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Crystal structure of the human OX, orexin receptor
bound to the insomnia drug suvorexant

Jie Yin', Juan Carlos Mobarec?, Peter Kolb? & Daniel M. Rosenbaum?

The orexin (also known as hypocretin) G protein-coupled receptors
(GPCRs) respond to orexin neuropeptides in the central nervous sys-
tem to regulate sleep and other behavioural functions in humans'.
Defects in orexin signalling are responsible for the human diseases
of narcolepsy and cataplexy; inhibition of orexin receptors is an effec-
tive therapy for insomnia’. The human OX, receptor (OX,R) belongs
to the p branch of the rhodopsin family of GPCRs?, and can bind to
diverse compounds including the native agonist peptides orexin-A
and orexin-B and the potent therapeutic inhibitor suvorexant*. Here,
using lipid-mediated crystallization and protein engineering with a
novel fusion chimaera, we solved the structure of the human OX,R
bound to suvorexant at 2.5 A resolution. The structure reveals how
suvorexant adopts a -stacked horseshoe-like conformation and binds
to the receptor deep in the orthosteric pocket, stabilizing a network of
extracellular salt bridges and blocking transmembrane helix motions
necessary for activation. Computational docking suggests how other
classes of synthetic antagonists may interact with the receptor at a
similar position in an analogous n-stacked fashion. Elucidation of
the molecular architecture of the human OX,R expands our under-
standing of peptidergic GPCR ligand recognition and will aid fur-
ther efforts to modulate orexin signalling for therapeutic ends.

The orexin system modulates diverse behaviours in mammals, includ-
ing sleep, arousal and feeding'. Orexin neurons in the lateral hypothal-
amus uniquely produce the 33-amino-acid orexin-A and 28-amino-acid
orexin-B neuropeptides. Orexin receptors OX;R and OX,R, distribu-
ted throughout the central nervous system, respond to these peptides
to control neuronal activity. Signals generated from the hypothalamus,
the limbic system and the periphery converge on the orexin neurons,
which act as central integrators of environmental cues and extend pro-
cesses to many different brain centres. The orexin receptors belong to
the rhodopsin family of GPCRs and relay neuropeptide binding at syn-
apses into intracellular activation of heterotrimeric Gy/1, and Gy, (ref. 5).
The importance of the orexin system in phasic control of sleep-wake
cycles was highlighted by discoveries that disruption/deletion of orexin
or OX;,R causes narcolepsy in dogs®, mice” and humans®. As a result, a
number of potent dual orexin receptor antagonists (DORAs) have been
developed and tested over the past decade®, culminating in US Food and
Drug Administration (FDA) approval of the first-in-class drug suvor-
exant (Belsomra) for insomnia. Suvorexant binds to human OX;R
and OX,,R (hOX;R and hOX,R) with sub-nanomolar affinity, potently
inhibits orexin receptor signalling in cell-based assays, and promotes
the transition to rapid eye movement (REM) and slow wave sleep in
animals and humans>**.

To understand better the molecular basis of orexin receptor ligand
recognition and signalling, we sought to obtain a high-resolution X-ray
crystal structure of hOX,R. Protein engineering (fusion proteins'® and
thermostable mutants'') and lipid-mediated crystallization methods"
have recently enabled the determination of the structures of GPCRs
for diverse ligands such as biogenic amines, nucleotides, peptide hor-
mones and lipids. OX;R and OX,R belong to the  branch of the rho-
dopsin family of GPCRs, which contains receptors for neuropeptides

such as the tachykinins, oxytocin/vasopressin and neurotensin®. Crystal
structures of thermostabilized mutants of the rat neurotensin receptor
(NTSR1), in partially active'® and inactive'* conformations, constitute
the only crystallographic data currently available for this physiologic-
ally important group of GPCRs. Our attempts to express and crystallize
ahOX,R-T4L fusion protein, an approach we originally developed for
the B, adrenergic receptor (B,AR)", were unsuccessful.

