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Orexins are neuropeptides that activate the rhodopsin-like G protein-
coupled receptors OX1R and OX2R. The orexin system plays an im-
portant role in the regulation of the sleep-wake cycle and the regu-
lation of feeding and emotions. The nonselective orexin receptor
antagonist suvorexant has been the first drug on the market target-
ing the orexin system and is prescribed for the treatment of insomnia.
Subtype-selective OX1R antagonists are valuable tools to further in-
vestigate the functions and physiological role of the OX1R in vivo and
promising lead compounds for the treatment of drug addiction, anx-
iety, pain or obesity. Starting from the OX1R and OX2R crystal struc-
tures bound to suvorexant, we exploited a single amino acid
difference in the orthosteric binding site by using molecular docking
and structure-based drug design to optimize ligand interactions
with the OX1R while introducing repulsive interactions with the
OX2R. A newly established enantiospecific synthesis provided li-
gands showing up to 75-fold selectivity for the OX1R over the
OX2R subtype. The structure of a new OX1R antagonist with sub-
nanomolar affinity (JH112) was determined by crystallography in
complex with the OX1R and corresponded closely to the docking-
predicted geometry. JH112 exhibits high selectivity over a panel of
different GPCRs, is able to cross the blood-brain barrier and acts as
slowly diffusing and insurmountable antagonist for G, protein acti-
vation and in particular g-arrestin-2 recruitment at OX1R. This study
demonstrates the potential of structure-based drug design to de-
velop more subtype-selective GPCR ligands with potentially reduced
side effects and provides an attractive probe molecule and lead
compound.
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hile G-protein—coupled receptors (GPCRs) are outstanding

therapeutic targets (1), many GPCR drugs lack selectivity
(2). An example is suvorexant, a Food and Drug Administration-
approved drug targeting the orexin system. The orexin system
consists of two rhodopsin-like GPCRs, named orexin-1 (OX1R)
and orexin-2 receptor (OX2R), and their endogenous peptide
ligands orexin A and orexin B (3), which are also known as
hypocretin-1 and -2 (4). Both orexin neuropeptides are exclusively
expressed in hypothalamic neurons, which, however, project
widely in the brain and are involved in many different regulation
mechanisms in the central nervous system (5). Since OXIR is
selectively activated in cholinergic and noradrenergic systems as
well as in the amygdala and in the ventromedial hypothalamic
nucleus, it is, among other functions, responsible for the regula-
tion of emotions, pain, feeding, and addiction (5-7). In contrast,
the OX2R is predominantly activated in neurons in the para-
ventricular nucleus and in histaminergic neurons (e.g., in the
tuberomammillary nucleus), which are responsible for the regu-
lation of the sleep-wake cycle and arousal (5, 6, 8-11). Suvorexant
and the very recently approved lemborexant (12, 13) are nonse-
lective orexin receptor antagonists prescribed for the treatment of
insomnia. A few subtype-selective OX2R antagonists are currently
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in clinical development, e.g., seltorexant, which has been devel-
oped for the treatment of insomnia and major depressive disor-
ders and is currently being investigated in phase II clinical trials
(14). The pharmaceutical potential of selective OX1R antagonists
for treatment of obesity (15), anxiety (16), and drug addiction
(17-19) has been shown in several in vivo experiments.
Structure-based drug design enabled the development of new
probes with improved selectivity (20, 21) and activities (22) due
to the multitude of novel high-resolution structures. The high-
resolution crystal structures of suvorexant bound to both OX1R
(Protein Data Bank [PDB] number: 4ZJ8) (23) and OX2R (PDB
number: 4S0V) (24) provide detailed insight into the highly
conserved orthosteric binding sites of the two receptor subtypes
and have been the basis for our work. Although still challenging,
a structural understanding of the binding pocket enables a focus
on the few differences that exist between the two subtypes. We
aimed to develop selective OX1R antagonists exploiting a single
Ala/Thr difference in the orthosteric binding pockets of the two
receptors. Starting with the crystal structures of the OX1R and
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OX2R bound to the nonselective antagonist suvorexant, we have
used a cycle of structure-based design, synthesis, binding assays,
and crystallography to find compounds based on the structure of
suvorexant with subnanomolar OX1R affinity and up to 75-fold
selectivity over the OX2R subtype.

