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DADLE ([D-Ala*-D-Leu’]-enkephalin acctate salt)
A AR I 25 W i SIOM.  SNC80 K I i1 4 ¥
(BM373U86. RWIJ394674). N- 2: I %t & & F
(DMCLZ)F1 cmpd RN DEET. AR PER
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SUIH L B A AR e R HAS RSO § B 52 4
W

RIS, R AR G296 T3 2 R 25 it
FEMRAS, A A 900555 05 T AN 53 3 g
K. HG, A THEEN SUFits Sk, mr
KT E A B 290 B vt T VA0 2454 5 5% Ak ] 32
A0, RS TS . FeREGNY
TR REEN, ot SRR 5. Hir,
WANET & Bl B S A4 77 i) — 458 BRI RO &R
(three-dimensional  quantitative  structure-activity
relationship, 3D-QSAR)Ji % (K 5T 1R /b 19, Tijie
Ak, BEFAIRIE SR O IR A ANWTTT. A
SCH PO 102 A N- BARIR IR IR BE AU E & Fif
RZAEE A, KM AR 7 D135 0 i 7 ik
(comparative molecular field analysis, COMFA) 1 tt.
B4y F A ACL 1k Fi8 53 #1 ¥ (comparative similarity
indices analysis, COMSIA) >k #F 17 3D-QSAR #iff 57 ,
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AL G35 SRR Sy R T B A2 Tripos 23w )
SYBYL 6.9 ¥ it 84, HI T JBL) 53 1 45 44
SYBYL 7 F i s s, R4 JLFIAAL AT Tripos
J1, B R BEWC bR HEAE 154 0.05 keal/mol - A,
FELEEEA I3 7 N3k Gasteiger-Hiickel ™. FrAg
(R 3 5~ &5 R RIS P A b 70 45 B IR 2 ST I 8% i
Fff % http://www .pibb.ac.cn/cn/ch/common/view_abstract.
aspx?file N0=20120537& flag=1)F 4111 .
1.3 HREES

FH T A SO AT S (RISt 1 () 5 A6 4 2 W
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S TERE BN S W) 74 500 1 R, ) s 1A
HITH LAY S THTE S, PRI AL 454
kel 1a Pron(BH 2 74 5001, RO 2
SHRITIETER), SEBCREWE 16 . &8
S FRIECHE P T 1 DA T ICAR 1) e A O R T IEIN
HeAit.
1.4 CoMFA #1 CoMSIA 73 #f

AICRH] COMFA Fil CoMSIA R4 47 572K
WEFCHEN A 7 =4 e A RO R, X T—41E
ARSI 4 A ) — A B8 ] A7 R S
SR, CoMFA F1 CoMSIA B ¥ e T 5 P 5 1
SRy TR, R FOAM S, IR R R
ISl 5 |\ i 5 7y — Ffé(partial least-square, PLS)
({5 [H1J5 J77%. CoMFA F M Cramer Z5207F 1988 4
LK, B ECA 29I — AN AN AT SR K
TR, Sz N T8 7 ok S A A A R,
CoMFA g 75731 /K - by M A= )3 1 (K AH
YRR 2RSS 7, DRIHA S SEAR S R L 3 PR
ANG3F- 015 01 T DU MR oy 1 IRTE PR, LA
VAR IBON La e s 7 2oy AP ETE /) R R
g S, D)3 i he R R ECR A Coulomb A1
Lennard-Jones FREUE K. CoMSIAM 221 1] {l #L
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Table 1 The structures and activity of typical molecules in the dataset
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Compound R, pK(M)
5 3- H 5.05
9" H 5.16
15 OQO H 501

