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The NK; tachykinin G-protein-coupled receptor (GPCR) binds sub-
stance P, the first neuropeptide to be discovered in mammals.
Through activation of NK;R, substance P modulates a wide variety
of physiological and disease processes including nociception, inflam-
mation, and depression. Human NK;R (hNK;R) modulators have
shown promise in clinical trials for migraine, depression, and emesis.
However, the only currently approved drugs targeting hNK;R are
inhibitors for chemotherapy-induced nausea and vomiting (CINV).
To better understand the molecular basis of ligand recognition
and selectivity, we solved the crystal structure of hNK;R bound to
the inhibitor L760735, a close analog of the drug aprepitant. Our
crystal structure reveals the basis for antagonist interaction in the
deep and narrow orthosteric pocket of the receptor. We used our
structure as a template for computational docking and molecular-
dynamics simulations to dissect the energetic importance of binding
pocket interactions and model the binding of aprepitant. The struc-
ture of hNK4R is a valuable tool in the further development of
tachykinin receptor modulators for multiple clinical applications.
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Tachykinin signaling is involved in a broad range of human
physiology, and represents a therapeutic target for multiple
pathologies ranging from inflammation and pain to cancer (1).
Tachykinins occupy an important historical place in the study of
gut-brain signaling, since substance P was first isolated as a
peptide from horse brain that could induce vasodilation in rabbit
intestine (2). The overall tachykinin system in mammals contains
nine identified neuropeptides derived from three precursor genes
that can interact with three receptor subtypes (1). Among the
endogenous hormone agonists, substance P and the hemokinin/
endokinin peptides bind preferentially to NK;R; neurokinin A
(NKA) and elongated forms neuropeptide K and neuropeptide
y bind preferentially to NK,R; and neurokinin B (NKB) binds
preferentially to NK;R. All of these validated tachykinin pep-
tide agonists contain a conserved C-terminal motif F(F/V)GLM-
NH,, which has also been characterized as the minimal active
fragment of substance P (3).

The tachykinin receptors have a complex and overlapping
pattern of expression throughout mammalian tissues. NK;R and
NK,R are expressed in the central and peripheral nervous sys-
tem, in the gastrointestinal system, and in immune cells (4, 5).
An established function of NK;R signaling induced by substance
P is to serve as a sensory mechanism for noxious stimuli. Thus,
NK;R in the medulla controls emesis in response to ingestion of
toxins, and substance P released from dorsal root ganglia neu-
rons regulates pain transmission. NK;R and NK,R in peripheral
tissues are involved in inflammatory processes, and expression of
these G-protein—coupled receptors (GPCRs) is also up-regulated
by inflammation (1). In contrast, expression of NK3R is largely
restricted to the nervous system, and signaling induced by NKB
regulates neurotransmitter systems (6) as well as secretion of
reproductive hormones (GnRH and LH) (7).

Due to these diverse physiological roles, antagonists of the
tachykinin receptors have been tested in clinical trials for neu-
ropathic pain, major depressive disorder, chemotherapy-induced
nausea and vomiting (CINV), irritable bowel syndrome (IBS),
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and schizophrenia (8). While the receptor subtypes must share
structural features for ligand recognition based on the fact that
they bind tachykinins containing a conserved C-terminal peptide
motif, it has nonetheless been possible to develop subtype-
selective antagonists that discriminate between them (4). Be-
yond emesis and pain, selective NK;R antagonists have been
pursued in the clinic for IBS due to the proinflammatory role of
substance P (1, 9). Selective NK,R antagonists have been pur-
sued for depression and anxiety disorders, as well as IBS (10).
Due to its interactions with dopaminergic neurons in the CNS,
NK3R has been a clinical target for schizophrenia (11, 12). To
date, the only tachykinin receptor ligands to be approved clini-
cally are selective hNK; R antagonists for CINV, such as apre-
pitant (13). Despite good safety and tolerability, the preclinical
promise of tachykinin receptor antagonists based on animal
studies has not been matched by success in the clinic (8), espe-
cially for neuropsychiatric disorders (14). One contributing fac-
tor may be the complex overlap between expression patterns and
functions of the receptors and neuropeptides. In CINV, where
substance P plays a dominant role, selective NK R blockade is
sufficient. In other cases, such as IBS or depression, targeting
multiple subtypes may be required for efficacy (8).