We therefore explored the use of alternative fusion protein partners
that would help hOX,R pack into a well-defined three-dimensional lat-
tice. For candidate fusion partners, we searched for domains of fewer
than 200 amino acids from extreme thermopbhiles, which had been pre-
viously crystallized and characterized by X-ray diffraction at high reso-
lution and have amino and carboxy termini that are close (within 10 A)
in three-dimensional space. Using a construct in which the 196-amino-
acid catalytic domain of Pyrococcus abysii glycogen synthase (PGS)"
replaced 39 residues of the third intracellular loop (ICL3), we were able
to grow microcyrstals of hOX,R in a cholesterol-doped monoolein cubic
phase (Extended Data Fig. 2) and solve the suvorexant-bound struc-
ture at 2.5 A resolution (Extended Data Table 1). As expected, the PGS
domain promotes tight packing of hOX,R into a crystal lattice in which
membrane layers containing the embedded GPCR alternate with aque-
ous layers containing the fusion partner (Fig. 1a).

The overall seven-transmembrane (TM) fold of hOX,R resembles
other GPCR structures (Fig. 1a, b). Despite a low sequence similarity
(23% identity), the backbone root mean square deviation (r.m.s.d.) rela-
tive to the inactive-state 3,AR' is only 2.2 A The backbone r.m.s.d.
compared with NTSR1 (22% identity) is 1.3 A for the inactive-state'*
and 2.3 A for the partial active-state conformation'’. At the extracel-
lular surface, residues 190-212 in the second extracellular loop (ECL2)
form a B-hairpin (Fig. 1c, d) analogous to that seen in other peptide-
binding GPCRs such as NTSRI1 (ref. 13), the p-opioid receptor'® and
CXCR4 (ref. 17)—this B-hairpin structure contains amino acids impor-
tant for orexin binding and activation'®.

Superposition of suvorexant-bound hOX,R with the antagonist-bound
M3 muscarinic acetylcholine receptor'®, another G4-coupled GPCR,
shows a high degree of overlap between TM backbones at the intracel-
lular surface (Fig. 1b). One difference is that the conserved ‘DRY motif’
on TM3, part of an inhibitory interaction network in the rhodopsin
family of GPCRs*, is DRWY’ in hOX,R. Residues D151’ and R152>*°
(superscripts are Ballesteros—Weinstein numbering throughout) make
an intra-motif salt bridge, while R152%°° and W153' contact the cyto-
plasmic ends of TM5 and TM6 (Q245°%° 1246 and L306%"). Over-
all, numerous hydrophobic and polar contacts bind TM5 and TM6
to the other TM domains, restricting the outward movement of these
a-helices necessary for GPCR activation. The suvorexant-bound hOX,R
structure thus represents an inactive-state conformation, consistent
with the efficacy profile of suvorexant as a DORA ligand.

The suvorexant-binding pocket is open to the extracellular space
through a constricted solvent-accessible channel (Fig. 2a) rimmed by
amino acids from the extracellular ends of TM2, TM5-7 and the ECL2
B-hairpin. A complex network of electrostatic interactions covers the
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extracellular surface of the receptor, including salt bridges on both
sides of the ligand entry channel (D115>%°-H350”°, E118*%°-R3397%,
D211%°1-R328%%, E212%°2_H224°%’) that stabilize the extracellular
TM conformation (Figs 1c and 2a). A similar extracellular salt bridge in
B,AR (ECL2 to TM3) was previously shown to be a ligand-dependent
switch by NMR spectroscopy?'. Mutation of residue D211*>" to Ala has
one of the greatest characterized deleterious effects on orexin-A potency,
but has little impact on binding of some DORAs such as almorexant*®*—
this amino acid is over 6 A more extracellular than the closest suvor-
exant atom in the crystal structure. The difference between orexin and
DORA sensitivity to D211A**" suggests that modulation or competi-
tion of the extracellular salt bridges may be involved in orexin binding
and activation of the receptor. In further support of this hypothesis,
the neurotensin agonist peptide NTSg_;; present in the partially active
NTSR1 structure™ occupies a more extracellular position than suvor-
exant, adjacent to the B-hairpin, stabilizing a slight inward movement
of TM5 and TM6 (Fig. 1d). Such inward movements of TM5 and TM6
relative to the rest of the TM bundle at the orthosteric binding pocket
may be a general trigger for agonist-mediated GPCR activation, as they
have also been observed for the B,AR** and the M2 muscarinic ace-
tylcholine receptor®.

