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Summary

There is much interest in screening ultra-large chemical libraries for ligand discovery, both
empirically and computationally! 24, Efforts have focused on readily synthesizable molecules,
inevitably leaving many chemotypes unexplored. Here we investigate structure-based docking

of a bespoke virtual library of tetrahydropyridines, a scaffold poorly sampled by a general
billion-molecule virtual library but well-suited to many aminergic G protein-coupled receptors.
Using three inputs, each with diverse available derivatives, a one pot C-H alkenylation,
electrocyclization, and reduction provides the tetrahydropyridine core with up to six sites of
derivatization>~’. Docking a virtual library of 75 million tetrahydropyridines against a model of
the serotonin 5-HT,a receptor (5-HT,aR) led to synthesis and testing of 17 initial molecules.
Four had low uM activities against either the 5-HT,a or 5-HTg receptors. Structure-based
optimization led to 5-HT,aR agonists (R)-69 and (R)-70 with ECsgs of 41 and 110 nM and
unusual signaling kinetics differing from psychedelic 5-HTyR agonists. Cryo-EM structural
analysis confirmed the predicted binding mode to the 5-HT,aR. The favorable physical properties
of these new agonists conferred high brain permeability, enabling mouse behavioral assays.
Intriguingly, neither had psychedelic activity, in contrast to classic 5-HT,aR agonists, while both
had potent anti-depressant activity in mouse models and were equi-efficacious to anti-depressants
like fluoxetine at as little as 1/40t the dose. Prospects for using bespoke virtual libraries to sample
pharmacologically-relevant chemical space will be considered.

Introduction

The advent of DNA-encoded and virtual libraries has led to a renaissance in ultra-large sets
of molecules in early ligand discovery.! In particular, the virtual libraries now exceed 20
billion enumerated, readily accessible molecules. In docking screens, these virtual libraries
have explored new chemotypes well-suited to receptor sites, discovering ligands with
potencies in the mid-pM to low-nM range?4. This represents a substantial improvement
from screens of smaller, “in-stock” libraries of several million molecules against the same
targets. The virtual libraries enumerate diverse chemotypes, reflecting the synthetic products
of >120,000 building-blocks synthesized via >140 two-component reactions. Nevertheless,
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the vastness of chemical space ensures that many interesting chemotypes are inevitably
absent or under-sampled by both virtual and DNA-encoded libraries.

The six-membered nitrogen heterocycles piperidine and pyridine are two of the top three
most frequent ring systems among FDA approved drugs (Extended Data Table 1). In
particular, the non-aromatic piperidine scaffold has several desirable features, such as a
basic nitrogen that contributes to aqueous solubility and hydrogen-bonding interactions, high
sp3 bond content with a three-dimensional rather than planar display®, and multiple sites

for introducing substituents including at stereogenic centers. Tetrahydropyridines (THP) are
a much less investigated class of six-membered nitrogen heterocycles that are intermediate
in unsaturation between pyridines and piperidines with the same favorable attributes as
piperidines. While THPs are present in several natural product-derived drugs that include the
psychedelic lysergic acid diethylamide (LSD), the antimigraine drug ergotamine, anticancer
agents like vinblastine and vincristine, and the antiprotozoal agent dehydroemetine (Figure
1a)?, the scaffold is under-represented in most libraries compared to its congeners piperidine
and pyridine (Extended Data Table 1). In particular, while piperidine and pyridine occur in a
startling 16 to 18% of the molecules in the unbiased REAL make-on-demand library, THPs
comprised only 0.35% (Extended Data Table 1).

Obtaining a diverse display of functionality at different sites about the 6-membered

ring in piperidines and THPs is synthetically challenging. Recently, we have described

new, convergent routes to access three THP subtypes [(£)-1 to (£-3)] with six sites of
derivatization from commercially-available starting materials (Figure 1b)>~’. The large space
defined by such derivatives, their functionally congested, geometrically complex structures,
and their under-representation in general libraries (Extended Data Table 1)1, makes them
interesting to explore as central scaffolds for large virtual libraries well-suited to structure-
based molecular docking.

Accordingly, we calculated a library of over 75 million virtual tetrahydropyridines, built
around commercially available building blocks and restricted to products with “lead-like”
physical properties (e.g., < 350 amu, cLogP < 3.5)11:12, The cationic nature of these
molecules at physiological pH makes them suitable as ligands for aminergic GPCRs,
including the 5-HT,a serotonin receptor (5-HT2aR). The 5-HT,aR is a target of much
interest, owing to its role in treating psychiatric disorders including schizophrenia,
depression, and anxiety3-15. The 5-HT,AR also represents the canonical molecular target
for LSD-like psychedelic drugs!®, which have recently gained prominence as potential
therapeutics for depression and anxiety”. With hallucination remaining a liability, a goal
in this area is the development of drug-leads that retain anti-depressant and anxiolytic
properties without psychedelic activity. Progress towards such leads and chemical probes
against the 5-HT,aR has been slowed by the need for selectivity over related off-targets,
such as 5-HTogR, versus other receptors such as the serotonin transporter (SERT), and
for functional selectivity in signaling (i.e., for G protein vs. B-arrestin recruitment16:18-21y,
Collectively, these features make the 5-HT,aR a therapeutically worthy yet challenging
target. Meanwhile, the receptor’s small and well-formed orthosteric site® makes it a
favorable target for docking this particular virtual library.
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We therefore explored docking to prioritize selective 5-HT,aR ligands from among the
75 million molecule virtual library. Here we consider the mechanics of calculating a
large library around a specific scaffold and reaction and synthesizing docking-prioritized
molecules from such a large space, and whether this approach to discover and optimize
potent and selective ligands is useful. Implications for the creation and exploration of
bespoke libraries around interesting scaffolds more generally will also be considered.