Results

Structure-Based Design. Suvorexant adopts a horseshoe-like con-
formation in the binding pockets of both orexin receptors, puta-
tively leading to face-to-face interaction between the two aromatic
ring systems (Fig. 1 4 and B) (25). From a drug-optimization
perspective, it is interesting that the interactions between the re-
ceptor and the ligands are predominantly hydrophobic. Very re-
cently, solving the crystal structures of thermostabilized OX1R
and OX2R in complex with various ligands, a study by Rappas
et al. revealed that high-affinity binding to orexin receptors is
dependent on hydrophobic interactions and, ideally, replacement
of high-energy water molecules within the binding pockets of
OXIR and OX2R (26). The only polar interaction between
suvorexant and the orexin receptors is a hydrogen bond between
the carbonyl oxygen of the amide bond of suvorexant and the side-
chain amide nitrogen of Asn318°>° of OX1R [numbers in super-
script refer to the GPCRdb (Ballesteros-Weinstein) enumeration
scheme (27)]. There are only two sequence differences in the
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orthosteric binding sites within 4 A of the ligand, conferring that
the binding site of the OX2R subtype is ~30 A smaller than the
binding site of OXIR. The residue Ser103*®' of OXIR is ex-
changed for Thr111*%! in the OX2R. In addition, Ala127%3* of
OXIR is replaced by the larger Thr135** for OX2R. Interest-
ingly, the side chain in position 3.33 is located in close proximity to
the ethylene bridge of the central homopiperazine ring of suvor-
exant (Fig. 1 4 and B). The homopiperazine moiety links the two
terminal heteroarene moieties via a longer propylene and a shorter
ethylene bridge, the former of which has a methyl substituent. Be-
cause the methyl group is located at the propylene bridge, the
substituent does not point toward a nonconserved residue and
therefore does not have an influence on subtype selectivity.
Guided by the crystal structures of OX1R and OX2R bound to
suvorexant, we intended to relocate the methyl group from the
propylene to the ethylene bridge. Having identified the position
and stereochemistry, molecular docking guided us to optimize
the size and nature of the substituent for OX1R affinity and
subtype selectivity over OX2R. Our design aimed to find com-
pounds with a group that points directly to the nonconserved
residue in TM3, resulting in optimized ligand interactions with
OXI1R, while suffering from repulsive interactions with OX2R at
the Thr135> residue (Fig. 1 4 and B). Determination of the
distances between the four hydrogens attached to the ethylene
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Comparison of the orthosteric binding sites of OX1R and OX2R and development of compound 2 (JH112). (A and B) The orthosteric binding pocket of

OX1R and OX2R with conserved features of ligand recognition and binding affinities of the cocrystallized ligand suvorexant (hydrogens displayed). The only
nonconserved residues in the two binding pockets are located in TM2 (OX1R: Ser*®'; OX2R: Thr>®') and TM3 (OX1R: Ala®33; OX2R: Thr®33), (A) Distances
between hydrogen 1 to 4 and the carbon of the Ala®3* side chain: H1: 4.4 A; H2: 5.3 A; H3: 3.9 A; H4: 4.3 A. (B) Distances between hydrogen 1 to 4 and the
terminal carbon of the Thr®* side chain: H1: 3.4 A; H2: 4.5 A; H3: 3.0 A; H4: 3.2 A. (C) Docking pose of compound 1 indicating that a methyl substituent in
position H1 of the suvorexant points toward the nonconserved Ala®33 of the OX1R. Distance between the carbon of the methyl substituent and Cg of the
Ala** side chain: 4.4 A. (D) Alignment of OX2R to OX1R with docked compound 1 in the binding pocket, indicating a steric clash between the methyl
substituent of compound 1 and the nonconserved Thr333 of the OX2R. Distance between methyl substituent and Thr>33: 2.9 A. (E) Docking pose of compound
JH112 indicating that the sec-butyl substituent fits into OX1R’s binding site (minimum distance between the sec-butyl substituent and Ala®32 side chain: 4.0
A). Compound JH112 adopts a similar binding conformation as suvorexant. (F) Alignment of OX2R to OX1R with docked compound JH112 in the binding
pocket indicating a steric clash between the sec-butyl substituent of JH112 and the nonconserved Thr333 of OX2R. Minimum distance between sec-butyl
substituent and Thr333: 2.6 A. (G) Chemical structures of the compounds and binding affinity.
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bridge and the terminal carbons of Ala127%% or Thr135%** in-
dicated that hydrogen 3 has the shortest distance for both sub-
types (OX1R: 3.9 A, OX2R: 3.0 A). However, replacement of
hydrogen 3 by a methyl group will cause repulsive intramolecular
interactions with the axially oriented hydrogen at the central
CH,, of the propylene bridge resulting in conformational changes
of the ligand and reduction of binding affinity for both receptor
subtypes. Replacement of hydrogens 2 and 4 by an alkyl sub-
stituent was considered ineffectual because these hydrogens are
not pointing toward the nonconserved residue. Hydrogen 1
appeared to be very promising because of its proximity (OX1R:
4.4 A, OX2R: 3.4 A) and orientation to the nonconserved resi-
due. Thus, we focused on the development of subtype-selective
compounds by exchanging hydrogen 1 with alkyl substituents.