Suvorexant sterically inhibits inward motions of TM domains by
lodging deep in the orthosteric site and contacting all TM a-helices
except TM1 (Fig. 2b, c). The shape of suvorexant in the ligand-binding
pocket resembles a horseshoe, due to a boat conformation of the dia-
zepane ring and intramolecular nt-stacking between the aromatic benz-
oxazole and p-toluamide groups (Fig. 2b, c and Extended Data Fig. 3).
A similar conformation of a suvorexant analogue was previously found
in small-molecule crystals and by NMR experiments in solution®, indi-
cating that the horseshoe probably represents a low-free-energy state of
the isolated ligand. Most of the ligand contacts involve van der Waals
interactions or aromatic packing, with few direct polar interactions aside
from a notable hydrogen bond from N324%%° to suvorexant’s tertiary
amide carbonyl. Several water-mediated hydrogen bonds form bridges
between suvorexant and polar amino acids such as N324%° and H3507%°
(Fig. 2b, ¢). Although the effects of mutagenesis on suvorexant affinity
to hOX,R have not been reported, certain Ala mutants appear to have
a broad deleterious effect on DORA binding'®: W214>*° and Y2233
do not directly participate in suvorexant binding, but are critical to the
structural integrity of the ECL2 B-hairpin; F227°** at the base of the
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Figure 1 | Fusion protein engineering and
structural features of hOX,R. a, Left, global
structure of the hOX,R-PGS fusion protein.
hOX,R is represented as an orange cartoon, with
the PGS domain (grey cartoon) fused at ICL3.
Suvorexant is shown as spheres with yellow
carbons. Dotted line represents the five amino acids
that could not be modelled at the tip of the
B-hairpin in ECL2. Right, packing of the hOX,R-
PGS fusion protein in the lipidic-cubic-phase-
derived crystal lattice. b, Overlap between
suvorexant-bound hOX,R (orange cartoon) and
antagonist-bound M3R" (green cartoon; Protein
Data Bank (PDB) accession 4DA]J) at the
intracellular surface. The DRWY sequence on
TM3 and interacting residues on TM5 and 6 are
shown as blue sticks. ¢, Salt-bridge network at
the extracellular surface of hOX,R. Residues
participating in electrostatic interactions are shown
as magenta sticks, with suvorexant represented as
spheres with yellow carbons. ECL3 is removed
for clarity. d, Superposition of hOX,R (orange
cartoon) and NTSR1 (blue cartoon) in a partial
active-state conformation (PDB accession
4GRV)". Suvorexant (yellow carbons) and the
NTSg_;5 agonist (teal carbons) are shown as
transparent sticks. ECL3 is removed for clarity.
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Figure 2 | Suvorexant interaction with hOX,R. a, Solvent-accessible channel
to the ligand-binding site. The solvent-accessible surface of the receptor is
coloured according to electrostatic potential. Suvorexant is shown as spheres
with yellow carbons. b, Two-dimensional schematic of contacts between
suvorexant and the receptor. ¢, Three-dimensional interaction between
suvorexant and hOX,R, showing all residues within 4 A of the ligand as sticks
with orange carbons. Hydrogen bonds are shown as black dashes. H,O 4025 is
shown as a red sphere.
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Figure 3 | Docked poses for synthetic orexin receptor antagonists. a, Left,
chemical structure of suvorexant. Right, recapitulated binding mode of
suvorexant (purple carbons) superimposed with the observed pose in the