—
16 OQO H 4.94
a4
19 H 5.22
-
20" H 4.61
cl .
27 @3 H 5.73
s
28" @O H 5.45
—
Cl
39 N H 493
-
48" O Q Propargyl 4.36
£
49 0! 0y Allyl 434
c. + ¢
63" (i-Pr);N(CH,)— 532
c. — ¢
64 O Q BuNH(CH,),— 5.99
SN N—(CH,);i—
69 ( N—(CH; 5.50
o
71 E{NH(CH,),— 578
Cl
o
73" ¢-PrCH,NH(CH,),— 635
‘CI
84 CQ ENH(CH,),— 5.69
—_
95 Q;g BuNH(CH,),— 5.40
i
98 CQ BnNH(CH,),— 5.89
|
99 BuNH(CH,),— 597

3

*Test set.
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Fig. 1 Molecular alignment of the dataset

(a) Common substructure of the molecules is shown in bold based on compound 74 which was used as a template for alignment. (b) Alignment of all the

compounds is shown in panel.
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(F-statistic values), 5 UF4E 15 /NNl 22 SEP(the
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PR B 240 B IE AR,
HEIT 43 32238 T CoMFA Fil CoMSIA %% 3 (¥ it
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Table 2 Statistical results of the optimal
ligand-based 3D-QSAR models

PLS statistics CoMFA CoMSIA
o 0.126 0.501
R%e, 0.521 0.787
SEE 0.485 0.328
F 25.378 50.281
R 0.507 0.780
SEP 0.655 0.502
ONC 3 5
Field contribution (%)
Steric 0.598
Electrostatic 0.402
Hydrophobic 0.723
H-bond donor 0.277

Q% Cross-validated correlation coefficient after the leave-one-out
procedure; R%,: Non-cross-validated correlation coefficient; SEE:
Standard error of estimate; F: Ratio of R?,, explained to unexplained=
R%/ (1 -R%.); R%e Predicted correlation coefficient for the test set of
compounds; SEP: Standard error of prediction; ONC: Optimal number of
principal components; H-bond: Hydrogen-bond.

CoMFA 5 It 45 7Y &5 J 2 th 4 & A7 B 5 (S:
steric) Il # H1 3% (E: electrostatic) /= A= 11, I @*=
0.126. R2,,=0.521. F=25.378. SEE=0.485, #xfEd
8 ONC=3, 45 AF R B BRI, R%e=
0.507. SEP=0.655. {EZLil2:r: 0>1, WL
BEAT BETMAE ) ; 1>0>0.4, £IZBRAT T
OYAEERTRINGE J1; 1 Q><0.4, 2R WHIZ AR f) T
RE AR T3 PO e 320, AR, CoMFA %Y
(0°=0.126<0.4, FAIZEGIF AR,

CoMSIA g 1 #& B4 & K& F & K &% (H:
hydrophobic) fI & it 1435 (D: hydrogen-bond donor,
H-bond donor) P /™ 137 i 77 r= AR 1), AR 45
A SCAE ARG R B 0=0.501, HetE415 % ONC=5,
2RI P T BE ) RAF . ARAS XK E R L
R%.=0.787, SEE=0.328, F=50.281, FWHM 5 F
WG R, Wk SR I BI A 1 45 R R%,.=0.780,
SEP=0.502, FHRERGIREFITGE 1. Bk
SR R DTRRIR R, Ik 72.3%, S LA N AR

oIkl 27.7%.

It CoMSIA A5 284 43~ S 56 R R30I KL 1) #50
MEWE 2 fros. B2 hEE B &R IR 5
T, ABRRGIEES . 2 o, Ira %k
£ T IR AR A 1 0 HL Y A oy A A B U £
O, HSRIAE R SIS o e, A v A AR AT
S5 (outlier), P X B R A7 4R 5 HLAS 2 1 9
Mg

8.0
7.5F  * Training set
70 © Testset

6.5
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50F

Predicted pK;

451

4.0
35F

3.0 ! ! I I I I I I I I
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Fig. 2 The predicted versus the actual pK; values
correlation plot of the optimal ligand-based
CoMSIA model
The diamond and circle corresponds to the training and test sets
respectively. The solid line represents the uniform distribution

regression.

