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ABSTRACT

The nociceptin/orphanin FQ receptor (NOP) has been implicated in a wide range of biological functions,
including pain, anxiety, depression and drug abuse. Especially, its agonists have a great potential to be
developed into anxiolytics. However, the crystal structure of NOP is still not available. In the present
work, both structure-based and ligand-based modeling methods have been used to achieve a comprehen-
sive understanding on 67 N-substituted spiropiperidine analogues as NOP agonists. The comparative
molecular-field analysis method was performed to formulate a reasonable 3D-QSAR model (cross-vali-
dated coefficient g* = 0.819 and conventional r? = 0.950), whose robustness and predictability were fur-
ther verified by leave-eight-out, Y-randomization, and external test-set validations. The excellent
performance of COMFA to the affinity differences among these compounds was attributed to the contri-
butions of electrostatic/hydrogen-bonding and steric/hydrophobic interactions, which was supported by
the Surflex-Dock and CDOCKER molecular-docking simulations based on the 3D model of NOP built by
the homology modeling method. The CoMFA contour maps and the molecular docking simulations were

integrated to propose a binding mode for the spiropiperidine analogues at the binding site of NOP.

© 2010 Elsevier Ltd. All rights reserved.

The nociceptin/orphanin FQ receptor (NOP), also known as
ORL1, OP4, or LC132, is a deorphanized member of the G-protein
coupled receptor (GPCR) superfamily. This receptor is distributed
in the brain and periphery.! It shares considerable structural and
localization features with other opioid receptors,? but it is classi-
fied as a non-opioid member of the opioid receptor family by the
International Union of Basic and Clinical Pharmacology (IUPHAR).
Its endogenous ligand, nociceptin (or orphanin FQ), which activates
NOP, is a 17-amino acid neuropeptide isolated from the brain in
1995.34 The neuropeptide acts as an inhibitive agent on synaptic
transmission in the CNS, and reduces responsiveness to stress.
The nociceptin-NOP system has been implicated in a wide range
of biological functions, including pain, mood disorders, drug abuse,
cardiovascular control, and immunity.>~” NOP is receiving consid-
erable attention as a potential target for the treatment of anxiety
and depression.

A number of drugs are used for the treatment of anxiety and
depression. But they have some drawbacks due to their poor
and/or variable efficacy, long run in to peak behavioral effect,
and a wide range of side effects leading to tolerability and compli-
ance problems.® Considerable evidences indicate that nociceptin
and several non-peptide NOP agonists serve as anxiolytics with
fewer side effects.%"1”
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Several different classes of NOP agonists have been reported.
Among them, spiropiperidine analogues exhibit relatively higher
NOP binding affinities,'®!® however, there is not a QSAR (quantita-
tive structure-activity relationship) or pharmacophore model re-
ported in their work. In the present study, comparative
molecular-field analysis (CoMFA) was performed to formulate
3D-QSAR models of 67 spiropiperidine analogues'® as NOP ago-
nists. Subsequently, a homology model was build based on the
crystal structure of Beta2-Adrenergic G Protein-Coupled receptor
(PDB code: 2RH1)?° as a template. Finally, molecular docking sim-
ulations were performed to obtain a complete picture of the struc-
tural characteristics of the most active agonist P67 within the
putative active site of this protein. Results of the study not only
support the use of spiropiperidine analogues as a potential thera-
peutic agent by targeting NOP, but also aid the rational design of
novel and more effective NOP agonists as desired.

Sixty-seven N-substituted spiropiperidine analogues with hu-
man NOP binding affinities (K;) determined from competition bind-
ing assays were collected from the literature.’® The 67 molecules
were divided into a training set of 57 compounds and a test set
of 10 compounds, as shown in Table 1. The test set covers the range
of biological activities and indicates a moderate diversity in their
chemical structures. The experimental pK; values (—log K;) were
used for the 3D-QSAR analysis.