binding pocket packs against the methyl-diazepane ring; Y317%*® con-
tacts the 1,2,3-triazole; and H3507>° n-stacks with the p-toluamide
group. The residues surrounding suvorexant and the ligand entry chan-
nel are almost identical between hOX;R and hOX,R (Extended Data
Figs 4 and 5), explaining suvorexant’s ability to bind tightly and inhibit
both receptors®. Out of 30 residues that are within 6 A distance of suvor-
exant in the hOX,R structure, only two amino acids are different com-
pared with hOX;R: T111%%" is changed to Ser and T135%*” is changed
to Ala (overall sequence identity, 67%). This sequence conservation
also implies that the 12-fold higher orexin-B affinity (and 40-fold higher
potency) for hOX,R over hOX;R* is probably due to differences in
interactions that are remote from the deeply membrane-embedded
orthosteric binding pocket.

We have previously used computational docking methods to effec-
tively predict interactions between a GPCR of known structure and
small-molecule ligands®®. With the newly available hOX,R structure, we
carried out molecular docking calculations (see Methods) to generate
possible binding modes for three additional high-affinity orexin recep-
tor antagonists that have chemical scaffolds distinct from suvorexant:
almorexant?’, EMPA?, and SB-674042 (ref. 29). As a control, we showed
that our docking protocols were capable of accurately reproducing the
interaction between suvorexant and hOX,R in the crystal structure
(Fig. 3a). Predicted poses for each of the other docked ligands establish
a hydrogen bond with N324%°° (Fig. 3b-d), and two of the three adopt
a n-stacked horseshoe-like conformation that mimics the binding of
suvorexant (Fig. 3b, d). The amide functionality of almorexant forms
a bidentate hydrogen bond with N324%°> and H350”*° (Fig. 3b), and
mutation of the latter residue to Ala was shown experimentally to
reduce binding affinity for hOX,R'. In the predicted pose for EMPA,
hydrogen bonds are established between the methoxy substituent on
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crystal structure (yellow carbons). Hydrogen bonds are shown as black dashes.
b-d, Chemical structure and predicted binding mode of almorexant (green
carbons) (b), EMPA (cyan carbons) (c) and SB-674042 (tan carbons) (d).

the 2-methoxypyridine and T111*®' and Y354’** on the receptor
(Fig. 3¢), both of which are implicated in EMPA’s interaction by muta-
tional data'®*. In contrast to the other two molecules, no EMPA pose
featured intramolecular n-stacking similar to suvorexant. For almor-
exantand EMPA, docking also yielded favourably scored second bind-
ing modes consistent with mutational data (Extended Data Fig. 6a, b).
Finally, the predicted pose for SB-674042 closely resembles the bind-
ing mode of suvorexant, with its phenyl-oxadiazole overlapping almost
perfectly with suvorexant’s benzoxazole and its 2-methyl-thiazole over-
lapping with suvorexant’s triazole (Fig. 3d). Overall, the prediction of
intramolecular m-stacked conformations for multiple docked orexin
receptor antagonists suggests that this property may be a general favour-
able design feature for synthetic molecules targeting the orthosteric site
Of hOXZR.

We solved a high-resolution crystal structure of hOX,R bound to
the therapeutic compound suvorexant, providing a molecular frame-
work for understanding DORA binding and stabilization of the inac-
tive state by a salt-bridge network at the extracellular surface. Docking
calculations predict putative stable binding modes for other orexin recep-
tor antagonists, which are consistent with known mutational data. This
knowledge will serve as a powerful tool in the design of improved agents
that can activate or inactivate orexin signalling.