Virtual library calculation.

Tetrahydropyridine subtypes (x)-1 and ()2 were prepared from three readily available
inputs: primary amines 4, a,p-unsaturated carbonyl compounds 5, and internal alkynes

6 (Figure 1b). Tetrahydropyridine subtype (%)-3 was prepared from primary amines 4,
a,pB-unsaturated carbonyl compounds 5, and trimethylsilyl (TMS) alkynes 7. A broad

range of functional groups, including many different types of nitrogen heterocycles, were
found to be compatible with the reaction sequence as determined by a functional group
screen (Supplementary Figure 1). Heterocycle N-H functionality was incompatible with the
chemistry, but this could be overcome by straightforward A-protection. Consequently, these
inputs and restraints were also included in the virtual library. To simplify library synthesis
and analysis, only achiral, single isomer inputs were included. Inputs with undesirable
functionality like nitro groups, or molecules with too many rotatable bonds, were discarded.
To generate library members with druglike physical properties, a molecular weight cutoff
of 140 amu was applied to each of the reactants (TMS alkynes 7 were assigned a cutoff of
212 amu because the TMS group is cleaved during the synthesis). A molecular weight cutoff
of 400 amu and a cLogP of < 3.5 were then applied to the assembled THPs (+)-1 to (£)-3

to furnish a virtual library of 4.3 billion compounds; this library would subsequently be
available for selection of analogs. To maximize the likelihood of identifying hits with high
ligand efficiency for the initial docking screen, we further restricted the molecular weight to
< 350 amu, resulting in an initial virtual library of 75 million molecules.

Docking & modeling.

Seeking novel ligands for the 5-HT,AR, we used an iterative computational and empirical
screening strategy (Figure 1c). We initially did not differentiate between agonists or
antagonists, since selective compounds of either class would be useful. As there were no
X-ray or cryo-EM structures of the 5-HT,aR available at the time this study was conducted,
we first built 2000 homology models templated on the 5-HTogR X-ray structure bound to
LSD, using Modeller (PDB ID: 5TVN, as described in ref. 21). The orthosteric ligand LSD
was retained during the modeling to ensure a ligand-competent orthosteric binding site. The
resulting homology models were evaluated for their ability to enrich 34 known 5-HT,AR
ligands from the IUPHAR database?? versus 1899 property matched decoys23. The models
were ranked by their ability to enrich the ligands vs. the decoys, in sensible geometries,
among the top scoring docked molecules2425, Models were also assessed for their ability to
reproduce the crystallographic pose of LSD and to form key interactions with the receptor
such as the observed salt bridge with Asp3-32,
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The best-performing 5-HTo,AR model was screened against the 75 million THP library.
Each library molecule had an average of 92 conformations calculated for it and was
sampled in approximately 23,000 orientations. A total of 7.46 trillion complexes were
sampled and scored; the calculation took 8,698 core hours, or just under 9 hours on 1000
cores of our lab cluster. The 300,000 top-ranking docked molecules were clustered by
topological similarity using an ECFP4-based Tanimoto coefficient (Tc) > 0.5; this found
14,959 non-redundant clusters. The top-scoring molecules for the top-ranked 4,000 clusters
were inspected for unfavorable features, which sometimes are not accounted for by the
docking scoring function, including internal ligand strain and the occurrence of unsatisfied
ligand hydrogen-bond donors, and for modeled interactions with key binding site residues?6.
Of those that remained, 205 were filtered for chemical novelty by insisting on ECFP4-based
Tc similarities < 0.35 vs. ~28,000 annotated dopaminergic, serotoninergic, and adrenergic
ligands from the ChEMBL20 database?”.

Initial synthesis and testing.

From the remaining top-ranking clusters, we synthesized 17 richly functionalized THPs.
The selected primary amines 4 and a,-unsaturated carbonyls 5 were first condensed to
provide a,B-unsaturated imines 8 (Extended Data Fig. 1a). A one-pot reaction sequence then
furnished THP sub-types (£)-1 to (£)-3 by Rh(l)-catalyzed C-H addition of imine 8 to
alkyne inputs 6 or 7 with /n situ electrocyclization to give dihydropyridines (DHPS) (£)—-9
or (£)-10, respectively. THPs (£)-1 to (£)—3 were obtained by submitting DHPs (+)-9 or
(£)—-10 to different reduction protocols without any work-up or isolation. To facilitate the
synthesis of some initial compounds, and for later analog synthesis (vide infra), a route was
developed for the late-stage introduction of various R® substituents on the nitrogen of the
THP core by preparing THPs (x)-2 to (¥)—3 with a cleavable substituent on the nitrogen
(Extended Data Fig. 1b). The synthesized THPs display a range of interesting functionalities
and are well-differentiated from the endogenous agonist, serotonin, and from previously
reported 5-HT,aR synthetic ligands.