CoMFA % CoMSIA BLAY} BT Il 255 FH 5 IE
B 43 1T I T TN S 5 W S A1 I 5k 2 A1) AE R
S2 (W M %% f B 3% http://www.pibb.ac.cn/en/ch/
common/view_abstract.aspx?file n0=20120537&flag=1)
L XEARSCH I 102 AN T, B Ak
CoMSIA F# L CoMFA R ¥ TN GE )y 4, X 7]
AE A2 HH T CoMSIA #5221 v i 7K 17 0 0B 1K A4 17 %)
B DR, Rk — R I R 1) OGS P 7
X T 31 Filt CoMSIA 41 &3 1) 4 AN
17T R, AR NEE 3 s,

Table 3 Comparison of CoMSIA results

Field descriptor Variable Field contribution
combination s R R’ Steric Hydrophobic H-bond donor H-bond acceptor
HD 0.501 0.787 0.780 0.723 0.277
SHD 0.479 0.783 0.760 0.285 0.460 0.255
HDA 0.433 0.818 0.789 0.574 0.241 0.185
SHDA 0.437 0.826 0.759 0.253 0.395 0.213 0.138




2013; 40 (7)

EARE, & BIIRERMYIES DOR Hah T B FHEL MR R *673

Q> > 0.4 JEUE W 3D-QSAR FI A5 7L A5 2% (1) —
AMUEREE, g A —Se S0 R A AR v, R, AN
R (H K W& S A 0.1, FAiTiE
T PAi /K3 A S AR I 20 5 A IR AR Ry de
AR Wi, 4 MR CoMSIA B g K
WA T EEAE A, X BT DL — R A4
CoMSIA ##I LY CoMFA #7411
2.2 3D-QSAR ZEH%E

A 20 b R IR AA /N 237 LS AN 1
FAXIGy TSR M, RO 74 50 TAE AR,
o3 Bt s A CoMSIA 5 8 11y i 7K 37 Rl & B A1 44037 1)
SR, i 3 K 4 Fias. STEDV*
COEFF 1) 8 1 J ¥ BRI B2 B A F LU 80%, A
FIELA 20% [FIFRTE i 22 22K

Kl 3 24t CoMSIA #5870 [y i 7K 37 1) 2 4 2k
K, HO XL RFAIEBIRHE S TIEEE AL, A
6 DXk ) 2R s o K S R TS PE A R
K3, C 315 A BURmE A W EIREE 2,5 - =
FARHRE, RO FEZs, Bk ab g K
PERTEUARSE REO5 32 i N- RIS ERIRIE B E A
BT & B2 29 pis k. RIRE AT WA AR 3
BT — R AR B, IR R B KA
R, DX IO K AR L ik, s
BRI AR IS fe K B B B i sh A i s . 4
fn 2 AN ALK 2> T A043 FIT A0S0, i R, HX

PR3 (7 VR BB I (7 kR,
A043 35 PEAE (4.23) B B & & T A050(3.72). T3
A079. A067. A094 3 o1, HAhghRH o) 564
M, AL C 15 A0 _EWRE AL A IE A

R (O (T

O BB 2 CLUR PO, SRR
mm%aw@?%,@%wmmﬁﬁ¢,ﬁm

A079. A067 iEPEt tE A094 5. L&) A0TT.
A067 W AEFRIAHLI 458

Ak, HE 3 s B FRKMeT -4- i B8 E 9 i
HEE MR EA — I 2 1 = B R — 5
PRI, Ui MR R o UE, Ak sk P
HAREE X S m 29 0 IS AR, ARAT 8 I UK
Pk, A053 A1 A054 731, 2 43 T HAbES o5
SEAAH],  ME—ZERIAE T ILPR KM -4- i 1 9 7
ﬁ%ff\‘ E‘Jﬂlﬁ%ﬁ%ﬂ 7"7 HO(CH2)27$D MeO(CHﬂzi,
fff A0S5S4 /K PEEE 5, M FEELE R, X5

A S e se a5

Fig. 3 Contour maps of the hydrophobic
field for the optimal CoMSIA model

Yellow contours indicate regions where hydrophobic groups increase the

activity; white contours indicate regions where hydrophobic groups

decrease the activity.