According to our molecular docking studies, the methyl-substituted
derivative 1 fits well into the OX1R-binding pocket with a dis-
tance of 4.4 A between the substituent and Ala127°3 (Fig. 1C).
Alignment of the OX2R to the docking pose of compound 1 in
the OX1R revealed a steric clash between the methyl substituent
of the ligand and the nonconserved Thr135>* of OX2R (dis-
tance 2.9 A; Fig. 1D), suggesting reduced OX2R-binding affinity.
Chemical synthesis of the new ligand 1 was performed using the
natural amino acid (S)-alanine as a chiral building block. The re-
action sequence included a Michael-type addition of acrylonitrile to
the amino group, lactamization, and chemical reduction to give an
N-protected homopiperazine, which was functionalized with the two
heteraromatic moieties by sequential N-arylation and N-acylation
(SI Appendix). A radioligand-binding assay with membranes from
transiently transfected HEK 293T cells showed K; values of com-
pound 1 in the single-digit nanomolar range for both subtypes
(OX1R: K; = 0.83 + 0.18 nM, OX2R: K; = 2.0 + 0.3 nM, mean +
SEM), indicating that the newly installed methyl group was indeed
tolerated at the OX1R (Fig. 1G). However, selectivity was low
(2.4-fold) (SI Appendix, Table S1), suggesting that a clash was
ameliorated in the OX2R by movement of ligand or protein.
Molecular docking of candidates with sterically more demanding
methyl surrogates (SI Appendix, Figs. S1 and S2) led us to com-
pounds including the (S,5)-sec-butyl substituted analog 2 (JH112).
The docking pose of JH112 at the OX1R (Fig. 1E) was similar to
the position of suvorexant in the crystal structure. The newly in-
stalled substituent in JH112 points toward Ala127** but has a
slightly shifted position (distance: 4.0 A), thus avoiding repulsion.
As a consequence, the sec-butyl substituent is highly comple-
mentary to its environment (Fig. 1E). Alignment of the OX2R to
the docking pose of JH112 in the OX1R clearly predicted repul-
sive interactions because the minimum heavy-atom distance be-
tween the ligand and Thr135> is only 2.6 A (Fig. 1F). In fact,
chiral pool synthesis of enantiomerically pure JH112 from natural
isoleucine, which was done following the reaction sequence
established for the alanine derivative 1, and radioligand-binding
experiments showed subnanomolar binding affinity to the OX1R
(K; =0.72 + 0.08 nM), while the affinity for the OX2R was 75-fold
lower (K; = 54 + 7 nM). To find out whether ligand association or
dissociation were affected by our chemical modification, we
compared kinetic binding of JH112 with the binding of suvorexant
at OX2R (SI Appendix, Fig. S3 and Table S2). Importantly, dis-
sociation of JH112 from OX2R was 17-fold faster (0.5576 +
0.1835 min™") than for suvorexant (0.0334 + 0.0065 min~")
whereas a decrease of the association rate could not be observed.
In detail, JH112 showed even slightly faster association (2.543 +
0.804-10°min~"-M~" and 0.485 + 0.062-10°min~"-M~", for JH112
and suvorexant, respectively). We suggest that a repulsive inter-
action between the sec-butyl group of JH112 and Thr135** pro-
vokes the substantial reduction in dissociation half-life (1.2 and
20.7 min, respectively).

To further evaluate whether the selectivity of JH112 reflects
the design for preferential binding to Ala127°* and interference
with Thr135%% of OXIR and OX2R, respectively, we explored
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the effect of reciprocal residue substitutions in the OX1R and
OX2R backgrounds (SI Appendix, Fig. S4). In fact, we observed
an increase of affinity for the OX1R selective ligand JH112 at
OX2R_T135A (4.9-fold, K; 11 + 3 nM), while its affinity dropped
21-fold at the reciprocal construct OX1R_A127T (K; 15 + 3
nM). In comparison, the affinity of the dual orexin receptor
antagonist suvorexant was slightly reduced for both mutants
OXI1R_AI127T (2.4-fold, K; 1.6 + 0.2 nM) and OX2R_T135A
(6.2-fold, K; 8.1 = 1.8 nM). The mutational analysis supports our
structure-based design, although the OX2R_T135A mutation
did not improve the affinity of JH112 to the OX1R wild-type
level. This indicates additional contributions from other amino
acids that may result from a slightly modified binding pose.

Similar to suvorexant, compound JH112 showed an excellent
selectivity profile with a 10,000-fold higher affinity for the OX1R
compared to 20 aminergic and peptidergic GPCRs (SI Appendir,
Fig. S5 and Table S3).