Further development of antagonists requires a deeper under-
standing of tachykinin signaling mechanisms underpinning disease, as
well as elucidation of the molecular basis of ligand interaction and
selectivity. As the primary endogenous target of substance P, hNK;R
is the most extensively characterized tachykinin receptor. Using a
protein engineering and lipidic cubic phase (LCP) crystallization
strategy we previously developed for the orexin receptors (15), we
solved the crystal structure of hNK;R in complex with the antagonist
L760735 (16) at 3.4-A resolution (Fig. 1 and SI Appendix, Table S1).
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receptors (GPCRs) involved in pain and sensory transmission.
Antagonists of the human NK;, tachykinin receptor are used to
treat chemotherapy-induced nausea, and have also been in-
tensively studied for other disorders including depression. We
solved the crystal structure of the human NK; receptor bound
to a high-affinity antagonist. This structure of a tachykinin
receptor reveals the molecular basis of antagonist interaction,
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selectivity for this therapeutically important family of GPCRs.
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With this structure, we modeled the binding mode of the clinically
used drug aprepitant. Our crystal structure, modeling studies, and
radioligand binding assays provide a foundation for understanding
tachykinin receptor function at the atomic level.

Results

The overall architecture of hNK;R is shown in Fig. 1. Compared
with OX,R (15) in the same B-branch of the rhodopsin GPCR
family, the root-mean-squared deviation (RMSD) over 258 Ca
atoms is 1.7 A. For superposition with the inactive state of the f,-
adrenergic receptor (B,AR) (17), the rmsd is 2.1 A over 237 Ca
atoms, with a similar conformation at the intracellular surface (S7
Appendix, Fig. S3). The conformation of hNK;R in this structure
is therefore consistent with the activity of bound L760735 as an
hNK;R antagonist (16). Residues 170-181 in the second extra-
cellular loop (ECL2) form a f-hairpin structure (Fig. 14 and B), a
common feature of peptide-activated GPCRs (15). This B-hairpin
element forms a conserved disulfide bond with TM3 that is re-
quired for substance P binding (18), and ECL2 residues Glul72,
Met174, Met181, and Ile182 have been shown to participate in
recognition of the neuropeptide (19-21).

Bound Conformation of the Antagonist and Conformational Bias. Our
structure was refined using a resolution cutoff of 3.4 A, due to
challenges with signal-to-noise heterogeneity in our multi-
crystal dataset (SI Appendix, Table S1). Nonetheless, the po-
sition and conformation of L760735 is well defined by the
ligand OMIT and 2F,-F. electron density maps (Fig. 2 and SI
Appendix, Fig. S44). The antagonist binds in a narrow pocket
(Fig. 1C), spanning 14 A perpendicular to the membrane and
adopting a three-layered architecture with amine-substituted
triazole most extracellular, morpholine and fluorophenyl
moieties in the middle, and 3,5-trifluroromethyl-benzylether at
the base (Fig. 3 4 and B). The fluorophenyl and 3,5-trifluroromethyl-
benzylether moieties form an intramolecular n-n stacking in-
teraction, which is also plausible for other active analogs pro-
filed in structure-activity relationship studies (22, 23). L760735 was
initially developed to improve the aqueous solubility of aprepitant

Fig. 1. Structural features of hNKR; (A) Global structure of the hNK;R-PGS
fusion protein from side view. The hNK;R is represented as a green cartoon,
with the PGS domain (wheat) fused between TMs 5 and 6. L760735 is shown
as spheres with yellow carbons. (B) Extracellular view of hNKR, with PGS
domain removed. (C) Surface representation as in B.

Yin et al.

Fig. 2.

Stereoview of polder OMIT map (46) for the ligand L760735 (yellow
sticks). The contour level is 3.1c.

(16). The chemical structures of these two compounds are very
similar, with the only difference being that aprepitant has a
3-oxo-substituted triazole instead of the amine-substituted tri-
azole in L760735 (Fig. 3C). The 3D structure of aprepitant de-
termined by small-molecule crystallography (24) is similar to the
conformation of L760735 in the receptor-ligand complex, imply-
ing that these ligands can adopt a low-energy bound-like confor-
mation on their own before engaging with the receptor. A similar
phenomenon was seen in our structural characterization of the
orexin receptors bound to the insomnia drug suvorexant (15),
where the entropy cost of binding is reduced by restriction of the
conformational space of the free ligand.

