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Structure-based discovery of nonhallucinogenic

psychedelic analogs

Dongmei Cao't, Jing Yu't, Huan Wang?t, Zhipu Luo®t, Xinyu Liu*{, Licong He!, Jianzhong Qi,
Luyu Fan’, Lingjie Tang!, Zhangcheng Chen’, Jinsong Li*, Jianjun Cheng?*, Sheng Wang'*

Drugs that target the human serotonin 2A receptor (5-HT,4R) are used to treat neuropsychiatric
diseases; however, many have hallucinogenic effects, hampering their use. Here, we present structures
of 5-HT,AR complexed with the psychedelic drugs psilocin (the active metabolite of psilocybin) and
p-lysergic acid diethylamide (LSD), as well as the endogenous neurotransmitter serotonin and the
nonhallucinogenic psychedelic analog lisuride. Serotonin and psilocin display a second binding mode

in addition to the canonical mode, which enabled the design of the psychedelic IHCH-7113 (a
substructure of antipsychotic lumateperone) and several 5-HT,4R B-arrestin-biased agonists that
displayed antidepressant-like activity in mice but without hallucinogenic effects. The 5-HT,AR complex
structures presented herein and the resulting insights provide a solid foundation for the structure-based
design of safe and effective nonhallucinogenic psychedelic analogs with therapeutic effects.

erotonin, or 5-hydroxytryptamine (5-HT),

is a neurotransmitter that modulates

most human behavioral processes (1),

and drugs that target serotonin recep-

tors are widely used in psychiatry and
neurology (7). Among these drugs, the seroto-
nergic hallucinogens (psychedelics) alter con-
sciousness and may have potential for drug
development (2-5). For example, p-lysergic acid
diethylamide (LSD) and psilocybin have shown
promise for addressing many neuropsychiatric
diseases (2). Preliminary open-label trials have
shown their potential for symptom alleviation
in mood disorders and anxiety in the terminally
ill (2, 6), and recently completed phase 2 clinical
trials showed that psilocybin is a viable alter-
native to current antidepressant medications
(7). The therapeutic effects of LSD and psilocy-
bin appear to be both rapid and enduring
(6, 8-10).

Previous studies have identified oleamide
(an endogenous fatty acid amide) in the
cerebrospinal fluid of sleep-deprived cats and
rats and demonstrated that it was able to poten-
tiate human serotonin 2A receptor (5-HT5R)-
mediated signaling (11-14). This result sug-
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gested that abnormal sensitivity of 5-HT,5R
to oleamide and other endogenous fatty acids
could be responsible for some aspects of psy-
chiatric disorders, such as anxiety and depres-
sion. A lack of structural information of 5-HT,5R
with fatty acids limits our ability to undertake
the structure-based design of safe and effective
antidepressants. Additionally, although two
recent studies have reported nonhallucinogenic
psychedelic analogs with antidepressant-like
behavior (15, 16), it remains unclear how to
rationally design such compounds, even with
the 25 serotonin receptor structures in hand
(I7-24), and it is unclear whether the hallu-
cinogenic effects of psychedelics are necessary
for therapeutic effects (2, 7-10).

Lipid activation of 5-HT,,R

Based on modeling and site-directed muta-
genesis studies, tryptamine ligands, such as
serotonin and psilocin, are predicted to bind
to serotonin receptors in a similar manner to
ergoline ligands (3, 19, 23). To investigate
this, we compared the conformations of two
ergoline-bound 5-HT,5R structures (LSD and
lisuride) with the serotonin- and psilocin-
bound 5-HT,5R complex structures (Fig. 1A
and table S1). Recent structures of serotonin
bound to 5-HT 4R and 5-HT;pR are reminis-
cent of structures of ergolines bound to sero-
tonin receptors (I7-21, 23, 24). In our structures
with 5-HT,5R, the ergoline moieties of LSD
and lisuride are bound similarly to previous
structures at the bottom of the orthosteric
binding pocket (OBP) (17-21, 23), but in con-
trast, the indole serotonin-psilocin core is
located higher in the orthosteric pocket, closer
to extracellular loop 2 (EL2) and the extra-
cellular space, where they engage the extended
binding pocket (EBP) of the receptor, which is
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occupied by the diethyl moiety of LSD and
lisuride (19, 20).