Crystallography. To verify the model on which the design of these
ligands has been based, and to provide a template for future drug
design, the structure of the OX1R in complex with JH112 was
determined by X-ray crystallography. A Pyrococcus abysii glyco-
gen synthase (PGS) fusion domain was introduced in the third
intracellular loop (ICL3) of the OX1R in a similar manner as
previously carried out for OX1R and OX2R (23, 24). We puri-
fied the receptor construct in the presence of JH112, and crystals
were grown in lipid cubic phase (28). We obtained a 3.5 A
dataset from eight crystals and solved the structure by molecular
replacement (Fig. 24 and SI Appendix, Table S4). Compound
JH112 binds to OX1R in the predicted orientation (heavy atom
rmsd to docked pose 0.66 A) with the (§.,S)-sec-butyl substituent
oriented toward Ala127>3* (Fig. 2 B and C and SI Appendix, Fig.
S6). Interestingly, compound JH112 binds to OX1R in a slightly
distinct orientation compared to suvorexant; the whole molecule
swings “upward,” which prevents the (S,S)-sec-butyl substituent
from clashing with Ala127°23. The triazole moiety of JH112
rotates counterclockwise as it would otherwise intramolecularly
clash with the (S,S5)-sec-butyl substituent. Fig. 2 D and E shows
that compound JH112 fits well into the OX1R’s binding site,
while it would clash with Thr135>* of OX2R.

Molecular Dynamics Simulations. Molecular dynamics simulations
of suvorexant and JH112 in the OX1R and OX2R were carried
out to investigate the atomistic reasons for the OX1R-selectivity
of JH112. In all these simulations, the conformations of the li-
gands show little fluctuation below 1.5 A RMSD, and the two
residues in the immediate vicinity of the bound ligand that differ
between OX1R and OX2R (Ser103/Thr111%%" and Ala127/Thr135>%%)
are mostly stable (SI Appendix, Fig. S7). Ser103/Thr111%%" fluctuate
more because they do not directgy interact with the ligand. In-
terestingly, amino acid Asn318%, the residue entertaining the
only direct hydrogen bond interaction with the ligands, shows a
less stable interaction in the OX2R-JH112 complex (34 + 20% SD
of all frames) compared to the OX1R-JH112 complex (51 + 7%
SD) (SI Appendix, Fig. S8). For suvorexant, no substantial differ-
ences were observed for this interaction between the two receptor
subtypes (17 = 8% SD and 21 + 13% SD for OX1R and OX2R,
respectively) (SI Appendix, Fig. S8). Interestingly, the numbers for
the suvorexant complex are considerably lower, indicating that
hydrophobic interactions and possibly entropic contributions play
a crucial role, too. Additional simulations of suvorexant and
JH112 in water (without the receptors) showed that JH112 adopts
two different equally stable conformations (two clusters containing
53.7 and 44.7% of all conformations of JH112 of five clusters with
an equal average distance between clusters). In contrast, suvorex-
ant’s second conformation is less frequent (the two most frequent
clusters contain 85 and 9.5%, respectively, of all conformations) (S/
Appendix, Figs. S9-S11). Comparing the conformations in solution
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Fig. 2. Crystal structure of OX1R in complex with the selective antagonist JH112. (A) Overall structure of the OX1R-PGS-JH112 complex. (B and C) Binding

pocket of OX1R interacting with JH112. (D and E) Interaction of JH112 with t

shows the (§,5)-sec-butyl substituent of JH112 pointing directly to the nonconserved Ala

he nonconserved position in TM3 of OX1R and OX2R. (D) The crystal structure

333 in OX1R without leading to a steric clash between the ligand and

the receptor. (E) Superimposition of the OX2R structure on the OX1R-JH112 structure indicates repulsive interactions between Thr332 of the OX2R and the

(S.5)-sec-butyl substituent of JH112.

with their respective conformations in the complexes shows that
JH112 needs to limit itself to one of the conformations in the
process of binding to the receptor (SI Appendix, Fig. S10), whereas
suvorexant’s most populated conformation in solution is already
very close to its bound conformation (SI Appendix, Fig. S11). Given
that the conformations of JH112 and suvorexant in the OXIR and
OX2R are similar, one can hypothesize that during binding JH112
loses more degrees of freedom than suvorexant, but can compen-
sate for this in the OX1R by forming a more frequent hydrogen
bond interaction. The fact that the association rate is very similar
between JH112 and suvorexant, as shown by the kinetic measure-
ments, points to a rather small energetic barrier between the two
conformations of JH112, as the conversion does not seem to be the
rate-limiting step.