Overlap Between Substance P and Antagonist Binding Sites. Previous
studies identified multiple residues involved in the binding of
substance P (25-27) and synthetic small-molecule antagonists
(27-31). Mutagenesis and photo-cross-linking experiments showed
that substance P interacts with the extracellular surface including the
N terminus and ECL2, as well as residues His108%?%, Phe268%,
and Tyr287" in the transmembrane (TM) region 319) (Ballesteros—
Weinstein numbering). Of these residues, His108** and Phe268°>
are within 4 A of L760735 in the crystal structure (Fig. 3 4 and B).
Our radioligand binding experiments (below) show that mutation
of additional residues at the antagonist binding site also diminishes
substance P binding (Table 1). The overlap between the ob-
served binding contacts for 1760735 and previously charac-
terized mutations altering substance P binding implies that the
complexed neuropeptide extends into the same deep cavity within the
TM region. Many of the 12 residues lining the binding pocket (within
4 A of the ligand) were also identified as important for interaction
with other nonpeptide antagonists, implying that chemically diverse
hNK;R inhibitors bind to the same site. For example, CP96345
and CP99994 were found to interact with GIn165*%, His197°,
and His265%% (27, 31), residues that also contact L760735 in the
crystal structure.

Mutagenesis of Binding Site Residues. Hydrophobic contacts pre-
dominate between hNK;R and L760735 in the buried deeper
part of the interface, while polar residues contact the ligand at
the extracellular surface. We carried out mutagenesis experi-
ments to validate the importance of several of these interactions.
His197°* packs against the morpholine ring of the antagonist
(Fig. 3 4 and B), and mutation of this residue to alanine reduced
the affinity for L760735 twofold (Fig. 4 and Table 1). For the
antagonists CP96345 and CP99994, the H197>*°A mutation had
a larger effect, decreasing affinity 70-fold and 10-fold, re-
spectively (31). His265%? forms an edge-to-face interaction with
the 3,5-trifluoromethyl-benzylether group, and the mutation
H265%52A leads to a 31-fold reduction in L760735 affinity and a
smaller 2.5-fold reduction for substance P (Fig. 4 and Table 1).
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Fig. 3. L760735 interaction with hNK;R. (A) All residues within 4 A of
L760735 are depicted with cyan carbons. (B) Two-dimensional schematic of
contacts between L760735 and hNK;R, produced in Ligplot (65); (C) Chemical
structures of aprepitant and L760735. (D, Top) Extracellular view, receptor
surface is colored according to electrostatic potential. (D, Bottom) Side view,
cut through the receptor.

The Y196°8A mutation leads to a total loss of detectable [*H]-
substance P binding, indicating that while this residue contacts
the antagonist, it is also important for the structural integrity of
the orthosteric site. As seen by electrostatic surface calculation
(Fig. 3D), hNK;R has an electronegative groove at the extra-
cellular end of the pocket formed by Glu183F™", Tyr192°3*,
Glu193>%, and Tyr272%%°. The mutations E193>*A and
Y2725%A decrease the L760735 binding affinity 2.6-fold and
threefold, respectively (Fig. 4 and Table 1), indicating that in-
teractions with the antagonist’s dimethylamino group contribute
modestly to binding. These same mutations were shown to de-
crease the binding affinity of other hNK R antagonists such as
CP96345 and CP99994 (31).