All of our 5-HT,4R complex structures
showed clear density maps occupying the
previously identified side-extended pocket
(SEP) (22) that could be best fit with mono-
olein, the lipid used in crystallization, which
is structurally similar to oleamide (Fig. 1B and
figs. S1A and S2A). In the serotonin-, psilocin-,
LSD-, and lisuride-bound structures, the Fo-Fc
omit maps allowed us to unambiguously
define the binding pose of the monoolein
glycerol group (Fig. 1B). Because of its high
flexibility, the exact position of the alkyl chain
could only be partially assigned (Fig. 1B and
fig. S1A). However, all the glycerol groups of
monoolein are inserted into the SEP in the
serotonin-, psilocin-, LSD-, and lisuride-bound
5-HTy4R structures. Compared with the LSD-
and lisuride-bound complexes, the glycerol
groups of monoolein are driven deep into
the OBP in the structures of the serotonin-
and psilocin-bound complexes (fig. S1B). Here,
the deep insertion of monoolein may partially
explain why serotonin and psilocin engage the
EBP and not the OBP of the receptor (fig. S1B).

Our serotonin- and psilocin-bound structures
show monoolein directly interacting with
$239°*% and $242°%° (S, serine), which have
been proposed as key residues in serotonin,
dopamine, and adrenergic receptor activation
(23, 25, 26) (fig. S1B). This suggested that
binding of monoolein at the SEP might acti-
vate 5-HT,,R. Based on calcium flux and
B-arrestin2 recruitment assays (see methods),
we found monoolein to be a modest G protein
partial agonist without detectable B-arrestin2
activity and found that the 5-HT,5R selective
antagonist MDL100907 can block monoolein’s
G protein partial agonism (Fig. 1C and fig.
S1C). We also tested monoolein in orthogonal
B-arrestin2 association and Gg_y, Gyi—y» Gio—y,
Giz—y» Gis—y, and G,_, dissociation assays by bio-
luminescent resonance energy transfer (BRET)
(23, 27), which confirmed G protein partial
agonism and no agonist activity in -arrestin2
association (fig. S1, D and E). Among the differ-
ent G protein signaling pathways, monoolein
most robustly induced Gq_,, Gy1-y, and Gys_y
dissociation assays (fig. S1E).

We found that oleamide, oleylethanolamide
(OEA), and 2-oleoyl glycerol (20G) also activated
5-HT,,R-mediated G protein signaling and
not B-arrestin2 activity (Fig. 1D and fig. S2, A
and B). Conversely, oleic acid and oleoyl-L-
a-lysophosphatidic acid (LPA) did not acti-
vate 5-HT,,R-mediated signaling (fig. S2A).
The 5-HT,4R selective antagonist MDL100907
blocked the G protein partial agonism of these
lipids (fig. S2C).

At position 5.42 (the key residue of OBP), a
glycine residue is conserved only in the 5-HT,
family among aminergic receptors (fig. S2D).
This glycine allows the SEP to extend from
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Fig. 1. Lipid regulation of 5-
HT,4R. (A) Overall view of 5-HTp4R
in complex with 5-HT, psilocin, LSD,
and lisuride structures. (B) The
bound monoolein in the SEP of 5-
HT,4R. Monoolein and the ligands
are shown as sticks with omit
electron density maps (Fo-Fc omit
map) at the contour level of 3.0 o.
(C) Monoolein is a G protein-
mediated calcium flux partial
agonist in 5-HTaR. (D) 5-HT,AR

G protein calcium flux activity by
oleamide, OEA, and 20G. In all
panels, the Ballesteros-Weinstein
numbering is shown as superscript.
In (C) and (D), error bars represent
SEM (n = 3).
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the OBP (Fig. 1B). Other aminergic receptors
have an alanine, serine, cysteine, or threonine
at this position and the side chain blocks the
cavity (22). Introducing a G238°**S (G, glycine)
substitution in 5-HT,R to mimic other 5-HT
receptors abolished the agonist activity of the
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lipids but not of serotonin (fig. S2E). 5-HT,zR
and 5-HT,cR have the conserved glycine, but
structures show that the side chain of F>-®
(F, phenyalanine) disrupts the SEP (21, 22)
(fig. S2F). As expected, lipids did not induce
robust G protein signaling at 5-HT,gR or
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5-HT,cR, or at other 5-HT receptors, such as
5-HTgR and 5-HT,R, where the glycine is not
conserved (fig. S2G). These results provide a
structural basis for the long-standing observa-
tion that 5-HT,5R signaling is modulated by
lipids (11-14).
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Serotonin and psilocin have a second binding
mode at 5-HT,,R