K 4 2 B Al CoMSIA 1Y 1) S B it 44 37 11 55
P, I OISR A AR AT K A7 72 A7 A
TPtk e, RO . s 40]
W B IRBKMELE -4- il b 9 A7 2 U U B
A BRFE X, mEeRa R0/ a il
VLI IX AT R A T R IO R X R e 0 13
PEATHRL, A055 57 TR AR — B (1 L B 14K
B P (—NH) UG, Ll 705 oz oz ey T oAt
N- BRI IR IE R 73 7, B — R 4F [ 4
UE. B AR IR A S B (AR O 48 il sl 73 1k
1A

Fig. 4 Contour maps of the hydrogen-donor field
for the optimal CoMSIA model
Cyan contours indicate regions where hydrogen-donor substituent is
beneficial to the activity; purple contours indicate regions where

hydrogen-donor substituent is detrimental to the activity.
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KARMICE, FHLLF458: a. R, ARHBARIEAT B
&k&%EﬁﬁlﬁﬁmﬁmJ&ﬁﬁﬂ b. R,
A T2 7 BELE K 1R AR R0 i ey U 8 3G AN 5

c. Ry ALHRUARHEAT BRSO v A7 B [ 0 42 i W3
FITEHEA R, SNC8O 431 45 K R BHL 3 1% i . 3
X SNC80 S HIAUM Iy HAR S Wi Jg /s 7 1] 5 v
UBAh, BT HETHOR TBR BRG], & B 52 4 Ak
SR AR AR AT HY 5K, Berezowska 25 JUJ Y [ Y5 5 ¢
AT & BT 52k = e gy, Wbk —Ley
YNy 5 & B 2oz, I T — S TEI 45
B R ] 6 JEIR T ORI ST i — s g g
i

Electroposmve group favored region

EtzN (R Electronegative group
dlsfavored region
3"OMe 3 R

EEV

Sterlc bulk
favored region

\ﬁrlc bulk disfavored region

Fig. 5 The structure of SNC80 and interaction features of its analogues at each substituent!™!

Fig. 6 The typical compounds in the docking study?*!
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R’%=0.780, 78I Al SEPERITIGIIRE ST, BEAMR
P D13 5 AL K B, 852 T N- BUQIRFR IR E
AL, A & Bl S AR B R HAREE R i K S
BEALARTE O 2500 s TERSEN: a. Ry HACSE
FEBKIE TR T3 msh A b, Ry B
RAKBE P m s A A A oo Ry BURUEEAT
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Hydrophobic group
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rBN N\ cl

Hydrogen-bond donor group _N.

favorable region
K\ 0

Hydrophobic group
unfavorable region

Fig. 7 The interaction features of compound

at each substituent
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TSNS BN 7.221 F16.483, pK; fH ¥ TAEHR
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Fig. 8 Two suggestive compounds as DOP agonist
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Structural Feature Studies on Spiropiperidine Analogues
as Agonists of Delta Opioid Receptors’
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Abstract Opioid receptor (OPR) agonists which interact with specific subtypes of opioid receptors, are attractive
pharmaceutical chemicals, and are extensively used in the treatment of severe pain associated with traumatic
injuries, cancer or heart attacks. There are three typical subtypes of OPRs, i.e., 8, k, and p, which all have their
respective agonists. Among them, 3-OPR (DOR) agonists are especially promising pharmaceutical chemicals for
their additional anti-depressant and anti-anxiety as well as organ-protective abilities. To investigate the mechanism
of 8-OPRs agonists and the receptor, in the present work 102 derivatives of N-substituted spiropiperdines were
studied through three-dimensional quantitative structure-activity relationships (3D-QSAR) analysis. In conclusion,
PLS analysis ((*=0.501, R%.,=0.787, R*,.=0.780) of the optimal CoOMSIA model (yielded by hydrophobic and
hydrogen-bond donor fields) manifesting good inter predictive capacity, excellent inter-consistency, and
outstanding predictive ability, implies the rationality of the model. At the same time, the 3D-QSAR contour map
analysis results indicate that the hydrophobic group substitution of R, is beneficial to the activity of delta opioid
agonists, and the hydrophilic or hydrogen-donor substitution of R, is also favorable. These conclusions are helpful
for understanding the mechanism of DOR agonists, as well as the guiding of design and improvement of new
3-OPR agonists in the future.
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Table S1 Structure-activity relationship data related to the series of N-substituted