The initial set of 17 synthesized THPs were tested in radioligand displacement assays versus
the 5-HT,AR, 5-HT2gR and 5-HTy¢R subtypes. This identified four molecules with K;
values ranging from 0.67 to 3.9 uM, a 24% hit rate (Figure 2a-b). In functional assays at

the three 5-HT>,R subtypes, these four ligands exhibited either agonist or antagonist activity,
with agonist activity ranging from 1.9 to 3.0 UM at the 5-HT,gR (Figure 2c¢, Extended Data
Table 2).

Docked poses of the confirmed ligands suggested that all four interact with conserved
binding site residues, including a salt bridge between the THPs’ tertiary amine and D1553-32,
a characteristic interaction in aminergic and certainly serotonergic2® GPCRs (Figure 2d).
Several of the THPs were also predicted to hydrogen bond with N343%-55 on TM6 and the
main chain of residues on the second extracellular loop (ECL2), and to form van der Waals
interactions with residues on transmembrane helices 3, 5 and 6. Since the 5-HT,aR and
5-HT,gR orthosteric binding sites are highly conserved, with only four residues varying
between them16, we hypothesized that even THP ligands binding primarily at the 5-HT,gR
subtype could be optimized to engage the 5-HT,aR.
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Structure-based optimization.

We initially focused on synthesizing THP analogs that conserved the pyridine and pyrazole
substituents at the C5 position, while varying the substituent on the THP nitrogen. This
substitution site showed greater variability in the early ligands and is also straightforward to
modify from the many available building blocks. Twenty analogs incorporating the pyridine
ring at the C5 position were synthesized and assayed for binding, initially as racemates.
Several had improved affinity, and even those analogs with reduced affinity provided useful
insights into structure activity relationships. Although the 3-hydroxyoxetane functionality
was developed as a carboxylic acid bioisostere2?, the corresponding carboxylic acid analog
(+)—30 had no activity against the 5-HT,aR or 5-HTogR (Supplementary Figure 2a).
However, the oxygen heteroatoms in the hydroxyoxetane do contribute to binding because
the 1-methylcyclobutyl (£)-31 and neopentyl (+)-32 analogs had reduced affinity. The
location of the basic pyridyl nitrogen is also important as established by the lack of activity
of the pyridine regiosomer (+)-33.

The eight highest affinity racemic analogs were separated by chiral high-performance liquid
chromatography (HPLC) and tested for binding and functional activity as single enantiomers
(Supplementary Table 2). As exemplified for (R)-35 and (S)-35, strong chiral discrimination
was generally observed for the binding of each pair of enantiomers to both 5-HT,aR

and 5-HT,gR. Encouragingly, docking correctly predicted that the S-enantiomer would
bind with greater affinity. Improved binding affinity and functional activity was observed
when the methyl substituent present on the pyridyl ring was replaced by the isosteric but
metabolically stable chloro substituent, as exemplified by (R)/(S)-35 and (R)/(S)-36. Based
upon the incipient 5-HT,gR hit (£)—28 (Extended Data Table 2), the pentyl substituent was
introduced on the THP nitrogen of (S)-37, resulting in sub-micromolar agonist activity at
the 5-HT,aR, though still with ~10-fold greater agonism of the 5-HT,gR. Analogs with
variable alkyl chain lengths and branching were low nanomolar agonists of the 5-HT,gR,
but unfortunately did not improve agonist activity at the 5-HT,aR.

The C5-pyrazole substituent is present in two of our four initial active ligands. To capitalize
on this substituent, we revisited the 4.3 billion compound virtual library with molecular
weights < 400 amu. Library members with a Tanimoto similarity of > 0.5 to initial hits
(x)-26 and (+£)—28 were docked to the 5-HT,R orthosteric binding site and their poses
assessed for steric complementarity and for favorable interactions with binding site residues.
While numerous substituents with diverse steric profiles and hydrogen bonding abilities
were examined off the THP nitrogen ((x)-43-(x)-54), in all cases binding affinity of >

10uM was observed at the 5-HToaR (Supplementary Figure 2b). We also experimented with
introducing nitrogen substituents from the other initial hit compounds in analogs (£)-55 and
(x)-56 but found these changes to be unfavorable. The larger ethyl rather than a methyl
substituent, at either C3 ((£)—57) or on the pyrazole nitrogen ((x)-58), was not tolerated.

Searching the greater 4.3 billion compound virtual library for similar compounds with

heteroaryl groups to replace the pyrazole substituent proved to be more successful, with
the azaindole substituent resulting in improved affinity and functional activity. Fourteen
azaindole analogs were separated and tested as single enantiomers, with most exhibiting
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partial or full agonism at the 5-HT,aR (Supplementary Table 3). Small nitrogen substituents
provided the greatest agonist activity and led to the identification of 5-HT,aR strong

partial agonists (R)-69 and (R)-70 with 41 nM and 110 nM ECgg values in a calcium

flux assay, respectively (Figure 3a—c). In contrast, introduction of the larger 2-(3-(2-
methylpyrimidinyl))ethyl nitrogen substituent provided a selective 5-HT,aR antagonist
(S)-65 with 59 nM activity (Figure 3; Supplementary Table 3). The partial agonists (R)-69
and (R)-70 were structurally similar to the initial docking hits, including C5 placement of a
heteroaromatic ring and the importance of both unsaturation and the C3 methyl substituent
in the THP ring (see 71 and 72).

Target & functional selectivity.