Unlike previous docking results (23), our
crystal structures showed that the indole core
of serotonin or psilocin fits into a narrow cleft
previously described as the EBP (20, 28) that is
lined mainly by hydrophobic side chains from
residues in EL2 and transmembrane helices
TM3, TM6, and TM7 (Fig. 2, A and B). Both
ligands form a salt bridge between D155%32 (D,
aspartic acid) and the terminal basic nitrogen
of the molecules as well as an extra hydrogen
bond between N3525%° (N, asparagine) and
the hydroxyl group on the indole core. Muta-
genesis of many of these contact residues to
alanine reduced the affinity of serotonin and
psilocin binding to 5-HT,,R (table S2). We
observed strong electron density at the top of
OBP but no electron density at the bottom,
which was previously shown to be the pocket
of serotonin in 5-HT;4R and 5-HT;pR (24)
(Fig. 1B and fig. S1A). However, alanine muta-
genesis of residues at the bottom of the OBP
that are implicated in serotonin binding in the
5-HT 4R and 5-HT;pR complex structures (24)
also greatly affected serotonin and psilocin
binding to 5-HT,4R (table S2). A comparison
of the previous published active 5-HT,, R with
our serotonin- and psilocin-bound 5-HTy4R
(23) shows that there is no obvious difference
in the area of the actual ligand binding site
(fig. S3, A and B). Thus, it appears that the
alternative poses of serotonin and psilocin are
compatible with the active state.

These findings suggested that serotonin and
psilocin might adopt two different positions
(OBP versus EBP) that could differentially af-
fect receptor function. Accordingly, we mutated
the key residues $239°*® and $242° for OBP,
respectively, and W151>2% and 1362 for EBP,
respectively (W, tryptophan; L, leucine). Con-
sistent with previous findings (22, 23), $239°*3A
and S242°*°A (A, alanine) substitutions sub-
stantially diminished serotonin and psilocin’s
agonism (fig. S3, C and D) and binding affin-
ity (table S2), indicating that both agonists
occupy the bottom of the OBP. The substitu-
tion of W151>2® or L3627 with phenylalanine
or alanine, which we predicted would dampen
hydrophobic contacts with the indole core of
serotonin and psilocin in the second pose, also
substantially decreased or abolished agonist
activity. Because lisuride and LSD occupy the
EBP and OBP, all mutants also dampened
the efficacy of lisuride and LSD. Importantly,
the L36273°F substitution did not affect the
potency of the ligands’ G, agonism, but it
abolished psilocin’s and lisuride’s f-arrestin
association (fig. S3, C and D). In all mutants,
5-HT,5R expression levels were compara-
ble to that of the wild type (fig. S3E). These
results indicate that ligand recognition in
the EBP, specifically at L3627%°, affects li-
gand bias.
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Fig. 2. EBP of 5-HT,,R. (A and B) The second binding mode of 5-HT (A) and psilocin (B) with interaction
residues at a 4.0-A cut-off. Hydrogen bonds between D155> and the 5-HT or psilocin basic nitrogen are shown
by a dashed line. V, valine. (C) Monoolein is a positive allosteric modulator of 5-HT,sR-mediated B-arrestin2
recruitment (as measured by the Tango assay). (D) Comparison of the binding poses between LSD and lisuride
at 5-HT,aR. The specific contacts between Y37073 and lisuride or LSD are shown with dashed lines. (E and

F) Lisuride B-arrestin2 recruitment (E) and calcium flux (F) activity of the Y3707**W mutant (yellow) compared
with wild-type 5-HT,aR (black). In (C), (E), and (F), error bars represent SEM (n = 3).
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Fig. 3. Structure-guided A B
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We previously reported that differences in
ligand recognition in the EBP, specifically at
TM7, result in divergent effects on ligand bias
at 5-HTogR, especially for p-arrestin signaling
(19, 20). We hypothesized that the serotonin
and psilocin binding pose that occupies the
EBP in 5-HT,5R would modulate B-arrestin
signaling. We measured the B-arrestin2 re-
cruitment activity caused by monoolein in the
presence or absence of serotonin and found
that monoolein can dose-dependently activate
5-HT,,R-mediated B-arrestin signaling in the
presence of serotonin in wild-type 5-HT,5,R
but not in the G238°*2S mutant where bind-
ing of serotonin to the bottom of the OBP is
inhibited (Fig. 2C and fig. S3F). In the absence
of serotonin, monoolein only shows modest
G protein partial agonism, without detect-
able B-arrestin activity (Fig. 1C and fig. S1C).
By contrast, monoolein did not activate the
5-HT,,R-mediated B-arrestin activity in the
presence of LSD (Fig. 2C). These results are
consistent with serotonin and psilocin adopting

Cao et al., Science 375, 403-411 (2022)

a second binding pose in 5-HT,,R and suggest
that their interaction with EBP appears essen-
tial for monoolein-induced B-arrestin signaling.