spiropiperidine analogues described in this study

(6]

No. R, R, pKi(M)
I Bn- H 5.53
2 c-HexylCH,- H 4.13
3 2-PyridylCH,- H 450
4 3-PyridylCH,- H 5.42
5 3-ThienylCH,- H 5.05
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7 2, 6-CL-PhCH,- H 5.79
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.
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.
19 n H 522
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e
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-
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e
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o O
54 NI MeO(CH,) 4.54
(¢ 2)r .
o O
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o O
57 NI ENH(CH,) 6.06
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o O
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o O
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c. + ¢
62 -PrNH(CH,),- 5.94
c. + ¢
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64 BuNH(CH,)-- 5.99




2013; 40 (7)

BARE, & RIRURIEZIMIEN DOR HEHF R FHEE MR R

*S677.4-

Continued
No. R, R, pKi(M)
c. + ¢
65" O Q {-BuNH(CH,),- 6.06
c. + ¢
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c. + ¢
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o
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Table S2 Observed and predicted delta-opioid receptor agonist activity (pK; value)

No. Observed activity CoMFA CoMSIA
Predicted Residue Predicted Residue
1 5.53 5.424 -0.106 5.392 -0.138
2 4.13 5.267 1.137 4.984 0.854
3 4.50 4912 0412 5.092 0.592
4 5.42 4.848 -0.572 5.325 -0.095
5 5.05 4.815 -0.235 5.493 0.443
6 6.14 5.509 -0.631 5.600 -0.540
7 5.79 5.780 -0.010 5.660 -0.130
8 5.99 5.542 —-0.448 5.499 -0.491
9 5.16 5.286 0.126 5.422 0.262
10 5.47 5.715 0.245 5.811 0.341
11 5.85 5.753 -0.097 5.903 0.053
12 6.13 5.741 -0.389 5.863 -0.267
13 5.33 5.476 0.146 5.288 -0.042
14 4.42 4.659 0.239 4.329 -0.091
15 5.01 5.072 0.062 4.858 -0.152
16 4.94 4.699 -0.241 4.670 -0.270
17 4.80 5.247 0.447 4.926 0.126
18 4.83 5.234 0.404 4.787 -0.043
19 522 5.334 0.114 5.193 -0.027
20 4.61 5.165 0.555 4.589 -0.021
21 5.07 5.321 0.251 5.223 0.153
22 3.82 4.648 0.828 4.326 0.506
23 4.58 5.163 0.583 4.548 -0.032
24 4.79 5.259 0.469 4.958 0.168
25 4.98 5.273 0.293 4.999 0.019
26 5.25 5.162 —-0.088 4.860 -0.390
27 5.73 5.736 0.006 5.908 0.178
28 5.45 5.635 0.185 5.836 0.386
29 5.72 5.327 -0.393 5.486 -0.234
30 5.75 5.326 -0.424 5.553 -0.197
31 591 5.720 -0.190 5.825 -0.085
32 5.58 5.642 0.062 5.506 -0.074
33 5.62 5.804 0.184 5.583 -0.037
34 5.86 5.786 -0.074 5.972 0.112
35 5.60 5.748 0.148 5.260 -0.340
36 5.64 5.815 0.175 5.669 0.029
37 5.89 5.490 -0.400 5.423 -0.467
38 5.61 5.296 -0.314 5317 -0.293
39 4.93 5.384 0.454 5.209 0.279
40 4.48 4.468 -0.012 4314 -0.166
41 4.63 4.580 -0.050 4.794 0.164
42 4.81 5.594 0.784 4.785 -0.025
43 4.23 4.639 0.409 4.013 -0.217
44 5.04 4.942 -0.098 5.280 0.240
45 5.27 4.838 -0.432 5.175 -0.095
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Continued