Selective activity on 5-HToaR versus off-targets like the highly-related 5-HTogR, other
serotonin receptors—metabotropic but also ionotropic—and even transporters is important
for usefulness as chemical probes and for therapeutic potential (for instance, 5-HT,gR
agonists can cause valvular heart disease)!®. (R)-69 had an agonist ECsg of 190 nM vs.
5-HT,gR, making it 4.6-fold selective for the 5-HT,aR, while (R)-70 is 6.4-fold selective
for 5-HT,aR versus 5-HT,gR (Figure 3c); the two compounds were 29 to 51-fold selective
versus 5-HT,cR. Against a panel of 318 other GPCRs in a B-Arrestin recruitment assay3°,
neither (R)-69 nor (R)-70 had measurable agonism, nor did either antagonize the hERG
ion channel, a toxicology anti-target, up to 10 uM (Extended Data Fig. 2a—c). By ligand
displacement, no substantial binding was measured at 45 other off-targets (Extended Data
Table 3 and Supplementary Table 5). While (R)-69 had modest (0.8uM) activity for the
serotonin transporter, SERT, (R)-70 had no measurable activity, and neither compound was
active versus the DAT or NET transporters. Compared to classic psychedelic 5-HT,aR
agonists like LSD, psilocin and DMT31, the new agonists are selective against most common
serotonergic off-targets (Extended Data Fig. 2d—f). While the ECsgq of even (R)-69, at 41
nM, can seem modest, we note that it is within the range of many in vivo active 5HTa
receptors agonists, including mescaline (4 uM) psilocin (24 nM), LSD (6.4 nM), and lisuride
(17 nM), while its selectivity versus 5HT,g and especially SHT,¢ is substantially higher
than these classic agonists. Meanwhile, the optimized tetrahydropyridines have unusually
high ligand efficiencies, reaching 0.6 kcal/HAC, contributing to the high brain exposure
achieved by the molecules and to their in vivo efficacy (below).

Unlike the psychedelic 5-HToaR agonist LSD, which is arrestin-biased16:20.21.32 the new
agonists were G protein biased, activating Gq signaling at mid-nanomolar concentrations
with high efficacy while BArr2 recruitment was only detectable at higher concentrations. To
quantify these differential kinetics, we calculated transduction coefficients at each time point
for Gg and BArr2 activities. (R)-69 and (R)-70 displayed stable differences unlike the other
tested 5-HT,aR ligands, which had more variable patterns (Extended Data Fig. 3).

Structure prediction and determination by cryo-EM.

Since the S-enantiomer docked better during hit optimization, we sought to refine the
docked pose of (S)-69, as it would be important for further optimization of this series.
Starting with the homology model of 5-HT,aR used in the ligand discovery phase, 40
ligand poses were generated. These were clustered into six poses and used as starting
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points for 50ns molecular dynamics (MD) simulations. Two stable poses emerged and were
used to run retrospective free energy perturbation (FEP)33 for analogs of (S)-69, comparing
these with experimentally measured binding affinities; the ligand-receptor complex whose
relative affinities by FEP corresponded most closely to those of the analogs within this
series was chosen as the final predicted pose (Supplementary Figure 3). The pose features
a salt bridge with D1553-32, a hydrogen bond with $2425-46, and packing interactions

with F2226-52 (superscripts refer to the Ballesteros—-Weinstein numbering system for GPCR
residues, where the first number denotes the helix and the second number indicates the
residue position relative to the most conserved residue, defined as X.5034).

To template future compound optimization, understand activity at atomic resolution, and to
test the predicted structures, we determined the structure of 5-HT,AR bound to (R)-69 by
single particle cryogenic electron microscopy (cryoEM). We used our previously reported
strategy16 in which the 5-HT,AR/miniG, complex was formed from separately purified
receptor in the presence of (R)-69 and miniGg heterotrimer and further stabilized through the
binding of a single-chain variable fragment (scFv16)3. We obtained the cryo-EM structure
of the complex at a global nominal resolution of 3.4 A (Figures 4A and Extended Data Fig
4; Extended Data Table 4).

The high quality cryo-EM density in the 5-HT,aR orthosteric site allowed for unambiguous
modelling of (R)-69 (Figure 4d), which was further confirmed through the GemSpot
pipeline3®. Interactions with the orthosteric site residues include the key salt bridge
interaction with D1553-32 and a II-stacking interaction between the azaindole of (R)-69
and F340%-52 (Figure 4b and 4c). Multiple additional hydrophobic interactions including
V156333 /235539, \W3366-48 and F3395-51, also seem to play a role in (R)-69 binding.
Although other polar interactions may be present in (R)-69 binding, no hydrogen-bond
interaction is observed with the orthosteric site residues $239%43, 5242546 or 51593-36
which are key for LSD and 25CN-NBOH (a A-benzyl phenethylamine full-agonist1®)
binding, respectively.

The superposition of the docked (S)-69 and experimental (R)-69 bound 5-HT,aR structures
reveals good correspondence, with the azaindole groups superimposed almost identically
(Figure 4e). The cryo-EM structure shows that the (R)-69 THP ring adopts a slightly
different conformation to the computationally predicted one, with the C3 methyl substituent
pointing to the extracellular side of the binding pocket. Nonetheless, the key interaction
between the THP ring amine and the D1553-32 carboxylate is present as designed.

