
numbering throughout the text; Ballesteros andWeinstein, 1995)
in a mode that resembles that of C-24 (Thompson et al., 2012).
The dichlorophenyl head group of SB-612111 is buried deep
within the hydrophobic sub-pocket outlined by residues
M1343.36, F1353.37, I2195.42, and V2836.55, while its relatively
short heterocyclic tail lies flat against Q1072.60 at the base of
thepocket but doesnotmakedirect polar interactionswith the re-
ceptor. A region of strong electron density in the pocketwithin the
transmembrane core of NOP-SB-612111 is flanked by residues
D972.50, N1333.35, S1373.39, and N3117.45 (Figure S3). This den-
sity is consistent with that of the sodium ion and water cluster
identified in the closely related d-opioid receptor and several
other classAGPCRs (Katritch et al., 2014), although ahigher-res-
olution structure is required to unambiguously resolve sodium
coordination in NOP.

The binding pose of C-35 (Figure 2C) is similar overall to that of
SB-612111, with its piperidine nitrogen forming a salt-bridge
interaction with D1303.32 and a hydrogen bond between its
amide nitrogen and Q1072.60. The dichlorophenyl head group
of C-35 is shifted slightly (!0.8 Å) from that of SB-612111 within
the hydrophobic sub-pocket.

All three co-crystallized ligands (SB-612111, C-35, and C-24)
contain a piperidine group whose protonated nitrogen partici-
pates in a salt-bridge interaction with D1303.32. Piperidine is a

Figure 2. Crystal Structures of Human NOP
Bound to Thermally Stabilizing Antagonists
(A) NOP co-crystal structure and (B–D) ligand-

binding modes reveal a highly conserved receptor

structure when bound to (B) SB-612111 (purple),

(C) Compound-35 (C-35; cyan), and (D) Banyu

Compound-24 (C-24; green). All three piperidine-

based antagonists participate in a salt-bridge

interaction with D1303.32, which anchors them to

the base of the orthosteric binding pocket. Ligands

and residues around the binding site are repre-

sented as sticks with non-carbon atoms colored

by atom type (chlorine, green; oxygen, red;

nitrogen, blue). Hydrogen bonds are represented

as yellow dashed lines. Superscripts indicate

the Ballesteros-Weinstein numbering convention

(Ballesteros and Weinstein, 1995). See also

Figure S3.

ubiquitous building block in NOP ligand
design (Mustazza and Bastanzio, 2011),
and the piperidine-D1303.32 salt bridge
common to these structures offers a
direct rationalization for the high affinities
of this ligand class.

Although the D1303.32 residue is con-
served in all four opioid receptors, it plays
a crucial role in binding of the highly selec-
tive endogenous agonist N/OFQ (Moule-
dous et al., 2000; Thompson et al., 2012).
Because of this, interactions between
D1303.32 and ligands likely contribute to af-
finity rather than efficacy or selectivity.
Notably, the head groupof the antagonists
described here (a spiroisobenzofuran in

C-24 and a dichlorophenyl in C-35 and SB-612111) lies perpen-
dicular to this piperidine ring in all cases, a structural feature pre-
viously suggested to be of importance to NOP ligand affinity and
efficacy (Trapella et al., 2009).

Docking Studies: Degenerate Ligand-Binding Modes
Correlate with Low Receptor Stability
To better understand the nature of stabilizing receptor interac-
tions with antagonists and potential conformational changes in
the receptor upon their binding, we performed molecular dock-
ing of several additional antagonists. We first validated our dock-
ing protocol by cross-docking the co-crystallized antagonists in
Figure 2 against all three NOP structures in the context of both
rigid and flexible receptor side chains. Cross-docking of antag-
onists C-35, SB-612111, and C-24 into all crystal structures of
NOP resulted in accurately reproduced binding poses with
RMSDs ranging from 0.6 to 1.3 Å (Table S3). Moreover, en-
ergy–based refinement of these compounds with extensive flex-
ible sampling of binding pocket side chains resulted in only very
minor variations in receptor and ligand conformations.
In contrast, docking of antagonist J-113397 and key deriva-

tives based on the compound’s 4-(2-keto-1-benzimidazolinyl)-
piperidine scaffold suggests substantial differences in the recep-
tor interactions with compounds of this chemotype (Kawamoto
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