The three-dimensional structures were constructed using syByL
programming package (version 7.3.5).2! The MMFF94 force field
and MMFF94 partial atomic charges were applied to these
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Table 1
Structures, experimental,’® and CoMFA-predicted activities of spiropiperidines analogues as nociceptin/orphanin FQ receptor (NOP) agonists
A B C D
Eihdd Cl
- o~ )
N cl
r N-R’ o
r2-N
; O o)
Compound R! R? —log (K;/nM)
Experimental Predicted Res

P09 A H- 7.638 7.654 —0.016
P10? A Me 7.509 7.183 0.326
P11 A Et 7.076 7.112 —0.036
P12 A Pr 7.469 7.242 0.227
P13 A Bu 7.244 7.344 —0.100
P14 A i-Pr 7.180 7.242 —0.062
P15 A c-PrCH, 7.081 6.967 0.114
P16 A c-BuCH, 7.276 7.209 0.067
P17¢ A c-HexylCH, 7.051 7.154 -0.103
P18 A Propargyl 6.631 6.800 -0.169
P19 A Allyl 6.693 6.750 —0.057
P02 B H- 8.167 8.067 0.100
P20 B Bu- 7312 7.587 -0.275
P21 B i-Amyl 7.252 7.476 -0.224
P22 B CH50C(0)CH,- 7.710 7.705 0.005
P23 B HO(CH,), 7.733 8.052 -0.319
P24 B MeO(CH,), 7.585 7.826 -0.241
p25° B NHa(CHy),- 7.321 7.621 ~0.300
P26 B CH3NH(CH,),- 8.393 8.274 0.119
P27 B EtNH(CH,),- 8.678 8.531 0.147
P28 B i-PrNH(CH,),- 8.593 8.376 0217
P29 B c-PentyINH(CH,),- 8.063 8.395 -0.332
P30 B c-HexyINH(CH,),- 8.301 8.369 —0.068
P31 B (CH3),N(CH,)p— 8.456 8.138 0.318
P32 B c-PrNH(CH3),- 8.432 8.420 0.012
P33 B (i-Pr),N(CHy)o~ 7.917 7.802 0.115
P34? B BuNH(CH,)>- 8.668 8.662 0.006
P35 B i-BuNH(CH,),— 8.561 8.698 -0.137
P36 B BuNH(CH,),- 8.420 8.601 -0.181
P37 B CN_(CHz)z— 8.648 8.324 0.324
P38 B CN—(CHz)s— 8.495 8.288 0.207
P39 B ( N—(CHa)o— 8.097 7.900 0.197
P40 C H- 8.638 8.729 —0.091
P41 C CH5NH(CH,),~ 9.097 8.845 0.252
P42 C EtNH(CH;),- 9.155 9.167 -0.012
P43° C i-PrCH,NH(CH; )>- 9.155 9.041 0.114
P44 C c-PrCH,NH(CH;),— 9.301 9.470 —0.169
P45 C c-BuNH(CH,),- 9.301 9.048 0.262
P46 C PrNH(CH,),- 9.222 9.333 -0.111
P47 C i-BuNH(CH;),— 9.301 9.371 —0.070
P48 C BuNH(CH,),- 9.398 9.282 0.116
P49 C Et;N(CH3),- 9.000 8.992 0.008
P50 C CN—(CHQ)Z_ 8.638 8.939 ~0.301
P03 D H- 8.886 8.538 0.348
P51° D Pr- 8.268 8.132 0.136
P52 D CH5C(O)CH,- 8.347 8.541 -0.194
P53 D HO(CH,),- 8.770 8.602 0.098
P54 D CH3NH(CH,),- 8.678 8.702 -0.024
P55 D EtNH(CH;),- 8.796 9.029 -0.233
P56° D i-PrNH(CH,),~ 8.854 8.970 ~0.116
P57 D c-PentyINH(CH,),- 9.046 8.965 0.081
P58 D c-HexyINH(CH,),— 9.046 9.016 0.030
P59 D PrNH(CH;),- 9.000 9.204 —0.204
P60 D CH,=CHCH,NH(CH;),- 9.046 9.090 —0.044
P61 D c-BuNH(CH;),- 8.824 8.910 —0.086
P62 D c-PrCH,NH(CH;),— 9.097 9.123 —0.026
P63 D i-BuNH(CH,),~ 9.301 9.237 0.064
P642 D (iPr),-N-(CH,),— 8.174 8.634 ~0.460