The cryo-EM structure of (R)-69 bound 5-HT,aR/miniGg; informs comparisons with other
5-HT AR structures (Extended Data Fig. 5). As with our previously described structure of
25CN-NBOH-bound 5-HT»4R in complex with a G protein (PDB: 6WHA5), reflecting

the activated state of the receptor, the intracellular ends of TM5 and TM6 in the (R)-69
bound 5-HT,AR/miniGg; adopt an open conformation accommodating the binding of

the G protein a—>5 helix (Extended Data Fig. 5a). 5-HT,aR - miniGg; interactions are
virtually identical to those described for 25CN-NBOH, supporting the significance of 5-
HTAR residues N107237, D172349, N3176-29, and N384847 in hydrogen-bonding with Ga
residues E242H522 y243H5.23 237H517 ‘and N244H524 As was also seen in the other
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activated structures, in the (R)-69/5-HT,AR/miniGg; complex residues A321633, 261565,
1177354, 1.3256-37 and \3246-36 of 5-HT, AR form a hydrophobic core with L236H3-16,
L240H5-20, and 2451525 of Gay. In the complex with (R)-69, as in the earlier activated
structures, receptor stabilization by G protein binding includes the rearrangement of ICL2 to
a well-structured a-helix (Extended Data Fig. 5a).

In the (R)-69 complex, the “toggle switch” residue W336%48 is in an “upward”
conformation that is closer to the inactive LSD bound configuration (PDB: 6WGT26) versus
the “downward” configuration observed in the 25CN-NBOH-bound structure (due to the
location of the 25CN-NBOH phenol moiety). Nonetheless, W336%48 is found in the same
position in both active structures (Extended Data Fig. 5b) due to the opening of TM6 upon
G protein binding with an identical subsequent conformation of the side chain of F332644 in
the PIF (P5-50-13-40_F6.44) motif. The PIF motif is known to undergo conformational changes
upon receptor activation?9. Notably, (R)-69 extends more toward TM5 than does LSD in its
complex with the inactive state of 5-HT,aR. As also observed for the 25CN-NBOH-bound
structure, the (R)-69-complex displays an orthosteric binding pocket that is open to the
extracellular side of the receptor (Extended Data Fig. 5c¢, top), while it is more closed in

the LSD-bound structure®. Interestingly, even though (R)-69 lacks a substituent binding
towards the intracellular side of the pocket, a deeper extension of the pocket appears to open
between TM3 and TM6 (Extended Data Fig. 5¢c, bottom). Compared to newly-determined
x-ray structures of the classic agonists serotonin and psilocin3’, which bind relatively high
in the orthosteric site of the 5SHToAR, towards its cytoplasmic face, (R)-69 binds about
two-rings deeper in the site, more closely engaging recognition residues such as Phe339,
Phe340, and Ser242.

Behavioral pharmacology.

The potency and selectivity of (R)-69 and (R)-70 prompted us to investigate their biological
activities, as drugs targeting the 5-HT,aR as antagonists are prescribed for psychosis

and other psychiatric indications3®, while agonists can exert psychedelic, anxiolytic, anti-
depressive, and anti-drug abuse actions®:3%, There is much interest in finding agonists that
retain anti-depressive actions without the hallucinogenic effects of classic psychedelics like
LSD and psilocin. Encouragingly, both (R)-69 and (R)-70 had substantial brain permeability
in mouse pharmacokinetic (PK) studies, with intraperitoneal (i.p.) injections of 10 mg/Kg
leading to gross brain Cyax Values of approximately 12 and 35 UM, plasma:brain ratios

of 1.09 and 0.11, and brain half-lives of 111 and 28.2 min, respectively for (R)-69 and
(R)-70 (Extended Data Fig. 6); exposures dosed at 1 mg/Kg remained substantial (Extended
Data Fig. 6). These favorable CNS exposures prompted us to monitor head twitch responses
(HTRs), classic harbingers of 5-HT,4R engagement and psychedelic drug-like activity#%:41,
Different doses of both (R)-69 and (R)-70 induced very low levels of HTRs and, with the
vehicle control, these values were significantly lower than those for the psychedelic LSD
(Figure 5a). Moreover, both (R)-69 and (R)-70 significantly blocked the HTRs induced by
LSD itself. The level of inhibition of LSD-induced HTR by (R)-69 and (R)-70 is consistent
with what one would expect for competition at the doses used, given the substantially
greater potency of LSD. Since activation of the 5-HT,aR can lead to hallucinations#2,
partial blockade of LSD-induced HTRs with (R)-69 and (R)-70 further demonstrates
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these compounds are unlikely to be psychedelic at these doses. In an additional test for
psychedelic-like actions, (R)-69 and (R)-70 were found to exert no effects on prepulse
inhibition (PPI) relative to LSD (Figure 5b; Extended Data Fig. 7a—b).

Besides finding negligible psychedelic potentials for (R)-69 and (R)-70, we tested whether
they would acutely stimulate or inhibit open field locomotion. Responses to both compounds
were indistinguishable from the vehicle (Extended Data Fig. 8a—b). Moreover, both
compounds blocked LSD-stimulated hyperlocomotion--further demonstrating the absence
of motor-stimulating activities. Additionally, behavioral sensitization and conditioned place
preference were not evident with the compounds relative to cocaine (Extended Data Fig. 8c—
d). Hence, (R)-69 and (R)-70 do not possess locomotor-stimulating or reinforcing activity.