Docking of Antagonists. To probe the molecular mechanisms of
antagonist binding to hNK;R, we performed Glide docking (32)
for 760735 and aprepitant in both neutral and positively charged
states (Fig. 5). We calculated pK, values of 7.4 for L760735 and
5.2 for aprepitant (S Appendix, Fig. S5 and Methods), predicting
that ~70% of free L760735 is protonated at pH 7.0 while free
aprepitant is largely neutral. For 1760735 in both neutral and
charged forms (Fig. 5 4 and B), the docking scores and rmsds
between the top poses and the crystal structure were very simi-
lar: =9.50 vs. —9.37 kcal/mol (docking scores) and 1.83 vs. 1.73 A
(rmsds). The major differences in these models relative to the
crystal structure are the hydrogen bonds between ligand and re-
ceptor (to Glu193°2> and Tyr272 for neutral L760735 and to
Glu193° for charged L760735). Such interactions are likely to be
weak in such a solvent-exposed environment, which may account
for the lack of hydrogen bonds evident in the refined crystal
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structure, as well as the modest effect of mutating these residues
(Table 1). For aprepitant (Fig. 5 C and D), the top pose for the
neutral form has a docking score of —9.12 kcal/mol and rmsd
1.27 A; however, for the charged form the second-best pose is
closer to the crystal structure, with a docking score of —8.91 kcal/mL
and rmsd 1.97 A (compared with 3.67 A for the top pose). These
flexible docking calculations validate the crystallographic model
and predict that aprepitant binds similarly compared with L760735;
however, they do not fully address whether the ligands prefer to bind
in their positively charged or neutral forms.

Molecular-Dynamics Simulations and Binding Energy Prediction. To
further dissect contributions to receptor-ligand binding, we performed
molecular-dynamics (MD) simulations (SI Appendix, Fig. S6) for
both L760735 and aprepitant complexes in explicit lipid bilayers
(Methods). The starting conformations of hNK; R/L760735 in both
the charged and neutral forms came from the crystal structure,
while the starting conformations of hNK;R/aprepitant came from
superimposing the ligand nonhydrogen atoms with those of
L760735. For both ligands, the neutral form adopts a more stable
conformation similar to the crystal structure along a 125-ns MD
trajectory. This is particularly true with aprepitant, where the
protonated ligand No-Fit rmsds (calculated directly for the heavy
atoms after hNK;R structures are aligned) are much larger than
the corresponding LS-Fit rmsds (simple least-squares fitting for
the heavy atoms). This difference indicates that the protonated
aprepitant undergoes larger translational/rotational movements in
the binding pocket during the simulation.

We used data from these MD simulations to predict the binding
free energy of ligands for hNK;R. MM-PBSA (molecular mechanics—
Poisson-Boltzmann surface area) binding free-energy calcula-
tions and MM-GBSA (mechanics-generalized Born surface area)
free-energy decompositions were performed for the collected
snapshots after the MD trajectories were stabilized (Methods).
Neutral forms of L760735 and aprepitant are predicted to bind
with significantly higher affinity to hNK;R than their corre-
sponding charged forms. The MM-PBSA binding free energies
are —4.15 + 0.06 and —6.07 + 0.55 for neutral L760735 and
aprepitant, respectively. In contrast, the MM-PBSA binding free
energies for the charged forms of L760735 and aprepitant are
0.20 £+ 0.37 and —2.5 £ 0.05 kcal/mol, respectively. This calcu-
lation predicts that while the receptor has an electronegative
surface at the extracellular apex of the binding site, the ligands
prefer to bind in a neutral deprotonated form due to solvent
exposure of the ionizable sidechains and ligand functional
groups. Our MM-PBSA calculations also predict that aprepitant
is more potent than 1760735, consistent with experiments (33).
Hotspots for L760735 and aprepitant identified through MM/
GBSA free-energy decomposition (SI Appendix, Fig. S7) show
that neutral L760735 (SI Appendix, Fig. S54) and aprepitant (S

Table 1. Ligand binding properties of wild-type (WT) hNK;R and
binding pocket point mutants, using [*H]-substance-P as a
radioligand

Ratio of pK; Ratio of

Construct Kg, M Kg (L760735) K;
WT 2.15 +£0.22 1.0 8.08 + 0.06 1.0
E193A 3.64 +0.37 1.7* 7.66 + 0.05 2.6
Y196A >10,000 ND ND ND
H197A 2.94 +0.38 1.4* 7.76 + 0.05 2.1
H265A 5.35 +0.47 2.5 6.59 + 0.05 31
Y272A 4.51 + 0.55 2.1 7.60 +0.08 3.1

ND, not determined. Ratios of K4 and K; are for mutants over WT values
*These differences did not rise to statistical significance judged by one-way
ANOVA with Dunnett’s posttest (compared with WT, P < 0.05).
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Fig. 4. Binding of substance P and L760735 to wild-type hNK;R and point
mutants. (A) Saturation binding isotherms for [*H]-substance P. (B) Compe-
tition binding assay for L760735, using [*H]-substance P as a probe. Error bars
denote SE (n = 3 separate assays, each in duplicate).