To obtain further insight into the roles of
the EBP in 5-HT,,R-mediated B-arrestin2
recruitment, we solved the x-ray structures
of the 5-HT,sR-lisuride and 5-HT,,R-LSD
complexes to a resolution of 2.6 A for both
(table S1). The relatively high-resolution den-
sity maps of the two complexes allowed us to
unambiguously assign the bound compounds
and residues (Fig. 1B and fig. S1A). The overall
structure of LSD-bound 5-HT,,R is similar to
the recently reported 3.4-A structure (23), with
root mean square deviation values of 0.81 A for
the C, atoms of the receptor (fig. S4, A and B).
A ~1-to 2-A shift in the binding mode of LSD
in our structure compared with the previous
structure (fig. S4, A and B) may be attributed
to the structures’ different resolutions. A com-
parison of the LSD- or lisuride-bound 5-HT,,R
with the same ligand-bound 5-HT,gR structures
also shows that the overall orientation is similar

28 January 2022

5-HT,,R/Lumateperone

5-HT,,R/Lumateperone
NJZARIIHCHJOBG

(fig. S4, C to F). However, the binding mode of
lisuride in 5-HT,4R revealed a subtly different
positioning of the (S)-diethylurea at the EBP of
the receptor (fig. S4F).

‘We have previously shown that LSD’s dieth-
ylamide, which is the key to LSD’s potent
hallucinogenic effects, contacts TM3 and TM7
within the EBP (19). Furthermore, we found that
recognition of LSD in this region is stereo-
selective, because LSD’s potent agonism was
recapitulated only by the conformationally re-
stricted (S, S)-azetidine stereoisomer. Surprisingly,
in our 5-HT,,R structure, the (S)-diethylurea
of lisuride recapitulated the conformation of
the diethylamide of LSD in the LSD-5-HT,,R
and LSD-5-HT,5R complexes rather than the
conformation of the (S)-diethylurea observed
in the lisuride-5-HT55R complex (fig. S4, B, D,
and F). This likely explains why lisuride is
not an agonist of 5-HT,gR but is an agonist of
5-HT,4R (20).

Alignment of the 5-HT,,R-LSD and 5-
HT,,R-lisuride structures further shows

4 0of 9
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that the two ethyl groups of LSD contact
residue Y370”*% (Y, tyrosine), which only
interacts with one ethyl group of lisuride
(Fig. 2D and fig. S4G). Consistent with the
idea that the steric extrusion of Y370"*® may
cause a slight rotation of the diethyl group of
lisuride in the EBP versus that of LSD (Fig. 2D
and fig. S4G), we found that Y370"**W sub-
stitution strongly increases the efficacy of
lisuride’s B-arrestin2 recruitment agonism
(Fig. 2E), despite similar surface expression
levels relative to the wild-type receptor (fig.
S3E). By contrast, it only slightly increases
lisuride’s Go-mediated signaling efficacy (Fig.
2F). The Y3707**W mutation likely reduces
LSD’s efficacy in G-mediated signaling and
B-arrestin2 recruitment because the Y3707
directly interacts with the two ethyl groups
of LSD (fig. S4, H and I). Similar results were
obtained by the orthogonal p-arrestin2 asso-
ciation and Gq.yo dissociation BRET assays
(fig. S4, J and K). We observed no substantial
affinity changes of lisuride and LSD at the
Y370”**W mutant relative to wild-type 5-HT,,R
(table S3). Taken together, our results show that
LSD and lisuride occupy the OBP in a similar
fashion yet exhibit different poses in the EBP.
It appears that ligand engagement with TM?7,
especially with Y370™*2 in the EBP, leads to
an auxiliary mechanism of 5-HT,, R-mediated
B-arrestin signaling activation.