Fractional native contact analysis of JH112 provides a de-
scriptor of the number of interactions in the binding pocket. The
average percentage of native contacts along the simulation tra-
jectory is 28 + 3% SD in the OX1R. In contrast, suvorexant in
the OXI1R forms these contacts much less frequently with 8 +
8% SD on average (SI Appendix, Fig. S12). This indicates that
JH112 occupies the binding pocket in a more stable fashion.

Functional Investigation. Stimulation of OX1R is known to trigger
a broad variety of intracellular responses promoted by recruitment
and activation of heterotrimeric G, proteins and B-arrestins (29,
30). Initially, we evaluated the effect of compound JH112 on
OX1R-induced Gay protein activation in the presence or absence
of the endogenous agonist orexin A by measuring the level of the
second messenger inositol phosphate (31) (IPOne assay, Cisbio).
Stimulation of OX1R-expressing HEK 293T cells with orexin A
resulted in a sigmoidal concentration-response curve with a po-
tency in the nanomolar range (ECsy = 15 + 4 nM). Incubation
with JH112, suvorexant, or SB-674042 did not induce inositol
phosphate accumulation (SI Appendix, Fig. S134), but compound
JH112 was able to suppress the effect of orexin A (used at a
concentration corresponding to its ECgy) in a concentration-
dependent manner. The observed ICsy of 18 + 3 nM for JH112
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was lower than those of suvorexant and SB-674042 (ICs
100 + 24 nM and 56 + 9 nM, SI Appendix, Fig. S144). When
concentration-response curves of orexin A were collected after
preincubation with the antagonists, different effects were observed
for SB-674042, suvorexant, and JH112 (Fig. 34). While the in-
hibitory effects of 10 pM SB-674042 could be surmounted by
orexin A, JH112 and suvorexant did not allow orexin A to reach its
maximum response. To account for individual kinetic effects of
the antagonists, we complemented the functional IPOne assay by a
proximity-based experiment, allowing us to add the antagonist
after incubation with orexin A. ST Appendix, Figs. S13B and S14B,
show that concentration-response curves of orexin A and the an-
tagonists obtained employing a Gag-Rlucll/Gy-GFP10 BRET
biosensor (32, 33) were highly similar to the results from inositol
phosphate accumulation (ECsy orexin A 5.0 + 1.8 nM). Fig. 3B
shows concentration-response curves of orexin A obtained in the
presence of the antagonists, confirming insurmountable proper-
ties. In fact, JH112, suvorexant, and, in this case, also the refer-
ence agent SB-674042 diminished the E,,,, of orexin A to 65 to
75%. In addition to Gq activation, p-arrestin coupling has been
described for OX1R upon stimulation with orexin A. To investi-
gate potential inhibition by JH112, suvorexant, and SB-674042,
the recruitment of p-arrestin-2 was studied using two different
assays employing enzyme fragment complementation (DiscoverX
Pathhunter) or bystander BRET between f—arrestin-2-RLucll and
a GFP-fused plasma membrane marker (rGFP-CAAX) (34). In
both cases, we could detect a concentration-dependent recruit-
ment of f-arrestin-2 for orexin A with potencies that were slightly
inferior to those observed for G-protein activation (ECsy 160 +
20 nM and 37 + 6 nM for the Pathhunter and BRET assay, re-
spectively), but no activation with the antagonists (SI Appendix,
Figs. S13 C and D and S14 C and D). Exploiting fragment com-
plementation, all three ligands substantially diminished, if not
abolished, the orexin A-mediated recruitment of p-arrestin-2 to
OXIR (Fig. 3C). A similar trend was observed in the p—arrestin-2
BRET assay, which does not require a preincubation period with
antagonist (Fig. 3D).
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Fig. 3.

Inhibition of OX1R activation by JH112, suvorexant and SB-674042. Inhibition of the orexin A effect was determined in (A) an IP; accumulation assay
(Cisbio), (B) a Gag-Rlucll/Gy-GFP10 biosensor BRET assay, (C) a p-arrestin recruitment assay based on enzyme fragment complementation (DiscoverX), and (D) a
BRET assay for the recruitment of p-arrestin-2 to the plasma membrane. In each case, orexin A concentration-response curves were collected in the presence
of a given concentration of the antagonist. While SB-674042 mostly leads to a decrease of the orexin A potency (rightward shift of ECsp), JH112 and
suvorexant additionally depress the maximum response (Enax) Of orexin A, especially for the recruitment of p-arrestin-2. Curves represent the mean + SEM

from 3 to 16 individual experiments, each performed in duplicate (A and C) or triplicate (B and D).