Appendix, Fig. S5C) have very similar profiles, with 8 out of 10
top contributing residues in common.

Discussion

Our human NK;R crystal structure represents an atomic model
for the tachykinin receptor family, and provides a foundation for
understanding receptor-ligand interaction and selectivity. In line
with previous biochemical data, our structure and mutagenesis
data show that antagonists and substance P compete for an
overlapping surface on the receptor. The L760735 antagonist is
oriented roughly perpendicular to the membrane, with its three-
layered architecture making strong interactions with residues on
TMs 3, 5, and 6 (Figs. 1B and 34) analogous to ligands for the
biogenic amine receptors (17). Many antagonists of hNK; R have
a basic amine substituent thought to form electrostatic interac-
tions with the receptor; however, our docking and MD simula-
tions indicate that 760735 and aprepitant prefer to bind in their
neutral forms, which helps to explain the possibility of de-
veloping antagonists lacking such an ionizable basic group &34)
At the bottom of the antagonist blndlng pocket lies W261%%,
conserved residue whose movement is involved in activation for
multiple class A GPCRs (35). The indole sidechain of W261°*"
41 A away from the 3,5-trifluroromethyl-benzyl group of the antag
onist, and our MD simulations indicate that this interaction
contributes to the stability of the ligand-bound complex (SI Appen-
dix, Fig. S7). Due to the ligand orientation and steric occlusion by
receptor sidechains, the antagonist does not make strong contacts
with TMs 2 and 7. This arrangement allows the antagonist to bind
without orthosteric pocket contraction, a common step in GPCR
activation (36). These features of the orthosteric region of hNK ;R
may underlie the dearth of small-molecule agonists for this receptor
(37), a persistent challenge for many neuropeptide GPCRs.

An important goal in GPCR drug development is to un-
derstand the molecular basis of ligand selectivity, which is highly
relevant to the tachykinin receptor family (8). ST Appendix, Fig.
S8 shows alignment of the three human receptor subtypes, and S/
Appendix, Fig. S9 illustrates the conservation of binding residues
mapped onto the hNK; R orthosteric site. As in most GPCRs, the
sequence identity between subtypes decreases when moving from
the membrane-embedded region to the ECL region. Among the
interacting residues with L760735 (Fig. 3 A and B), the only
diverging positions across all subtypes are 5.35 and 6.59, with
hNK,R and hNK;R having a less electronegative surface at the
extracellular end of the pocket In hNK,R, Glu193>* and
Tyr272%%° are leucine and serine, respectively. In hNK;R, these
residues are histidine and alanine (SI Appendix, Figs. S8 and S9).
Although L760935 and aprepitant hkel;l bind in their neutral forms,
our binding data still show that Glu193>* and Tyr272% contribute
to L760935 affinity (Fig. 4 and Table 1). These contributions may
involve hydrogen bonding (Fig. 5 and SI Appendix, Fig. S7), al-
though the lack of such interactions in the crystal structure points to

Yin et al.

van der Waals and solvent-mediated effects. The divergence in
electrostatic surface properties in this region between the three
tachykinin receptors presents opportunities for optimizing selectivity
and rationally building subtype-selective ligands.

There are more than 2,200 reported ligands targeting the
tachykinin receptors (38). The cocrystallized L760735 antagonist
and aprepitant share a highly similar chemical structure and
represent a small subset of ligands targeting these GPCRs.
Further understanding the diversity of ligand recognition and
subtype selectivity in this family would require structures of each
tachykinin receptor subtype bound to multiple representative
chemotypes. To understand hNK;R activation, we need struc-
tures of the receptor occupied by substance P in an active con-
formation (e.g., with G protein bound). These efforts will build
on the inactive state structure reported here.