Structure-oriented synthesis of
arrestin-biased compounds

We posited that targeting the EBP may en-
hance B-arrestin recruitment at 5-HT,4R, facili-
tating identification of 3-arrestin-biased ligands.
The recently solved 5-HT,,R-risperidone and
5-HT,cR-ritanserin crystal structures pro-
vide a starting point for identifying suitable
chemotypes that engage the EBP (21, 22) (fig.
S5A). The two 5-HT,»R antagonists, risperidone
and ritanserin, share the same deep binding
pose at 5-HT, receptors, which is charac-
terized by the fluorobenzisoxazol ring and
4-fluorophenyl group, respectively, occupy-
ing the hydrophobic deep binding pocket
(21, 22, 28) (fig. S5A). The top site moiety of
risperidone and ritanserin is located in the
EBP and adopts a similar pose to the second
binding pose of serotonin and psilocin (fig. S5,
A and B). Our design strategy, therefore, was
to identify rigid substructures that can target
the EBP and mimic the second binding pose of
serotonin and psilocin, without engaging the
bottom hydrophobic deep binding pocket that
is responsible for antagonist activity. Because
atypical antipsychotics are also 5-HT,5R an-
tagonists and share a similar embedded 4-
fluorophenyl group, we suspected that they
may adopt the same deep binding pose at 5-
HT,AR. After analyzing all available 5-HT,5 R
4-fluorophenyl antipsychotics, we identified
three rigid moieties that are possibly suit-
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able for binding the EBP: IHCH-7113 (moiety
from lumateperone), IHCH-7117 (moiety from
spiperone), and ITHCH-7125 (moiety from pimo-
zide and benperidol), which we synthesized (fig.
S5A). Of the three molecules tested, IHCH-7113
was a 5-HT,,R agonist [inhibition constant
(K;) = 758.58 nM; Fig. 3A and table S5]. In-
terestingly, IHCH-7113 showed a weak pref-
erence for B-arrestin2 association over Gq
signaling (bias factor = 1.52) relative to serotonin
(Fig. 3A and table S5).

To explore whether the tetracyclic scaffold
of THCH-7113 occupied the EBP, we crystal-
lized lumateperone in 5-HT,,R and solved the
5-HT,4R-lumateperone structure at 2.45-A res-
olution (fig. S5, C and D, and table S1). Analysis
of lumateperone’s binding pose revealed that
the tetracyclic core is oriented in the EBP and
adopts a similar pose to the second binding
pose of serotonin and psilocin (Fig. 3B and fig.
S5, E and F). We validated lumateperone’s
binding pose by alanine mutagenesis of the
contacting residues, most of which decreased
lumateperone’s affinity (table S4). Like the
previously solved risperidone and ritanserin
poses, lumateperone places the 4-fluorophenyl
group in the deep hydrophobic binding pocket
defined by the side chains of TM3, TM5, and
TMY (fig. S5D). The close contacts between the
lumateperone’s 4-fluorophenyl group and
116334 and F332%** (I, isoleucine) in the PIF
(proline-isoleucine-phenylalanine) motif and
the “toggle switch” W336%4® (fig. S5D) appar-
ently prevent the rearrangements required
for receptor activation and potentially ex-
plain the antagonist activity of lumateperone
at 5-HT,5R.

To further test the hypothesis that the con-
tact between the 4-fluorophenyl group of luma-
teperone determines its antagonist activity
at 5-HT,,R (29), we synthesized two analogs
of lumateperone: IHCH-7112 and IHCH-7120,
with the linker group shortened by one carbon
in both cases and additional removal of the
fluorine atom for IHCH-7120 to potentially
attenuate the contact with the 4-fluorophenyl
group. As expected, IHCH-7112 and IHCH-
7120 were modest 5-HT,,R agonists and were
arrestin-biased by factors of 6.70 and 12.76,
respectively (fig. S5G and table S5). In the
previously solved 5-HT,,R-25CN-NBOH
structure, the 2-hydroxyphenyl moiety of the
25CN-NBOH agonist engages with TM3, TM6,
and TM7 and avoids the conserved TM5 serine
(S239°*3 and S$242°%%) in the SEP (fig. S6A).
Inspired by this, we further modified the
structure of IHCH-7112 by introducing 2-
methoxy or 2-hydroxy substitutions on the ter-
minal phenyl group and adjusting the length
of the linker (fig. S6B). These analogs retain
the major interactions of the tetracyclic scaf-
fold with the EBP that determine arrestin bias,
but their increased flexibility limits binding
to the conserved TM5 serine in the SEP. With
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respect to serotonin, all six hybrid analogs
displayed a bias for B-arrestin-mediated sig-
naling at 5-HT,,R (Fig. 3C, fig. S6C, and
table S5), with the most potent analogs being
THCH-7079 and IHCH-7086 (K; = 16.98 and
12.59 nM, respectively) (Fig. 3C and fig. S6C).
Unlike the nonselective agonists serotonin,
psilocin, LSD, and lisuride, IHCH-7079 and
THCH-7086 prefer to bind 5-HT, receptors
among the serotonin and dopamine receptors
(table S6).