Online Content Methods, along with any additional Extended Data display items

and Source Data, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS

Cloning, expression and purification. A DNA fragment corresponding to resi-
dues 1-386 of hOX,R was cloned into a modified pFastBac (Invitrogen) baculo-
virus expression vector with the haemagglutinin (HA) signal sequence followed by
the Flag tag at the N terminus®'. The 58 C-terminal (intracellular) amino acids of
hOX,R were omitted owing to the prediction that they are unstructured and do not
comprise part of the 7TM bundle. The hOX,R-PGS fusion protein construct was
generated by substituting a synthetic DNA fragment containing the 196-amino-acid
coding sequence of P. abysii glycogen synthase (PDB accession 2BFW)** for residues
255-293 in the hOX,R ICL3 using an adapted Multi-Site Quickchange protocol
(Stratagene). For purification, a deca-histidine tag was added at the C terminus.
The resulting construct was transfected into Sf9 cells to produce a recombinant
baculovirus with the Bac-to-Bac system (Invitrogen). Sf9 cultures were infected
with recombinant baculovirus at a cell density of 3 X 10° per ml and 1 uM suvor-
exant was added to the media. Infected cells were grown for 48 h at 27 °C, and cells
were harvested and stored at —80 °C for future use.

Sf9 cell membranes were lysed in a hypotonic buffer containing 10 mM Tris pH
7.5, 1mM EDTA, 160 ugml ™" benzamidine, 100 ugml~" leupeptin, 2 mgml ™"
iodoacetamide and 1 uM suvorexant (Selleck Chemicals). Lysed membranes were
re-suspended and homogenized by dounce in a buffer containing 50 mM Tris pH 7.5,
500 mM NaCl, 1% (w/v) n-dodecyl-B-D-maltopyranoside (DDM; Anatrace), 0.2%
sodium cholate, 0.2% cholesteryl hemi-succinate (CHS), 10% glycerol, 2 mgml ™"
iodoacetamide and 5 UM suvorexant. Solubilization proceeded for 1 h at 4 °C, fol-
lowed by ultracentrifugation for 30 min at 100,000g. After centrifugation, the
solubilized supernatant supplemented with 20 mM imidazole was incubated with
Ni-NTA agarose beads (GE Healthcare) in batch-binding mode for 3h at 4 °C.
After binding, beads were washed with 15 column volumes of Ni-NTA buffer: 50 mM
Tris pH 7.5, 500 mM NaCl, 0.1% DDM, 0.02% sodium cholate, 0.02% CHS, 5%
glycerol, 50 mM imidazole and 5 uM suvorexant. Protein was eluted with 5 column
volumes of Ni-NTA wash buffer with 200 mM imidazole. The eluate from nickel-
affinity chromatography was supplemented with 2 mM calcium and loaded onto
M1 anti-Flag affinity beads (Sigma). Detergent was exchanged on the M1 resin
from DDM to 0.05% lauryl maltose neopentyl glycol (LMNG; Anatrace). Receptor
was eluted from the M1 beads with 200 ug ml ™" Flag peptide plus 5mM EDTA. To
remove N-linked glycan from the receptor, PNGaseF (NEB) was added and the
reaction was incubated at 4 °C overnight. Finally, protein was concentrated in a
100 kDa cut-off Vivaspin column (Sartorius) and run on a Superdex 200 size exclu-
sion column (GE Healthcare). The purified protein displayed a single monodisperse
peak in the size exclusion profile (Extended Data Fig. 1a), and was >95% pure as
judged by SDS-PAGE gel electrophoresis (Extended Data Fig. 1b).
Crystallization. Purified receptor was concentrated to >30 mgml ™' usinga Viva-
spin concentrator with a 100 kDa molecular weight cut-off (Sartorius) and subjected
to crystallization by the in meso method®. The concentrated protein was recon-
stituted into a lipid mixture containing monoolein plus 10% (w/w) cholesterol
(Sigma), where the protein solution:lipid mass ratio was 2:3. Receptor and lipid
components were mixed at room temperature using a syringe mixing apparatus.
Crystallization experiments were carried out in 96-well glass sandwich plates (Molec-
ular Dimensions) by a Gryphon LCP crystallization robot (Art Robbins Instru-
ments) using a 40 nl protein cubic phase overlaid with 800 nl precipitant solution.
Crystallization plates were incubated at 20 °C and initial crystals appeared after
24 h in a precipitant condition consisting of 100 mM MES pH 6.0, 30% PEG 400,
200 mM sodium formate. Crystals matured to full size in 3 days. Improved crystals
were obtained in a condition consisting of 100 mM sodium citrate pH 5.9, 31%
PEG 400, 200 mM sodium formate, 3% 2,5-hexanediol (Extended Data Fig. 2).
Crystals were cryo-protected by harvesting directly from the LCP/precipitant set-
ups with 100 um MiTeGen loops and flash freezing in liquid nitrogen.

