DN, canagliflozin FBE A 15300 H
K, tofogliflozin Ji Bt C iH30TE N S HCARIT
A-B ¥ B-C 0] R A — A L 73 AT X ],
KBRS SGLT2 AHE AR IS F2 P i R AR Fr A
AFE . A-B I EAE 20°~70°, B-C I
F AR 90°~130°. FLfkl SGLT2 AHE AR H & Ay
SR 5,

A. B I C Jr B A 5 456 Re Rt i 56 2 23 B
PR, A FBMSREE, C HBURARL. MR
PR IG I mT $2 = 455 R
3 it

AWFFTIE A MR MDA A ) S SGLT2

%6 MikA. B. C FEH RMSF R_EASH
Table 6 RMSF and dihedral angle distribution of ligands A, B, and C fragments

_— RMSF ¥J{f /nm i1l B TN e

AFB B B CHE A-B (I&fH) B-C (I&{H)
canagliflozin 0.84 0.59 0.70 30°~90° (60°) 30°~130° (90°)
empagliflozin 0.72 0.56 0.56 30°~70° (40°) 100°~140° (130°)
15 F 0.67 0.64 0.63 40°~70° (50°) 10°~140° (120°)
PF-04971729 0.81 0.69 0.68 10°~40° (30°) 10°~70° (30°)
TS-071 0.66 0.63 0.69 90°~130° (120°) 10°~140° (130°)
tofogliflozin 0.62 0.63 0.81 100°~160° (150°) 60°~150° (110°)
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Fig. 5 Side view (A) and top view (B) of ligand active conformation
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