To obtain a better understanding of the
ligand bias at 5-HT,R, we solved the crystal
structures of 5-HT,5R in complex with THCH-
7086, which showed B-arrestin-mediated sig-
naling without detectable G, activity (Fig. 3C
and table S5). The structures were obtained
at 2.5 A (table S1). The electron density map
for ITHCH-7086 was well resolved (fig. S6D).
The overall differences between the IHCH-
7086- and lumateperone-bound 5-HT,5R
structures are relatively subtle, as predicted
(Fig. 3D). The major difference is a rightward
shift of the 2-methoxyphenyl moiety of IHCH-
7086 versus the 4-fluorophenyl moiety of
lumateperone (Fig. 3D). The 2-methoxyphenyl
moiety of IHCH-7086, avoiding the PIF motif,
drives close to F243%% F244°*% and F3405°2,
consequently relocating three phenylalanines,
which may explain the agonist activity of
THCH-7086 (Fig. 3D and figs. S5F and S6E).
We also validated ITHCH-7086’s binding pose
by alanine mutagenesis of contacting residues,
most of which decreased IHCH-7086’s affinity
(table S4 and fig. S6F). As mentioned above,
monoonlein, which contacts the conserved
TMS5 serine (S239%*3 and $242°545) related to
the SEP, only shows modest G protein partial
agonism, without detectable B-arrestin activity
(Fig. 1C and fig. SIC). Finally, the 2-methoxyphenyl
moiety does not interact with the conserved
TM5 serine, which potentially explains the
nondetectable G protein activity of IHCH-7086
at 5-HT,4R (fig. S6F).

Effects of 5SHT,,R-mediated signaling on
hallucination and antidepressant-like behavior

A century of research has demonstrated that
the affinities of psychedelics for 5-HTy4R
strongly correlate with their psychoactive
potencies (30, 31). Animal behavioral models
cannot precisely capture the perturbations of
perception, cognition, and mood produced by
psychedelics in humans. However, studies have
demonstrated that the mouse head twitch re-
sponse (HTR) strongly correlates with the
production of psychedelic-induced hallucina-
tions in humans (3). Lisuride lacks comparable
psychoactive properties in humans and also
fails to induce the HTR in mice (32, 33). Previ-
ously, genetic deletion of B-arrestin2 was found to
decrease responsiveness to 1-5-hydroxytryptophan
and LSD-induced HTR (34, 35). However,
2 5-dimethoxy4-iodoamphetamine hydrochloride

50f9

2202 ‘8z A%enuer uo ||IH jedeyD euljoed YLON Jo ANSRAUN e B10°80UB 105" MMM SaIY WO} pepeojumod



RESEARCH | RESEARCH ARTICLE

A HTR counts based on magnetometer detection system (MDS)
10 ‘Drug adminstration
Postive Base line HTR recording
05
e <
= z
o p——— y= 00
' £
Caoil ~¥—-B’—'—) & o5
(,—._,._._/ @)
s
< Pod/ 10 12 ;
N_\t' 32 4 0 1 2 374 5 6 7 8.9 10 11 12 13 14 15
vV egative Time (min)
: T e N e Single HTR event . _
‘Slgnal ampllflcatlonl z ‘ :
| E : ‘ 1
.- c 00+ it :
‘Data Acqwsmon}— § w :
o 0.5:____________________________:
0 05 10 _ 15 20 25
Time (s)
B c Fkkk
80— . 80— ns
.E 60'— = .E 607 ********
g e &
@ Jo [ *1make S
- = MDL100907 >
(2] —
£ 40 . ofe gao [ . r
3 3 ele
8 1 8
© ¢ o s 2 14 3 .
= 20 3 = 20 s e
I HO ® T % e of® .
0 T ‘j ‘__,T % P ‘sl ; 0 ‘Is‘ L_, T l—" ™ A T |‘j[bi_| %
Z 7, 7, 7, 7, 7 7
‘%/,;,0 %, 0,,,0/ %, ",,,0/'{% '6,,,0 %, '6% e %oy 0%/ %, 0,,,0/ %, %, 0@0/ %,
o@o@”)%p/oo/o o@o@%o@o
IHCH-7079 IHCH-7086 IHCH-7113 IHCH-7079 IHCH-7086 Lisuride MDL100907
+LSD 0.15 mglkg
D Wild-type Y3707-43W hetero Y3707-43W homo
ns
ns ns
150 ns ns
Fkkk - ns
125 ek KkkRk ns
£ - * ns
& 100
[l Ole
[2]
£ 757 .
3 A .
3 . oogo0
Py 50—
=
T 254
0

Fig. 4. Effects of the designed 5-HT,,R agonists on animal behavior relevant
to hallucination. (A) Scheme of the automated HTR detection system. A small
magnet, surgically implanted on the mouse skull surface, produces an electrical
signal of greater amplitude than background noise when the mouse displays

an HTR. The signal is amplified and transduced by a data acquisition system.
(B) IHCH-7113, not IHCH-7079 or IHCH-7086, induces a dose-dependent HTR in
mice that is blocked by 5-HT,4R selective antagonist MDL100907 (30- to 60-min