Methods

Cloning, Expression, and Purification. The hNK,R ¢cDNA was subcloned into a
modified pFastBac 1 vector (Invitrogen) with the hemagglutinin signal sequence
followed by an FLAG tag (DYKDDDDA) at the N terminus. A deca-histidine tag
was added at the C terminus for purification. For successful crystallization, resi-
dues 228-237 in the intracellular loop 3 were replaced (15) by the Pyrococcus
abysii glycogen synthase domain, and residues 347-407 at the C terminus were
removed. Finally, residues 1-21 at the N terminus were omitted during optimi-
zation of crystal quality for diffraction. The resulting construct was transfected
into Sf9 cells to produce recombinant baculovirus using the Bac-to-Bac system
(Invitrogen). For large-scale purification, cultures at a density of 3 x 10° cells per
milliliter were infected with 1 pM L760735 (Tocris) added to the media. After
48 h, cells were harvested and stored at —80 °C for future use.

For purification, Sf9 cells were lysed in a hypotonic buffer containing
10 mM Tris-HCI pH 7.4, 1 mM EDTA, 160 pg/mL benzamidine, 100 pg/mL
leupeptin, 2 mg/mL iodoacetimide, and 1 uM L760735 for 30 min at 4 °C.
Lysed membrane was resuspended and dounce homogenized in a buffer
containing 50 mM Tris-HCl pH 7.4, 500 mM NacCl, 1% (wt/vol) n-dodecyl-B-b-
maltopyranoside (DDM, Anatrace), 0.2% Na Cholate, 0.2% cholesteryl

Asp183+78

Tyr2728% Glu1935$‘.' g. Tyr2720%
H

GIn165%%°

Asp183+78

Glu1935'35\?

GIn165*%°

Asp183+78

Tyr2726% G|L|1935<5\‘:l ﬂ Tyr2726%

GIn165%°

Asp183+78

&
G|u1935'35\’ g-

B Gln1654 El

Fig. 5. Top flexible docking poses for L760735 and aprepitant in both
neutral and protonated states. The L760735 ligand in the crystal structure is
shown as orange sticks, while the docked ligands are shown as yellow sticks.
Residues that form hydrogen bonds (dashed lines) with L760735 and aprepitant
are shown as cyan sticks. (A) L760735 (neutral, AGgjige = —9.50, rmsd = 1.83 A,
best pose); (B) L760735 (charged, AGgjige = —9.37, rmsd = 1.73 A, best pose); (C)
aprepitant (neutral, AGgjige = —9.12, rmsd = 1.27 A, best pose); (D) aprepitant
(charged, AGgjige = —8.91, rmsd = 1.97 A, second best pose). Glide docking scores
are in kcal/mol.
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hemisuccinate (CHS), 10% glycerol, 2 mg/mL iodoacetamide, and 5 uM
L760735. Solubilization proceeded for 1 h at 4 °C, followed by ultracentri-
fugation at 100,000 x g for 30 min at 4 °C. After supplementing with 20 mM
imidazole, the supernatant was incubated with Ni-NTA agarose beads (GE
Healthcare) in batch-binding mode for 4 h at 4 °C. After binding, the Ni-NTA
beads were transferred into a glass column. Then beads were washed with
10 volumes of wash buffer: 50 mM Tris-HCl pH 7.4, 500 mM NacCl, 0.05%
DDM, 0.01% Na Cholate, 0.01% CHS, 5% glycerol, 50 mM imidazole, 5 uM
ligand (L760735). Receptor was eluted with 5 volumes of elution buffer:
50 mM Tris-HCl pH 7.4, 500 mM Nacl, 0.05% DDM, 0.01% Na Cholate, 0.01%
CHS, 5% glycerol, 200 mM imidazole, 5 pM L760735. Then, 2 mM calcium
was added to the Ni eluate, which was applied to a 3-mL column of M1 anti-
FLAG affinity beads (Sigma). Detergent was exchanged on the M1 beads
from DDM to 0.05% lauryl maltose neopentyl glycol (Anatrace). Receptor
was eluted from M1 beads with buffer containing 200 pg/mL FLAG peptide
plus 5 mM EDTA. Finally, the receptor was concentrated and purified over a
Superdex 200 size exclusion column (GE Healthcare). The single peak cor-
responding to monomeric receptor was collected and the purity was eval-
uated by SDS/PAGE (S/ Appendix, Fig. S1).