Psilocybin and LSD are reported to possess anxiolytic and anti-depressive actions in cancer
and other patients#3-46, Accordingly, we tested effects of (R)-69 and/or (R)-70 in mouse
genetic and learned helplessness (LH) models of depressive-like behaviors*2. Some of
these experiments used vesicular monoamine transporter 2 heterozygous (VMAT2 HET)
mice, which present with motor-retardation in the open field, anhedonia-like behavior

to 1 and 1.5% sucrose solutions, enhanced LH, and augmented stress-induced serum
corticosterone levels compared to wild-type (WT) controls. Similarly, in mutants immobility
times are increased in the forced swim and tail suspension tests; these immobility times are
normalized with the well-known anti-depressants imipramine, fluoxetine (FLX), reboxetine,
and bupropion. Responses to (R)-69 and (R)-70 and several other drugs were examined 30
min and 24 h post-administration in the VMAT2 HET mice (hashed bars, right of each
paired column) and compared to WT mice (solid bars, left of each paired column; Figure
5c—d). Examining the first paired columns (Figure 5¢—d), WT mice treated with vehicle had
lower immobility times than VMAT2 HETS both acutely and at 24 h, consistent with the
depressive-like phenotype of these mutants (significant values between pairs are above the
bars in all comparisons). Notably, the enhanced immobility of the VMAT2 HET animals
was normalized by acute administration of FLX, 1 mg/Kg (R)-69, or 0.5 or 1 mg/Kg
(R)-70, and it remained at WT vehicle levels 24 h post-administration for both doses of
(R)-69 and (R)-70. Thus, in this mouse genetic model both (R)-69 and (R)-70 possess
anti-depressant-like actions at least over 24 h.

To determine whether the anti-depressant-like activities of (R)-69 and (R)-70 were mediated
through the 5-HToaR or 5-HT,cR, we administered the respective antagonists MDL 100907
and SB 242084. Unfortunately, relative to the vehicle control, we found both antagonists
decreased immobility on their own in VMAT2 HETS, confounding interpretation of this
experiment (Extended Data Fig. 7c—d).

To further investigate anti-depressant actions of (R)-70, C57BL/6J mice were tested in LH
(Figure 6a). Note, these experiments were not conducted with (R)-69 owing to reagent
limitations. Mice were assigned to foot-shock (FS) and non-FS (NFS) conditions and were
given 16 days of training. Subsequently, animals received a single administration (i.p.) of
vehicle, 1 mg/Kg (R)-70, 1 mg/Kg psilocin, or 10 mg/Kg ketamine and sucrose preference
responses, immobility times, and escape behaviors were examined over time, with anxiety-
like behaviors evaluated 13 days post-injection. Prior to drug administration during the
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pairing of sucrose and water solutions (S-W pairing), FS mice showed a reduced sucrose
preference compared to NFS animals (Figure 6b). Hence, FS mice exhibit depressive-like
behavior. Post-treatment (days 0-20) no significant effects were observed within days
among the NFS mice. Crucially, sucrose preference in FS mice was diminished in the
vehicle controls versusthe (R)-70 and psilocin groups where anti-depressive-like effects
were immediate (acute on day 0) and persisting over 3 days post-injection. Thus, (R)-70
and psilocin substantially increases sucrose preference among the FS mice. Corresponding
effects of ketamine were not apparent until day 1 but were maintained through day 3. By day
8 the levels of sucrose preference in all groups were not statistically different. The reduced
sucrose preference in FS animals was not due to decreased fluid intake because they drank
larger volumes of the sucrose solution and water than NFS mice prior to treatment, as well
as through day 3 post-injection; after day 8 levels of intake were similar between the NFS
and FS conditions (Extended Data Fig. 7e).

Relative to sucrose preference, responses to the treatments between and within the FS and
NFS conditions were more robust in the tail suspension test. Here, immobility times in
NFS-treated mice were comparable across the 18 test days (Figure 6¢). By contrast, under
the FS condition immaobility times were high in vehicle controls relative to the (R)-70 group
and this persisted to day 14. Compared to FS vehicle controls, psilocin and ketamine were
efficacious on days 1 and 4, with the psilocin effects lasting to day 9 post-injection. Hence,
(R)-70 appears to have anti-depressant-like activities not only in sucrose preference, but also
in tail suspension which persisted over days following a single injection.

Besides depressive-like responses, anxiety-like behavior was examined. In the elevated zero
maze, FS mice spent less time in the open areas than NFS mice (Extended Data Fig. 9a).
Within the FS condition, vehicle-treated animals spent less time in the open areas than
animals given (R)-70, psilocin, or ketamine. Additionally, in FS mice the latency to enter

the open areas was increased, while motor activities were reduced (Extended Data Fig.
9b-c). Together, these findings suggest the FS mice display anxiety-like behaviors and this is
especially apparent in vehicle-treated FS mice.