Cao et al., Science 375, 403-411 (2022) 28 January 2022

time interval; see related fig. S8, E to G). (C) LSD-induced HTR is blocked by
IHCH-7079, IHCH-7086, lisuride, and MDL100907 (60- to 90-min time interval;
see related fig. S8H). (D) Effect of LSD and DOI on HTR behavior in 5-HT,sR
wild-type, Y3707 “*W-heterozygous, and Y3707 “*W-homozygous mice (0- to 30-min
time interval; see related fig. S9). In (B) to (D), error bars represent SEM (n = 8 to
10 C57/BL6J or B6D2F1 mice). ns is not significant, *P < 0.05, **P < 0.01,

***p < 0.001, and ****P < 0.0001 (two-tailed unpaired Student's t test).
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Fig. 5. The antidepressant
effects of the designed
5-HT,4R agonists on
animal behavior relevant
to depression. (A) Scheme
of the ARS-induced
depression-like model.

(B) Effects of LSD on
freezing behavior in
ARS-induced depression-
like mice in 5-HT,aR
wild-type and Y370743W-
homozygous mice.

(C) Effects of IHCH-7086
and IHCH-7079 on freezing
behavior in ARS-induced
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(DOI), another commonly used psychedelic that
shows greatly attenuated HTR in G, knock-
out mice (36), produced an HTR of equal mag-
nitude in wild-type and B-arrestin2 knockout
mice (37).

Cao et al., Science 375, 403-411 (2022)

To test what intracellular signaling is re-
quired for the effects of psychedelics, we
studied psychedelics (1.SD, DOI, and psilocin),
the nonhallucinogenic psychedelic analog (lisur-
ide), and 5-HT,4R arrestin-bias ligands (IHCH-

28 January 2022

7113, IHCH-7079, and THCH-7086) for their
ability to induce HTR in mice as detected by a
fully automated magnetometer-based detec-
tion system (MDS) (Fig. 4A). As expected, the
psychedelics (LSD, DOI, and psilocin), but not
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lisuride, induced a significant HTR in mice
(figs. S7A and S8, A to D). To our surprise,
THCH-7079 and THCH-7086 failed to produce
any HTR, even at doses as high as 10 mg/kg,
unlike THCH-7113, which produced HTR at
doses as low as 0.125 mg/kg (Fig. 4B and fig.
S8, E to G). However, the IHCH-7113-induced
HTR was abolished by the 5-HT,5R selective
antagonist MDL100907. In mouse pharmaco-
Kinetic studies, IHCH-7113, IHCH-7079, and
THCH-7086 showed a reasonable half-life and
excellent brain penetration properties (fig.
S7B). Furthermore, LSD-induced HTR was not
only abolished by the 5-HT,4R selective an-
tagonist MDL100907 but was also abolished
by the nonhallucinogenic psychedelic analogs
lisuride, IHCH-7079, and IHCH-7086 (Fig. 4C
and fig. SSH).

Next, we analyzed the transduction efficiency
of hallucinogenic psychedelics (DOI, LSD, psilo-
cin, and IHCH-7113) and their nonhallucinogenic
analogs (lisuride, IHCH-7079, and THCH-7086)
in G protein signaling and B-arrestin associa-
tion at 5-HT,,R by summarizing their relative
log(t/K,) values in a heat map (figs. S7C and
S9) (z, the efficacy of the agonist in the given
pathway; K, the functional dissociation con-
stant for the agonist). All tested psychedelics
exhibited higher relative log(t/K,) values than
nonhallucinogenic analogs (fig. S7C). The above-
mentioned data showed that the Y370"**W
mutation significantly reduced LSD’s transduc-
tion efficiency for both B-arrestin recruitment
and G protein signaling (fig. S4, H to J). Sim-
ilar effects were observed for LSD and DOI
activity on the mouse wild-type 5-HT,;,R
and its Y370”**W mutation (fig. S7D). In
Y3707*3*W mutant heterozygous mice, DOI
induced HTR but LSD did not, whereas in
homozygous mice, neither induced HTR (Fig.
4D and fig. S10). No significant differences
were observed for 5-HT,,R expression between
wild-type and Y370™**W littermates (fig. S7E).
These data suggest that the psychoactive effects
of psychedelics require a high transduction
efficiency in 5-HT,,R-mediated signaling.