The results clearly demonstrate that JH112 exerts insurmount-
able antagonism (35-37), a phenomenon that has been previously
described for other small-molecule OXI1R antagonists (38-40).
For JH112, the effect is particularly pronounced for the inhibition
of p-arrestin-2 recruitment when the E,., of orexin A is reduced
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to below 20%. Analysis of the functional data employing an op-
erational hemi-equilibrium model for competitive antagonism (35,
37, 41) yielded a dissociation half-life of 8 to 89 h for suvorexant
and at least 37 h, if not pseudoirreversible antagonism, for JH112.
In contrast, significantly faster dissociation rates were calculated
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for SB-674042 (maximum half-life 12 h), pointing toward a kinetic
mechanism behind the observed insurmountable antagonism of
JH112 (SI Appendix, Table S5 and Fig. S15).

Kinetic analysis of binding studies with the radioligand [3H]
SB-674042, suvorexant, and JH112 revealed dissociation rates
ranging from 0.1383 + 0.0094 min~" to 0.01915 + 0.00367 min"
(Fig. 4 and SI Appendix, Table S6). Although the resulting dis-
sociation half-lives of 5.1 min for SB-674042, 25 min for suvor-
exant, and 36 min for JH112 are considerably shorter than those
calculated from the functional assays, both methodologies lead
to the same kinetic rank order of the ligands. Our observation is
in agreement with previous functional investigations on suvor-
exant at the OX2R in the presence of orexin A (35), which in-
dicated an up to 15-fold longer dissociation half-life compared to
kinetic binding experiments. In its canonical binding pose, orexin
A binds bitopically with crucial contacts extending deep into the
TM bundle and specific interactions engaging the amphiphilic
helix located at the N terminus of OX1R (23). These two sites
are located far away from each other and connected by a con-
formationally flexible sequence of seven amino acids. The difference
in dissociation rate constants determined by hemi-equilibrium func-
tional assays in the presence of high concentrations of orexin A and
kinetic binding may confer an allosteric binding mode of the native
hormone if a small molecule antagonist is bound. Hence, if JH112
occupies the site resolved within the crystal structure, orexin
A may still be able to bind the amphiphilic helix at the top of
the binding site and thereby slow down the dissociation of the
antagonist.

We investigated the in vitro metabolic stability of JH112 in a
rat liver microsome assay (Fig. 5 4 and B). JH112 shows a sig-
nificantly increased stability (t;, = 25.3 = 2.7 min, intrinsic
clearance 55.5 + 5.5 pL-min~'mg™") compared to suvorexant
(ti2 = 7.32 + 0.49 min, intrinsic clearance 190 + 13 pL-min~"mg™").
High metabolic stability is usually associated with a long duration of
action, which is favorable for potential pharmacological applications
in the fields of addiction, anxiety, pain, or obesity. The observed
metabolites of JH112 are either single- or double-hydroxylated
analogs. Preliminary pharmacokinetic studies of JH112 revealed
the compound being brain-penetrant with a brain-to-plasma
concentration ratio of 0.3 (Fig. 5C).

Structure-Activity Relationship Studies. We have carried out mo-
lecular docking calculations, chemical synthesis, and binding
experiments with a set of further suvorexant analogs revealing an
informative structure-activity relationship profile (SI Appendix,
Figs. S1 and S2). Hence, elongation of the substituent from
methyl to ethyl leads to only a weak increase (1.8-fold) of sub-
type selectivity, as the substituent is conformationally flexible
and thus able to avoid a steric clash with Thr135>3* of OX2R.
Going from methyl (compound 1) to ethyl (compound 3) and
propyl (compound 4) substituents, the docking poses in the
OXI1R are conserved, and the side chains can be accommodated
close to Ala127*% (SI Appendix, Fig. S1). The binding poses of
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these molecules in the OX2R are similar. However, the increase
of the side chain becomes sterically more demanding, and
compound 4 does not interact with Asn324%> but shifts its polar
contact to His3507>?. Overall, homologization has been benefi-
cial, resulting in 16-fold subtype selectivity for the propyl analog
4, indicating repulsive interactions of the terminal CHj3 position
in the OX2R, even in a low-energy conformational state (SI
Appendix, Fig. S1).