A key aspect of LH is their performance in escape testing®2. This behavior was examined as
the numbers of escapes and latency to escape just prior to treatment (day —1) (Extended Data
Fig. 10a—b). Compared to NFS mice, both escape indices were severely affected in FS mice
and they persisted throughout the experiment (i.e., through day 19); no treatment effects
were noted within the NFS or FS conditions. Together, these results reveal that treatments

at the assigned doses could not overcome the escape decrements in the FS condition.
Moreover, this decrement in performance suggests the FS mice may be presenting not only
with depressive- and anxiety-like behaviors, but also with posttraumatic stress disorder-like
responses. To determine whether the different conditions or treatments were differentially
sensitive to foot-shock, all mice were tested for reactivity to this noxious stimulus (Extended
Data Fig. 10c). Responses in the FS and NFS animals were similar to the 0 to 0.3 mAmp
stimuli; responses to the 0.1 to 0.3 mAmp foot-shock were undifferentiated and higher than
those to 0 mAmp. No treatment effects were found. Thus, impairment in escape performance
in FS mice cannot be attributed to differential sensitivities to foot-shock.
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Discussion

Here we describe a structure-based computational screen of a bespoke, ultra-large virtual
library of molecules to find functionally-selective agonists with interesting /n vitroand

in vivo activities. Three observations merit particular emphasis. First, a virtual library of

75 million tetrahydropyridines furnished structures underrepresented in a general-purpose
make-on-demand library, with >99% of the molecules in the THP library having no
equivalent in the general-purpose library, and 96% representing different scaffolds. Docking
this library prioritized molecules active against 5-HT> receptor subtypes, ultimately leading
to potent 5-HT,aR agonists with unusual kinetics for G protein signaling versus arrestin
recruitment. Second, the cryo-EM structure of the 5-HToAR/(R)-69 complex confirms

the predicted structure and templates future optimization of this new scaffold. Third, the
novelty of (R)-69 and (R)-70 was mirrored in the new biology they conferred, leading

to agonists without psychedelic drug-like and locomotor-stimulating actions, typical of
classical 5-HT,AR receptor agonists like LSD and psilocin,*’ but with anxiolytic-like and
strong antidepressant drug-like effects in mouse models.

Certain caveats merit airing. Synthetically, the rapid synthesis of highly functionalized,
readily diversified scaffolds depends upon facile, convergent, and functional-group-
compatible syntheses, limiting the scaffolds suitable for specialized virtual libraries. While
the initial docking hit rate for 5-HT2R subtypes was high, at 24%, the hit rate for 5-
HToaR in particular was lower. While the 5-HToAR/(S)-69 complex was predicted with
high-fidelity to the subsequent cryo-EM structure (Figure 4), this demanded extensive MD
and FEP simulations;3348 where docking alone and even pose stability by MD alone*®
were insufficient. Rather it was the combination of stable MD geometries*® with FEP
based on those geometries that led to the correct prediction. The unusual phenotype of the
new agonists—conferring antidepressant drug-like activity without apparent psychedelic-
like activity—may reflect their unusual functional selectivity between G protein and BArr
recruitment through the 5HT,a receptor. Admittedly, a role for off-targets, including other
5HT, subtypes, and even for active metabolites, cannot be excluded. Finally, while the
behavioral activity of the new agonists suggests therapeutic potentials, the current molecules
demand more exploration and optimization before they can be considered drug candidates.

These caveats should not obscure the central observations of this study. A virtual library
of 75 million THPs explored a functionally-congested scaffold underrepresented in general,
unbiased make-on-demand libraries. Docking this virtual library prioritized molecules that
well-complemented the 5-HT,aR; their optimization led to strong partial agonists with
distinct signaling kinetics. As 5-HT,aR agonists, these molecules are potential leads for
the development of therapeutics against disorders that have withstood long-term treatment,
including depression, anxiety, and posttraumatic stress disorder. More generally, multiple
synthetic strategies® and scaffolds may furnish specialized virtual libraries representing
chemotypes unavailable among general make-on-demand libraries. Such focused libraries
may illuminate receptors and pharmacologies that have thus far been inaccessible to the
community.
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Materials and Methods

THP virtual library generation.

The THP libraries were created as follows:

A. Reagent selection.— We searched ZINC for commercially available building
blocks to find reagents where we could purchase 250 mg for under $250, filtering out
molecules with incompatible functional groups. For instance, molecules containing alkyne
moieties in the amines, anilines, or propenal reagents were eliminated. These compound
lists were then manually curated for compatibility with the reaction scheme. We found
1848 anilines, 276 trimethylsilylalkynes, 25 tertiary alkynes and 541 non-tertiary alkynes,
147 propenaldehydes, 283 propenals, and 1890 alkyl-amines. We capped the molecular
weight to produce lead-like compounds as follows: TMS alkynes, 222 g/mol, propanals and
propenaldydes, 160 g/mol, alkyl amines, anilines, and alkynes, 150 g/mol.

B. Reactions.—The reaction SMARTSs used for the reactions are listed in Supplementary
Table 1. We used RDK:it Version 106_03 for all manipulations. We generated molecules and
filtered the list to remove molecules larger than 400g/mol and with calculated logP > 3.5.

C. 3D building.—We built the libraries for docking as described for ZINC15°2.

Homology modeling.