Data collection and processing. All diffraction data were collected at the 23ID-D
beamline (GM/CA-CAT) at the Advanced Photon Source, Argonne National Labo-
ratory, which is equipped with a Pilatus3 6M detector. Data sets were acquired using
a20 um collimated minibeam with 1.033 A wavelength X-rays. For a typical crystal,
twenty-five 0.4° oscillation images were collected, with 1s exposure and without
attenuation of the beam, before radiation damage became excessive. Diffraction data
from 52 crystals were merged into one complete data set. The resolution limit was set
at2.5 A after anisotropy analysis with HKL3000 (ref. 33) (Extended Data Table 1).
Structure determination and refinement. The structure of hOX,R-PGS was solved
by molecular replacement with Phaser* in Phenix*. The PGS domain (PDB acces-
sion 2BFW)'*and p-OR (PDB accession 4DKL)'® were used as independent search
models after analysis with Sculptor in Phenix™. The resulting solution was improved
by auto-building in Buccaneer®® and by manual iterative building in Coot” fol-
lowed by refinement with Phenix. Translation-libration-screw (TLS) refinement
was employed to model atomic displacement factors, with TLS groups generated

LETTER

by the TLSMD web server®®. Initial coordinates and refinement parameters for the
suvorexant ligand were prepared with the PRODRG?” web server. An elongated
feature in the electron density map, which was observed within the bilayer region,
was modelled as oleic acid. MolProbity*® was used to evaluate the final structure.
In the Ramachandran plot, 98.1% of residues were in favoured regions and 1.9% of
residues were in allowed regions. The statistics for data collection and refinement are
included in Extended Data Table 1. Figures were prepared using PyMol (Schrodinger
LLC). The electrostatic potential surface shown in Fig. 2a was calculated using
DelPhi*, and the ligand contact map shown in Fig. 2b was made using LIGPLOT**.
Small-molecule docking. Docking calculations were done with DOCK 3.6 (refs
43, 44) and AutoDock* in order to obtain more diverse solutions. Dockings of the
three orexin receptor antagonists to hOX,R with AutoDock v.4.2 (ref. 45) used a
static receptor and a flexible ligand. Receptor and ligand preparation was performed
with Autodock Tools (ADT). The reference grid box (60 X 60 X 60 points and
0.375 A of grid spacing) surrounded the suvorexant pose in the hOX,R structure,
allowing free ligand rotation and displacement. A genetic algorithm was used for
exhaustive conformational sampling, and run 100 times with different random seeds.

Docking of all compounds was also performed with DOCK 3.6 (refs 43, 44).
Anchor spheres to guide the placement of the molecules were distributed based on
the molecular surface of the receptor and the pose of suvorexant in the hOX,R struc-
ture. The receptor was fixed during calculations and prepared for docking such
that jonizable side chains were charged, except for histidines, for which protona-
tion was modelled based on protein environment.