Compounds with branched substituents including isopropyl
(compound 5), cyclopropyl (compound 6), isobutyl (compound
7) and cyclopropylmethyl (compound 8) showed higher subtype
selectivity (26- to 52-fold) and single-digit nanomolar binding
affinity for the OX1R (K; = 1.1 + 0.2nM to 6.1 + 0.7 nM) as a
result of an increased bulkiness (S Appendix, Figs. S1 and S2).
Whereas the impact on subtype selectivity was higher when the
branch was closer to the homopiperazine ring, compounds with a
branch more distant showed a more favorable binding affinity.
The docking poses of the increasingly bulky side chains of com-
pounds 5 to 8 showed a similar trend as the n-alkyl substituted
molecules. Compound 8 is an exception, in the docking pose of
which the side chain flips over to helix 6, relinquishing the contact
with helix 3. In the OX2R, these branched molecules behave
similarly to their nonbranched counterparts: Compound 5, with its
isopropyl group as a branched n-ethyl chain, does not interact with
Asn318/324%> anymore and forms an interaction with His344/
3507 instead, according to docking. This is even enhanced for
the longer branched molecules, which could explain the high se-
lectivity of these compounds.

We have also synthesized the enantiomer (compound 9) as well as
two regioisomers (compounds 10 and 11) of the isopropyl-substituted
compound 5 (ST Appendix, Fig. S1). Changing the stereochemistry
of the substituent drastically decreases the binding affinities to
both receptor subtypes by a factor of 25 to 55. By formally moving
the isopropyl substituent to the neighboring carbon atom of the
homopiperazine ring closer to the benzoxazole, we obtained two
regioisomers of compound 5 with opposite stereochemistry (com-
pounds 10 and 11). The OX1R-binding affinities of those com-
pounds were also lower compared to compound 5 (compound 10:
~10-fold; 11: ~40-fold), which corroborates our choice of the po-
sition of substituents at the homopiperazine ring.

Compound 12, a stereoisomer of JH112, which has an inverted
configuration at the sec-butyl substituent, shows an about 3-fold
lower OX1R affinity and reduced selectivity over the OX2R (28-
fold), proving the high complementarity between receptor and
JH112 (Fig. 6). As expected, the two stereoisomers of JH112,
which have an inverted configuration at the homopiperazine ring
system resulting from the formal replacement of hydrogen 2 by a
sec-butyl group, show significantly lower affinity with K; values in
the high nanomolar range. Docking of the stereoisomers of JH112
shows that only the (S,S)-sec-butyl pose fits into the space around
Ala127*% without any clashes. All of the other stercoisomers are
either unable to stabilize the interaction with Asn318/324%5°
(compound 12) or, in the case of compounds 13 and 14, the side
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Fig. 4. Ligand-binding kinetics of JH112 and suvorexant at OX1R. Kinetic binding experiments with the radioligand [*H]SB-674042 and membranes from
HEK293T cells expressing OX1R reveal a dissociation half-life of (A) 36 min for JH112 and (B) 25 min for suvorexant. Data represent mean + SEM and the global

fit from 5 to 10 individual experiments.

18064 | www.pnas.org/cgi/doi/10.1073/pnas.2002704117

Hellmann et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002704117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002704117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002704117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002704117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002704117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002704117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002704117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002704117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002704117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2002704117

A1 00 Phase | metabolism Bmo Metabolites
= -+ JH112 =
2 e B ]
= : =
£ -~ Imipramine £
£ 60 -s- Rotigotine =
E £
g g
@ 40 @
T B
£ 20 2
3 El
E 2

—— 0
0 10 20 30 40 50 60 0 60
time (min) time (min)

Brain/plasma distribution

O
g

-~ plasma (ng/mL)
-8~ brain (ng/g)

JH112 (18.5%)

M1 (7.3%)
M2 (26.9%)

=}
[=3

single
M3 (6.8 %) | hydroxylated
M4 (11.2%)

MS (6.6 %)

M6 (4.1%)

M7 (3.0%)
protein-

bound (10.6%)

double
hydroxylated

JH112 concentration
S
ey

0.1

0 250 500 750 1000 1250 1500
time (min)
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mean + SEM.

chain points away from helix 3 and engages helix 5 instead. In the
OX2R docking, a similar trend can be observed, i.e., that the
molecules can interact only with His344/3507* (Fig. 6).

Docking of derivatives with larger substituents (compounds 15 and
16) predicted that a phenyl or cyclohexyl substituent, respectively,
is not well tolerated by the receptors, which was confirmed by
decreased binding affinities (SI Appendix, Fig. S2).

We also investigated the importance of the ring size of those
suvorexant analogs (SI Appendix, Fig. S2). The desmethyl-suvorexant
analog (compound 17) shows binding affinities comparable to suvor-
exant and no subtype selectivity. By opening the seven-membered ring
at the longer propylene bridge, we obtained compound 18, which
showed dramatically lower binding affinities to both receptor
subtypes in the single-digit micromolar range probably due to an
entropic penalty. Reducing the ring size to the less flexible pi-
perazine analog (compound 19) is not well tolerated by the re-
ceptors and resulted in micromolar binding affinities, as previously
described (38). Interestingly, enlargement of the ring size leads to
the very flexible 1,5-diazocane derivative 20 which showed only
slightly reduced binding affinities (~30- to 60-fold) compared to
the homopiperazine analog (compound 17).