Crystallization and Diffraction Data Collection. Purified protein was concen-
trated to 30-50 mg/mL using a Vivaspin concentrator with a 100-kDa mo-
lecular weight cutoff (Sartorius), and crystallized by LCP. Concentrated
receptor was reconstituted into a lipid mixture containing 90% (wt/wt)
monoolein and 10% (wt/wt) cholesterol (Sigma) at mass ratio 2:3. Crystalli-
zation experiments were carried out in 96-well glass sandwich plates (Mo-
lecular Dimensions) using a Gryphon LCP crystallization robot (Art Robbins
Instruments), comprising 40 nl LCP overlaid with 800 nl precipitant solution.
Plates were incubated at 20 °C. Crystals were typically observed in 1 d, and
reached their full size in 1 wk. Improved crystals grew in conditions con-
sisting of 100 mM sodium citrate pH 5.4, 30% PEG300, 200 mM potassium
nitrate, 2% 2,5-Hexanediol. (S/ Appendix, Fig. S2). Crystals were cry-
oprotected in crystallization mother liquid, harvested with 100-um MiTeGen
loops and immediately flash frozen in liquid nitrogen.

Diffraction data were collected at the 23ID-D beamline at the Advanced
Photon Source, Argonne National Laboratory. All data were acquired using a
20-um collimated minibeam with X-ray energy 12 keV, and captured on a
Pilatus3 6M detector (Dectris). For each crystal, 25 images were collected
with 0.4° oscillation and 1-s exposure, without attenuation of the beam. A
full dataset was attained by merging datasets from 36 crystals. HKL3000 (39)
was employed to index, integrate, and scale data and perform anisotropy
analysis and truncation. The resolution limit was set at 3.4 A according to the
CCy/, method. The resolution limits along the a*, b*, and c* directions after
anisotropy truncation during scaling with HKL3000 were 3.9 A, 3.7 A and
3.4 A, respectively.

Structure Determination and Refinement. The structure of hNK;R-PGS was
solved by molecular replacement with Phaser (40) in Phenix (41). PGS [Pro-
tein Data Bank (PDB) ID code 2BFW] and the hOX;R 7TM domain (PDB ID code
47)8) were used as independent search models. The resulting solution con-
tained one receptor and fusion protein per asymmetric unit. The model was
built by autobuilding with Buccaneer (42) and iterative rebuilding in Coot (43).
Initial refinement was performed with Phenix. Translation-libration-screw (TLS)
refinement was employed to model atomic displacement factors with TLS
groups generated by Phenix (41). The final refinement was carried out with
Refmac (44) with Babinet scaling and B-factor values restrained with a weight
of 0.1. Initial coordinates and refinement parameters for the ligand were
prepared with the Grade web server (www.globalphasing.com). MolProbity
(45) was used to evaluate the final structure. The MolProbity score was 1.74,
placing the structure in the 100th percentile in the range of 3.15-3.65 A. The
statistics for data collection and refinement are included in S/ Appendix, Table
S1. Figures were prepared with Pymol (https://www.pymol.org/2/). Represen-
tative views of the 2F, — F. electron density map are shown in S/ Appendix, Fig.
S4, and the polder OMIT map (46) calculated for the ligand in Phenix (41) is
shown in Fig. 2. Atomic coordinates and structure factors have been deposited
in the PDB under accession code 6E59 (47).

Saturation and Competition Binding. Membranes of wild-type hNK R and
point mutants were prepared from Sf9 cells, and aliquots in assay buffer
(20 mM Hepes pH 8.0, HBSS) were stored at —80 °C. Radioligand binding
assays were performed on a vacuum manifold. Saturation binding assay was
carried out by incubating membranes (typically 2-15 pg) with different
concentrations of [H]-substance P in a final volume of 250 pL HBSS buffer
with 20 mM Hepes pH 8.0 and 0.5% BSA. The full name of the radioligand is
“substance-P (9-Sar, 11-Met(05)), [2—Pro|y|—3,4—3H]" (44.4 Ci/mmol; Perkin-

13268 | www.pnas.org/cgi/doi/10.1073/pnas.1812717115

Elmer). Nonspecific binding was determined with reactions containing
1 pM CP99994 (Tocris). Binding proceeded for 1 h at 4 °C. Reactions were
passed through Whatman GF/C filters presoaked in assay buffer plus 0.5%
polyethyleninine (Sigma P-3143) to retain membranes and remove unbound
ligand. After washing with cold HBSS buffer three times, bound radioactivity
was quantified with a scintillation counter. For competition binding exper-
iments, membranes (typically 2-15 pg) were incubated with 2 nM [*H]-
substance P and serially diluted competitor ligand (L760735). The reaction
protocol and workup were the same as for the saturation binding assay. All
binding studies were carried out as three independent experiments, each
performed in duplicate. Data analysis and fitting was performed with Prism
(GraphPad Software).