(continued on next page)
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Table 1 (continued)

A

r N . cl
NfR V.Y
RZ—N
Compound R! R? —log (Ki/nM)
Experimental Predicted Res
P65 D CNf(CHZ)zf 8.854 8.888 ~0.034
P66° D BuNH(CH,),- 9.301 9.171 0.130
P67 D i-AmyINH(CH, ),- 9.398 9.251 0.147
P63 D c-HexylCH,NH(CH,),- 9.155 9212 -0.057
P69 D BnNH(CH,),- 8.444 8.382 0.062
P70 8 BuNH- 7.799 7.721 0.078
(¢]]
P71 BuNH- 8.745 8.941 -0.196
Cl
P72 ’8< BuNH- 9.222 9.151 0.071
Cl
P73 '8< BuNH- 7.914 7.887 0.027

@}
o

@ Test set. Res = pKi Experimental — PKi predicted-

compounds. The nitrogen atoms close to the R! group for those li-
gands are positively charged. And the compounds were minimized
with a non-bond cut-off of 8 A using Powell conjugate-gradient
algorithm. The convergence criterion was set to 0.05 kcal/mol.
The most active compound P67 served as an alignment template
for superposition.

Following the standard CoMFA procedure, each compound was
mapped onto a 3D lattice with grid points 2.0 A apart. An sp> car-
bon atom with +1 charge was employed to probe the steric (Len-
nard-Jones) and electrostatic (Coulombic) field energies. The cut-
off interaction energies were set to 30 kcal/mol. Column filtering,
for any column (lattice points) of computed molecular-field ener-
gies with a variance less than 2.0 kcal/mol, was applied to reduce
computation time without negatively affecting the quality of the
CoMFA models.

The robustness of the partial-least-squares (PLS) analysis
embedded in CoMFA was addressed by internal cross-validation
using the leave-one-out (LOO) procedure.?’~?* As an acceptable
practice in 3D-QSAR studies, a cross-validated regression coeffi-
cient g2 being higher than 0.5 can be considered as a statistical
proof with high predictability,>>?*> while the conventional regres-
sion coefficient 1? should be more than 0.9.

Four GPCRs, including human A2A Adenosine Receptor (3EML),
Betal-Adrenergic G Protein-Coupled Receptor (Protein code:
2VT4), Beta2-Adrenergic G Protein-Coupled Receptor (2RH1), and
Rhodopsin (3DQB), were evaluated. Considering the sequence
identity as well as some key residues (Supplementary data Appen-
dix 1), the Beta2-Adrenergic G Protein-Coupled Receptor was

selected as a template for the homology modeling. The sequences
of the template and human ORL1-receptor (SwissProt P41146)
were aligned using the sequence alignment protocol within Accel-
rys Discovery Studio 2.5.2* The structure information predicted by
the TRANSMEM method is considered in the alignment. NOP
indicates a sequence identity of 24.6% to the template in

Table 2

Statistical parameters of the COMFA models
Training set
' 0.819
qLeo (average of 30 runs) 0.795

0.950

SEE 0.179
F 160.1
Optimal components 6
Field fraction (%)
S 57.0
E 43.0
Test set
7 0.855
r 0.912
k 0.900

S=steric and E = electrostatic. r, g, SEE, and F are the
conventional Pearson regression coefficient, cross-val-
idated regression coefficient, standard error of esti-
mate, and statistical F value, respectively. LEO means
the leave-eight-out partial least-squares analysis. k is
the slope of the linear regression for the test set.
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100 1e Training set, n = 57, % = 0.950, ¢° =0.819 Supplementary data Appendix 2. The model was built using the
-0 homology modeling protocol within Discovery Studio 2.5. A con-
1= Testset,n =10, =012, ¢" =0.355, k= 0900 served disulfide bridge was formed based on the structure of the
template (Fig. 3). The detailed parameters about the homology
modeling method in the present study are given in Supplementary
data Appendix 3.