No. Observed activity CoMFA CoMSIA

Predicted Residue Predicted Residue
46 5.09 5.339 0.249 4.667 -0.423
47 3.73 4.358 0.628 3.758 0.028
48 4.36 4.612 0.252 4.237 -0.123
49 4.34 4.440 0.100 4.034 -0.306
50 3.72 4.765 1.045 4.127 0.407
51 421 4.728 0.518 4.558 0.348
52 3.91 3.946 0.036 4.646 0.736
53 5.25 5.033 -0.217 5.614 0.364
54 4.54 5.206 0.666 4.746 0.206
55 7.49 5.135 -2.355 6.712 -0.778
56 6.24 5.788 -0.452 6.024 -0.216
57 6.06 5.395 -0.665 5.831 -0.229
58 6.02 5.156 -0.864 5.545 -0.475
59 5.82 5.705 -0.115 5.832 0.012
60 6.12 5.781 -0.339 6.082 -0.038
61 6.03 5.385 -0.645 5.589 -0.441
62 5.94 5.365 -0.575 6.088 0.148
63 532 6.333 1.013 5.737 0.417
64 5.99 5.492 -0.498 6.007 0.017
65 6.06 6.091 0.031 6.094 0.034
66 5.81 5.527 -0.283 5.378 -0.432
67 6.04 5.668 -0.372 5.808 -0.232
68 5.62 5.396 -0.224 5.808 0.188
69 5.50 5.797 0.297 5.767 0.267
70 5.64 5.586 -0.054 5.752 0.112
71 5.78 5.893 0.113 6.133 0.353
72 5.97 5.930 -0.040 5.611 -0.359
73 6.35 5.431 -0.919 5.778 -0.572
74 6.43 6.635 0.205 6.439 0.009
75 6.29 5.919 -0.371 5.924 -0.366
76 6.42 5.886 -0.534 6.046 -0.374
77 6.06 5.972 -0.088 5.949 -0.111
78 6.42 6.017 -0.403 5.693 -0.727
79 6.27 6.035 -0.235 6.188 -0.082
80 5.51 5.301 -0.209 5.301 -0.209
81 6.10 6.078 -0.022 5.779 -0.321
82 5.58 5.518 -0.062 5.792 0.212
83 5.89 5.282 -0.608 6.012 0.122
84 5.69 5.428 -0.262 5.710 0.020
85 5.30 5.407 0.107 5.512 0.212
86 5.79 5.565 -0.225 5.756 -0.034
87 5.71 5.534 -0.176 5.662 -0.048
88 5.63 5.373 -0.257 5.527 -0.103
89 5.64 5310 -0.330 5.623 -0.017
90 5.68 5.629 -0.051 5.894 0.214
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Continued
CoMFA CoMSIA

No. Observed activity

Predicted Residue Predicted Residue
91 5.54 5.612 0.072 5.722 0.182
92 5.74 5.537 -0.203 5.727 -0.013
93 5.53 5.536 0.006 4.950 -0.580
(2] 5.91 6.29 0.38 6.447 0.537
95 5.40 5.452 0.052 5.818 0.418
96 5.59 5.608 0.018 5.136 -0.454
97 5.77 6.433 0.663 6.313 0.543
98 5.89 5.654 -0.236 5.793 -0.097
99 5.97 6.26 0.29 5.897 -0.073
100 5.88 6.148 0.268 5.955 0.075
101 6.05 6.191 0.141 5.955 -0.095

102 5.30 5.934 0.634 5.749 0.449