Molecular Docking and MD Simulations. The pK, calculations were performed
using Epik (Schrodinger) (48). Molecular docking for the two antagonists
was performed using Glide (Schrodinger) following standard protocols (32).
For each MD simulation, CHARMM-GUI (www.charmm-gui.org) was used to
add a POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) lipid bilayer,
counterions, and water molecules. All MD systems have one copy of hNK,R,
one copy of the ligand, 240 POPC, 51 K*, 59 CI~, and 17,862 TIP3P (49) water
molecules. For the force-field parameters, the partial atomic charges of two
ligands were derived by using the RESP (50) program to fit the HF/6-31G*
electrostatic potentials generated with the GAUSSIAN 16 software package.
The other force-field parameters came from GAFF (51) in AMBER 14 (52). The
residue topologies for ligands were prepared using the Antechamber
module (53) in AMBER 14. The AMBER FF14SB (54) and LIPID14 (55) force
fields were used to model proteins and lipids, respectively. MD simulations
were performed to produce isothermal-isobaric ensembles using the mod-
ified pmemd.cuda program in AMBER 14. The particle mesh Ewald method
(56) was used to calculate the full electrostatic energy of a unit cell in a
macroscopic lattice of repeating images. All bonds were constrained using
the SHAKE algorithm (57) in both the minimization and MD simulation
stages. For each MD simulation, the system was first relaxed to remove any
possible steric clashes by a set of 10,000-step minimizations with the main
chain atoms restrained using the harmonic restraint force constants de-
creased from 20 to 10, 5, and 1 kcal/mol/A?, progressively. After that, the
system was further relaxed by a 10,000-step minimization without any
constraints or restraints. There were three phases for the subsequent MD
simulations: the relaxation phase, the equilibrium phase, and the sampling
phase. In the relaxation phase, the simulation system was heated up pro-
gressively from 50 to 250 K at steps of 50 K. At each temperature, a 1-ns MD
simulation was run without any restraints or constraints. In the following
equilibrium phase, the system was equilibrated at 298 K, 1 bar for 20 ns.
Finally, a 100-ns MD simulation was performed at 298 K, 1 bar to produce
constant temperature and pressure ensembles. In total, 1,000 snapshots
were recorded from the last simulation. Two hundred snapshots were evenly
selected from the sampling phase for the MM-PBSA binding free-energy
calculation. For the crystal structure of hNK;R/L76035, 3,000 snapshots were
collected and 600 were evenly selected for the MM-PBSA binding free-energy
calculation. Temperature was regulated using Langevin dynamics (58) with a
collision frequency of 5 ps™"; pressure was regulated using the isotropic posi-
tion scaling algorithm with the pressure relaxation time set to 1.0 ps; in-
tegration of the equations of motion was conducted at a time step of 1 fs for
the relaxation phase and 2 fs for the equilibrium and sampling phases.

MM-PBSA and MM-GBSA. For each MD snapshot, the molecular mechanical
(MM) energy (Emm) and the MM-PBSA or MM-GBSA solvation free energy
were calculated (59-61) with the following key parameters: external di-
electric constant, ~80; internal dielectric constant, ~1; and the surface tension
for estimating the nonpolar solvation energy, ~0.054. The Parse radii (62) were
used in the MM-PB/SA solvation calculation using the Delphi package (compbio.
clemson.edu/delphi). The entropic term was estimated using a method de-
scribed previously (63). Free-energy decompositions were performed for all
of the snapshots collected in the sampling phases of the MD simulations. The
interaction energies between each residue and the ligand were calculated
using an MM-GBSA solvation model developed previously (64).
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