The minimized NOP model was used for subsequent molecular
docking simulation. Both Surflex-Dock and CDOCKER protocols?>~
27 have been employed for the docking purpose in this study. The
detailed parameters about the Surflex-Dock and CDOCKER
methods in the present study are given in Supplementary data
Appendix 4.

An excellent COMFA model derived can account for the NOP
binding affinities. The statistical parameters of the 3D-QSAR

i

Predicted Activities (pK)

6.5 . . . . . . . models are shown in Table 2. The LOO PLS analysis gives a

6.5 7.0 7.5 8.0 8.5 9.0 9.5 100 relatively high ¢? value of 0.819 at six components, together with
Experimental Activities (pK) the conventional regression coefficient r? of 0.950 and a standard

error of estimate of 0.195. The predicted pK; values for each com-

Figure 1. Plot of predicted versus experimental pK; values of the 3D-QSAR CoMFA pound in the training set are given in Table 1 according to the best

model.

b

Ki=0.4 nM

Ki=18.5 nM Ki = 0.4 nM

Figure 2. CoMFA contour maps: the steric/electrostatic maps for four compounds. In a and b, green (labeled as ‘SF1’ and ‘SF2’) and yellow (‘SD1’ and ‘SD2’) contours refer to
the sterically favored (w.r.t. higher NOP binding affinity) and disfavored areas, respectively, while blue (‘EP1’, ‘EP2’, ‘EP3’, and ‘EP4’) and red (‘ENT’, and ‘EN2’) contours refer to
regions where electropositive substituents are favorable and unfavorable in ¢, d, e, and f, respectively. Please refer to the web-version for the alternative color interpretation
(nitrogen: blue; oxygen: red; and carbon: grey).
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CoMFA model. Figure 1 shows a linear relationship between the
CoMFA-predicted and experimental pK; values for the training
set. Linearity of the plots show very good correlations for the CoM-
FA model developed in the study for the NOP binding affinities of
spiropiperidine analogues. The steric and electrostatic fields (at
contributions 57.0% and 43.0% to the COMFA model, respectively)
are appropriate in interpreting the NOP binding affinities of the
training set. Leave-eight-out cross-validation was also performed
to estimate the extent of chance correlation in the CoOMFA model.
The mean (0.795) of the g2 values from 30 runs, does not lead a dif-
ferent conclusion from that (0.819) of the LOO case.

The CoMFA model was not established by chance correlation.
The affinity data for the training set were randomly shuffled and
CoMFA models were rebuilt, which is so-called Y-Randomization.
The statistical parameters (q* and 2) of 30 newly derived models
were compared with those of the original model. The CoMFA mod-
els in the Y-Randomization test yielded relatively poor statistical
parameters (not shown), which further corroborate that the CoM-
FA model based on the original affinity data was not established by
chance correlation.

The significance and predictability of QSAR models is generally
checked by predicting the activity values of a set of compounds. An
external test set is widely used to evaluate the predictability of a
3D-QSAR model. For a reliable and predictive model, the following
criteria should be satisfied for the test set: g*> > 0.5, 1* > 0.6, and
0.85 < k < 1.15. Herein, k refers to the slope of the regression line
between the experimental and the predicted biological activities.
An excellent correlation between the experimental and predicted
biological activities is depicted in Figure 1 for the test set
(¢*=0.855, *=0.912, and k=0.900). The PLS regression coeffi-
cients (g® and r?) and slope k of the regression line satisfied the rec-
ommended criteria.?2?®> The relatively high values of ¢* and r*
confirm that the derived 3D-QASR/CoMFA model exhibits a good
predictive ability in the external test-set validation.