To further enrich conformational space, small-molecule conformations were gen-
erated with OMEGA*® (OpenEye), using default settings except for the forcefield
(mmff94s); an increased maximum number of conformations (300); an enlarged
energy window (20); and a decreased r.m.s.d. cut-off (0.3). Representative confor-
mations were then manually positioned in the binding pocket and minimized
using the CHARMm22 forcefield (Accelrys), not constraining N324%°* and H350”*
to allow for side-chain flips. Expert criteria, namely satisfaction of hydrogen bonds,
matching of polar and apolar groups, and consistency with mutational data, were
used in the inspection and final selection of the poses. Finally, all poses, including
the DOCK- and AutoDock-derived ones were evaluated with the DSX scoring
function. The poses shown were among the ones with the most favourable inter-
action scores. Two-dimensional chemical structures were drawn with Marvin 6.2.0
(Chemaxon).
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Extended Data Figure 1 | Purification of crystallization-grade hOX,R~ immunoaffinity chromatography. b, Coommassie-stained polyacrylamide gel

PGS. a, Superdex 200 gel filtration profile of hOX,R-PGS purified by nickel  electrophoresis (PAGE) of the isolated peak fraction from gel filtration.
immobilized-metal affinity chromatography (Ni-IMAC) and M1-Flag

©2014 Macmillan Publishers Limited. All rights reserved



LETTER

Extended Data Figure 2 | Lipidic cubic phase crystallization setup for hOX,R-PGS. The image shows representative microcrystals of the hOX,R-PGS protein
that were harvested to produce high-resolution diffraction.
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Extended Data Figure 3 | Electron density map for suvorexant and surrounding residues. The 2F, — F, electron density map is contoured at 1.2¢.
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Extended Data Figure 4 | Sequence alignment between hOX,R and hOX;R. Positions that are identical between the two receptors are highlighted with a red

background.
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Extended Data Figure 5 | Conservation of the orthosteric binding pocket residues that are different colqured grey. T1 117! (to Ser) and T135>3 (to Ala)
between hOX,R and hOX;R. Structure of the extracellular region of hOX,R,  are the only residues within 6 A of suvorexant that are different between the two
with residues that are identical between hOX,R and hOX;R coloured red, and ~ GPCRs. ECL3 is removed for clarity.
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Almorexant

b

O

Extended Data Figure 6 | Alternative docked poses for almorexant and
EMPA. a, Left, chemical structure of almorexant. Right, second docked pose of
almorexant (green carbons) that was favourably scored and in agreement with
mutational data. b, Left, chemical structure of EMPA. Right, second docked
pose of EMPA (cyan carbons) that was favourably scored and in agreement
with mutational data.
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Extended Data Table 1 | Data collection and refinement statistics

* Diffraction data from 52 crystals were merged into a complete data set.

hOX,R-PGS*
Data collection
Space group C2
Cell dimensions
a,b,c(A) 94.36, 75.82, 96.30
o, By (°) 90.00, 111.71, 90.00
Resolution (A) 50.00(2.50) '
Ry OF Riperge’ 0.21(N/A)
I/ol 10.90/(0.86)
a*, (0.26)
b*, (2.00)
c*, (3.80)
Completeness (%) 99.90(99.00)
Redundancy 14.30(5.9)
Refinement
Resolution (A) 43.70-2.50 (2.6-2.50)

No. reflections
Rwork/ Rfree

18,772
0.19/0.24 (0.26/0.31)

No. atoms
Protein 3,810
Ligand/ion 32
Water 36
B-factors
Receptor 42.40
Fusion protein 48.90
Ligand/ion 26.90
Other (Lipid and water) 39.35
R.m.s deviations
Bond lengths (A) 0.004
Bond angles (°) 0.77

T Highest-resolution shell is shown in parenthesis.
1 Rmerge higher than 1 is statistically meaningless, therefore Scalepack (HKL3000, ref. 33) does not report it.

§ Crystals diffracted anisotropically. The correction for anisotropy was applied during scaling with Scalepack (HKL3000). I/s/ values (a*, b* and c*) for the highest-resolution shell (2.62-2.5 f\) were calculated by
dividing mean intensity values in each direction with average error values.
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