Discussion

Two observations are particularly worth highlighting. First, the
newly developed orexin receptor antagonist JH112 shows sub-
nanomolar binding affinity and 75-fold subtype selectivity for
OXI1R over the OX2R. Because OXIR is responsible for the
regulation of addiction, pain, obesity, and anxiety, JH112 may
have important clinical applications. The clinically approved
drugs targeting the orexin system, suvorexant and lemborexant,
are nonselective dual orexin receptor antagonists used for the
treatment of insomnia. Despite several approaches toward the
development of subtype-selective OX1R antagonists, none of
them has resulted in clinical approval yet (42). Ligands with high
OXI1R selectivity like SB-674042 have been described, but were
not pursued further due to a number of liabilities including poor
solubility, limited plasma exposure, hydrolytic instability, or off-
target affinities (43). Interestingly, first-in-human studies with the
selective OX1R antagonist JNJ-61393215 as a potential treatment
of mood and anxiety disorders have been initiated (44, 45). JH112
exhibits potent and insurmountable antagonism for G activation
and in particular B-arrestin-2 recruitment at OX1R, putatively
resulting from very slow receptor dissociation when the endoge-
nous agonist orexin A is noncanonically bound to the amphiphilic
helix at the N-terminus of the receptor. Moreover, JH112 is able
to cross the blood-brain barrier, is slowly metabolized in a phase I
liver microsomal stability assay, and possesses an excellent selec-
tivity profile over 20 other GPCRs. Thus, JH112 could be a
promising candidate for the treatment of disorders associated with
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OXI1R activation with less off-target effects related to the OX2R,
such as sleep—wakefulness disorders.

Second, structure-based drug design has been proven successful
for the differentiation between highly related GPCR subtypes (20,
46). The herein presented cycle based on docking, enantiospecific
synthesis, molecular pharmacology, and crystallography starting
from the orexin receptor crystal structures bound to suvorexant
led to the subtype-selective OX1R antagonist JH112. Selectivity
for OX1R over OX2R could be achieved by exploiting a single
amino acid difference in the binding pocket of the two receptors.
A crystal structure of the OXIR in complex with JH112 and
mutational studies confer that JH112 occupies the space provided
by Ala127°% in OX1R while producing repulsive interactions with
Thr135%3 in OX2R, consistent with the docking-derived design
hypothesis. Kinetic binding studies showed that JH112 has a
shorter half-life time at OX2R compared to suvorexant, suggesting
that the steric repulsion between Thr135>* and the sec-butyl
substituent of JH112 provokes an increase of ligand dissociation
rather than slowing down association. Based on this understand-
ing, the resolved crystal structure of OX1R bound to JH112 will be
a useful template for further lead-structure optimization studies.

Materials and Methods

The data that support the findings of this study are available in this paper
and/or in S/ Appendix. Atomic coordinates and structure factors of the
JH112-OX1R complex have been deposited in the Protein Data Bank (https:/
www.rcsb.org/) under accession code 6V9S.

Ligand Design. The design of selective OX1R ligands was guided by the in-
active state crystal structures of OX1R (PDB ID 4ZJ8) (23) and OX2R (PDB ID
450V) (24) bound to the dual selective antagonist suvorexant. Ligand con-
formations were generated using OMEGA (47) and docked with OpenEye’s
FRED tool (48, 49). Further details and the synthetic procedures leading to
ligands 1 to 20 are provided in S/ Appendix.

Characterization of Ligands. Synthesized ligands were characterized in
binding studies with the radioligands [*H]SB-674042 and [*H]JEMPA and
membranes from HEK 293T cells transiently transfected with the comple-
mentary DNAs coding for OX1R and OX2R. The pharmacologic properties of
JH112 were assessed in G-protein activation and p-arrestin recruitment as-
says in transiently transfected HEK 293T cells, and its microsomal stability
and pharmacokinetics were determined as described in S/ Appendix. If not
stated otherwise, data are indicated as mean + SEM.

Structure Determination. The structure of OX1R bound to JH112 was deter-
mined by lipid cubic phase (LCP) crystallography. Data collection was performed
at beamline 23ID-D (GM/CA-CAT), Advanced Photon Source, Argonne National
Laboratory. The structure was solved by molecular replacement using the
previously reported structures of PGS (PDB ID 2BFW) and hOX1R in complex
with suvorexant (PDB ID 42J8) as independent search models. Atomic coordi-
nates and structure factors have been deposited in the Protein Data Bank
under accession code 6V9S. Further details are provided in S/ Appendix.
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