3D contour maps were generated to display the correlation of
experimental affinity data with changes in the steric/electrostatic
molecular-field contributions, and aid in the rational design of no-
vel and more effective NOP agonists. The steric properties of the
CoMFA model are displayed in Figure 2a and b, while the electro-
static properties are displayed in Figure 2c¢ and d. As demonstrated
in Figure 2a, P67 (K; = 0.4 nM) orients its long alkyl chain to ‘SF1'.
The two methyls at the end of the chain enter the green areas,
while another two methyls at the 4 position of the tetrahydro-
naphthalene ring are located near the ‘SF2’, which leads P67 with
relatively high affinity. Conversely, bulky groups close to the yel-
low contour ‘SD1’ result in a lower affinity. Accordingly, the prop-
argyl group of P18 (234 nM, the most inactive ligand, see Fig. 2b)
and the allyl group of P19 (203 nM) point toward the yellow isop-
leths. Compounds with bulky groups near the ‘SD1’ region (Supple-
mentary data Appendix 5), such as P29 (8.65 nM), P30 (5 nM), and
P33 (12.1 nM), represent relatively lower NOP binding affinities
comparing with those without bulky groups (P27 2.1 nM and
P28 2.55 nM).

A secondary amine near the 3’ position of the alkyl chain will
enhance affinity. The blue and red regions near the 3’ position of
the alkyl chain of P67 reveal the significance of arranging electro-
positive and electronegative groups at this position, which signifi-
cantly influence affinity. For example, N at the 3’ position will
enhance affinity. According to the MMFF94 partial atomic charge
calculations, the carbon (0.00 |e|) at the 3 position of the butanyl
chain in P20 is replaced by nitrogen (—0.90 |e|) in P26. The only
hydrogen (0.36 |e|) linked to the nitrogen in P26 is close to the
electropositively favorable region ‘EP1’, whereas the lone pair elec-
trons of the nitrogen atom are adjacent to the electronegatively
favorable area ‘EN1’. As a result, higher affinity (4.05 nM) of the lat-
ter was observed than that (48.7 nM) of the former, as indicated in

Figure 3. The docking-binding mode of the NOP (nociceptin/orphanin FQ receptor)/
P67 complex after molecular docking procedure. In (a), LHS: extracellular side and
RHS: intracellular side, respectively. In (b), the docking pose obtained by Surflex-
dock is shown in sticks, while the one obtained by CDOCKER is shown in CPK
(nitrogen: blue; oxygen: red; and carbon: cyan/grey). Please refer to the web-
version for the alternative color interpretation (nitrogen: blue; oxygen: red; and
carbon: green/grey/cyan).

Supplementary data Appendix 5. In addition, the affinity of a com-
pound with a secondary amine (P48 0.4 nM and P43 0.7 nM) is bet-
ter than those with a primary/tertiary amine (P25 47.8 nM and P64
6.7 nM), which suggests an asymmetry electronic distribution. The
reason for the ascending affinity order (P20 and P26) can be used
to account for the relatively higher affinities of P48 and P43 than
those of P25 and P64, respectively.

The R' substitute groups have a strong effect on activities. The
biological activities of A-substituted and B-substituted compounds
are relatively lower (23-234, 2.1-56 nM, respectively) than those
of the C-substituted and D-substituted compounds (0.4-2.3, 0.4-
5.4 nM, respectively). The contour map points out that the biphe-
nyl-methyl group substituted at the 8th position decreases activ-
ity. In Figure 2d, blue contours ‘EP3’ are located above the plane
of the upper phenyl of A, which cause energetically unfavorable
repulsion and result in low activities. B-Substituted group is quite
similar to A-substituted group, except that the chlorine substituted
at the second position which has the electron-withdrawing effect
to attenuate the electrostatic/steric repulsion with ‘EP3’. Thus the
activities of B-substituted compounds have a slightly boost than
those of A-substituted counterparts when own the same R? func-
tional groups. In comparison, the volumes of C-substituted and
D-substituted groups are relatively smaller those of A-substituted
and B-substituted groups, thus they reduce the energetically
unfavorable repulsion with ‘EP3’ and lead relatively higher acti-
vities, which may explain why compounds P28, P43, and P56 have
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Figure 4. The docking-binding mode of P67 in the active site of the nociceptin/
orphanin FQ receptor obtained by CDOCKER. Hydrogen bonds are displayed in red
dashes (A). Please refer to the web-version for the alternative color interpretation
(nitrogen: blue; oxygen: red; and carbon: cyan/grey).

different binding affinities although all of them contain the same i-
PrNH(CH,),~ group. The similar trend could be applied to account
for the affinity difference between P34 and P48.