Hallucinogens like psilocybin and LSD have
been described to have potential therapeutic
effects for depression (2). As shown in fig.
S7F, acute administration of LSD [0.0075 and
0.015 mg/kg intraperitoneally (ip)] significantly
attenuated acute restraint stress (ARS)-induced
“depression-like” freezing behavior in the forced
swimming test (FST) and tail suspension test
(TST) (Fig. 5A). We further validated that acute
administration of LSD (0.015 mg/kg ip) had
antidepressant effects on 5-HT,zR Y370"4*W
mutant mice in the ARS-induced depression-
like model (Fig. 5B). Given that there is no
HTR activity induced by 0.015 mg/kg LSD in
wild-type mice (fig. S7A) or 5-HTsR Y370™°W
mutant mice (Fig. 4D), it seems that the hal-
lucinogenic effect may not be required for
the antidepressant-like effect of LSD, consistent

Cao et al., Science 375, 403-411 (2022)

with a clinical trial of its microdose usage as
an antidepressant (2). Because lisuride, ITHCH-
7079, and IHCH-7086 are not predicted to
produce hallucinations (Fig. 4A and fig. S7A),
we were interested in assessing their anti-
depressant potential in vivo. As shown in
Fig. 5C and fig. S7F, acute administration
of lisuride, IHCH-7079, and THCH-7086 also
significantly attenuated ARS-induced depression-
like freezing behavior in the FST and TST, and
the antidepressant-like effect of IHCH-7079
and THCH-7086 was abolished by the 5-HT,,R
selective antagonist MDL100907 (Fig. 5C). To
further validate the antidepressant-like effect
of IHCH-7079 and IHCH-7086, C57BL/6J mice
were subjected to the corticosterone-induced
animal model of depression (38) and then tested
in the FST and TST. As expected, mice treated
with corticosterone for 21 days showed an in-
crease in immobility compared with vehicle
treatment (Fig. 5D). Similar to LSD, IHCH-
7079 and THCH-7086 also reduced immobility
in corticosterone-treated mice, and the effects
were abolished by MDL100907 (Fig. 5D). These
data suggest that the low efficacy of 5-HT,4R
arrestin-biased agonists such as ITHCH-7079
and THCH-7086 may be sufficient for anti-
depressant effects.

Discussion

By leveraging six new 5-HT,5R crystal struc-
tures, we have been able to reveal the struc-
tural basis of the lipid activation on 5-HT,5R
and also uncover a second binding mode
for serotonin and psilocin, thereby enabling
structure-based design of B-arrestin-biased
ligands. Although the precise mechanisms of
action of psychedelics remain largely unclear,
5-HT,4R agonism is essential for their psyche-
delic effects in humans (2, 3). We find that
although the B-arrestin activity of 5-HTy4R
agonists plays a key role in their antidepressant
effects and that the activity correlates with
the agonists contacting TM7 residues of the
EBP, this B-arrestin activity is insufficient for
inducing psychoactive actions. Previous studies
in humans reported that a 50 to 70% 5-HT,sR
occupancy level was required for an intense
psilocybin-induced psychological experience
(39). Indeed, it seems that the hallucinogenic
effect requires high transduction efficiency of
5-HT,,R agonists at both G protein-mediated
signaling and B-arrestin recruitment. By con-
trast, the low transduction efficiency of 5-
HT,,R B-arrestin-biased agonists with no
hallucinogenic effects may be sufficient to
achieve the antidepressive effects. Finally,
given recent successes in leveraging crys-
tal structures of G protein-coupled receptors
for ligand discovery, we anticipate that the
reported structures herein will accelerate the
search for new psychedelics and nonhalluci-
nogenic psychedelic analogs for treatment of
neuropsychiatric diseases.

28 January 2022
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tabulated in the main paper and in the supplementary materials.
Coordinates and structure factors for the 5-HT,sR complexes with
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All materials are available upon request.
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Structure-based discovery of nonhallucinogenic psychedelic analogs
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Nonhallucinogenic psychedelic analogs

Psychedelic drugs such as lysergic acid diethylamide (LSD) and mushroom-derived psilocybin exert their effects by
binding the serotonin 2A receptor (5-HT2AR). These drugs also have antidepressant effects, but the hallucinations
they cause complicate their use as therapeutics. Cao et al. present structures of 5-HT2AR bound to psychedelic
drugs, the endogenous ligand serotonin, and the nonhallucinogenic drug lisuride. The structures reveal ligand-receptor
interactions that cause a bias toward arrestin recruitment. Based on these insights, the authors designed arrestin-
biased ligands that displayed antidepressant-like activity in mice without hallucination effects. Arrestin recruitment
alone is insufficient for antidepressant effects, but the low G-protein signaling of the arrestin-biased ligands appears to
allow antidepressant effects without causing hallucination. —VV
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