A 3D model of NOP built for the rational design of NOP agonists.
The Ramachandran Plot of the 3D model is showed in Supplemen-
tary data Appendix 6, which is used to verify predicted torsion an-
gles in proteins. It indicates low energy conformations for ¢ (phi)
and s (psi), which are used to represent the torsion angles on
either side of alpha carbons in peptides. In the plot, 97.6% residues
locate in the preferred and allowed regions, whereas only 2.4% res-
idues are in the disallowed regions. Besides, none of the residues
within the binding pocket are in the disallowed regions, which cor-
roborates the 3D model is acceptable for the molecular docking
simulations and suitable for the structure-based molecular design
of NOP agonists.

Salt bridge, hydrogen-bonding, and hydrophobic interactions
can be identified as the underlying factors for the high NOP binding
affinity of P67. The docking-binding mode of P67 in the active site
is shown in Figure 4. The protonated piperidine-nitrogen atom
forms stable salt bridges with Asp130, which is a crucial anchoring
point for agonists, as pointed out by site directed mutagenesis.?82°
The D-substituted group takes up the hydrophobic pocket formed
by Tyr131, Met134, Trp211, Phe220, Phe224, Trp276, Val279, and
Val283. This hydrophobic pocket was proposed to hold the Phel
sidechain of nociceptin (the endogenic agonist of NOP), and some
of the residues (Tyr131, Phe220, Phe224, and Trp276), which are
confirmed to have a significant effect on the binding by previous
mutagenesis studies.?3® As described by N. Zaveri, there is a spe-
cific lipophilic area that triggers an agonist response when the site
is occupied by an appropriately sized and placed lipophilic moi-
ety.3%31 Additionally, the long alkyl chain sketchs to another direc-
tion to form strong hydrogen bonds with Arg302 and Asp110
(Hla=2.85A, H1b=3.12 A, and H2 = 3.02 A, respectively). The re-
sults are in agreement with the phenomenon that the secondary
amine at the 3’ position enhances affinity. This nitrogen atom
may work as a hydrogen donor when it interacts with Asp110,
whereas serves as a hydrogen acceptor when it interacts with

Arg302 (Asp 110 corresponds to ‘EP2’ and Arg302 refers to ‘EN1’),
which may explain the asymmetry electronic distribution in the
3D contour map (Fig. 2c). This result is also consistent with the
previous works, which demonstrated that mutating Arg302 to a
negative charged Asp would result in a great loss of nociceptin
binding.3? As a result, these energetically favorable interactions
stabilize P67 in the ligand-binding pocket.

In summary, the resulting CoOMFA model performs well in both
internal and external consistency in the present study. The excel-
lent correlation between experimental and predicted pK; values
for the test set corroborated the predictive ability of the derived
CoMFA model. Based on the 3D model of NOP built by homology
modeling approach, molecular docking simulations reveal that sev-
eral important residues (Asp110, Asp130, Tyr131, Typ276, and
Arg302) exhibit salt bridge, hydrogen-bonding, and hydrophobic
interactions with the most active agonist P67, which is consistent
with the CoMFA contour maps and the experimental results from
the literature.'®3%3! The newly obtained 3D model of NOP may
serve as a basis for the structure-based molecular design of novel
agonists with enhanced affinity.

Our results highlight that the 3D-QSAR (ligand-based) and
homology modeling/molecular docking (structure-based) ap-
proaches, which were integrated herein, would be useful for the
exploratory study of some promising biological systems for drug
discovery purpose with respect to affinity enhancement, especially
for cases difficult to obtain the crystal structure of a potential
protein.
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