A homology model of the 5-HT,aR was calculated using the crystal structure of 5-HT,gR
in complex with LSD as the template (PDB: 5TVN chain A °3). Sequence alignment for
construction of 5-HT,AR homology models was generated with PROMALS3D %4, using
sequences of the human 5-HT,aR (Uniprot accession number: P28223), 5-HT,gR (P41595),
as well as sequences of all available 5-HT,gR X-ray structures PDB: 41B4 (chain A) %,
4NC3 (chain A) %6, and 5-HT,gR/LSD complex (5TVN chain A; 33). The alignment was
manually edited to remove the amino and carboxy termini that extended past the template
structure, and to remove the engineered apocytochrome b562 RIL (BRIL) from the template
and the corresponding residues in ICL3 of 5-HT,aR. Based on this alignment, 1000
homology models were built using MODELER-9v15 ®7. LSD was retained in the modeling
to ensure a ligand-competent orthosteric site. Models were evaluated using DOCK 3.7 %8
for their ability to enrich known 5-HT,aR ligands over property-matched decoys in docking
to the orthosteric binding site (below). Decoy molecules share the physical properties of
known ligands, but are topologically distinct from them and so that are unlikely to bind, thus
controlling the enrichment of molecules by physical properties alone. Thirty-four known
ligands with MWs< 350 were extracted from the IUPHAR database %, and 1899 property-
matched decoys were generated using the DUD-E server0. The models were ranked by
their adjusted logAUC®? and by an enrichment factor at 1% of the docked database (EF1o5).
Models also had to reproduce the crystallographic pose of LSD in the template structure and
form key interactions with the receptor, such as the observed salt bridge with Asp332. The
best scoring model by ligand enrichment was further optimized through minimization with
the AMBER and the GAFF force fields, the latter supplemented with AM1BCC charges®?.
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The integrity of the minimized model was assessed by redocking the known ligands and
decoy molecules and re-calculating enrichment factors.

Library docking and selection of potential ligands for synthesis and testing.

The modeled orthosteric site of the 5-HT,AR model was screened against the 75 million
THP library using DOCK3.7%8, Parenthetically, DOCK3.7 places pre-sampled ligand
conformations into binding sites by superimposing ligand atoms on pseudo-atoms (spheres)
in the site. These pseudo-atoms represent favorable positions for individual ligand atoms.
Here, 45 matching spheres were used, drawn from the docked pose of LSD. The docked
ligands were scored by summing receptor-ligand electrostatic and van der Waals interaction
energies and corrected for context-dependent ligand desolvation62:63, Receptor structures
were protonated using Reduce®*. Partial charges from the united-atom AMBER 61 force
field were used for all receptor atoms. Potential energy grids for the different energy

terms of the scoring function were pre-calculated using AMBER®! for the van der

Waals term and the Poisson-Boltzmann method QNIFFT65.86 for electrostatics. Context-
dependent ligand desolvation was calculated using an adaptation of the Generalized-Born
method®2. Ligands were protonated with Marvin (version 15.11.23.0, ChemAxon, 2015;
https://www.chemaxon.com), at pH 7.4. Each protomer was rendered into 3D using Corina
(v.3.6.0026, Molecular Networks GmbH; https://www.mn-am.com/products/corina), and
conformationally sampled using Omega (v.2.5.1.4, OpenEye Scientific Software; https://
www.eyesopen.com/omega). Ligand atomic charges and initial desolvation energies were
calculated as described®2. In the docking screen, each library molecule was sampled in
approximately 23,000 orientations and, on average, 92 conformations. Overall, about 7.46
trillion complexes were sampled and scored; this took 8,698 core hours—or under 9 hours
of wall-clock time over 1000 cores. Finally, the best scoring configuration for each docked
molecule was relaxed by rigid-body minimization. Over 5 million molecules successfully
docked, with ~880,000 receiving an energy score of —30 kcal/mol or better (lower).

Once the screen was completed, the top 300,000 ranked molecules were clustered by the
ECFP4-based Tanimoto coefficient (Tc) of 0.5 to reduce redundancy. The best-scoring
member was used to represent each of the resulting 14,959 clusters. The 4,000 top-ranking
cluster heads were manually inspected for favorable geometry and interactions in Chimera®’.
Topologically diverse molecules that adopted favorable geometries and formed specific
interactions with binding site residues, such as a charge interaction with D155%-32, were
prioritized. Two hundred and five compounds were selected. These were filtered for novelty
by calculating ECFP4-based Tcs against ~28,000 aminergic ligands (acting at serotonin,
dopamine and adrenergic receptors) extracted from the CHEMBL20 database58. Molecules
with Tc < 0.35 to these aminergic ligands were considered as topologically dissimilar and
passed this filter. Ultimately, thirty compounds were chosen for synthesis and experimental
testing, seventeen of which were successfully synthesized.

(R)-69 binding pose refinement with MD and retrospective FEP.

The 5-HT,aR homology model structure was prepared using the Protein Preparation Wizard
(Maestro, Schrodinger, NYC) with the default protocol, and protonation states for histidine,
glutamic and aspartic acid residues were predicted by PROPKa® at a pH of 7.4. (R)-69 was
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docked to the prepared structure via Glide SP and Induced Fit Docking (IFD) (Schrodinger,
NYC). By enforcing hydrogen bond interactions to D1553-32, three poses were generated
from each program and were subjected to Molecular Dynamics (MD) using Desmond.

The Force Field Builder’® was used to parametrize missing dihedrals of (R)-69. Then, each
pose of (R)-69 together with the prepared receptor structure was embedded in a POPC
membrane, solvated, and had Na* CI~ ions added to a 0.15 mM concentration. The MD
systems were equilibrated for 100 ps of Brownian NVT at 10 K with restraints on all the
solute’s heavy atoms, followed by 100 ps of Brownian NPT at 50 K and 200 ps of NP-yT at
50 K. Then the system was heated from 100 K to 300 K over 300 ps of NPy T ensemble with
gradual release of restraints. A final NVT unrestrained was run for 200 ps. The production
runs were sampled for 50 ns of unrestrained NPy T ensemble at 298 K. Trajectories from

the production run were analyzed using Simulation Interaction Diagram for RMSD, RMSF,
protein-ligand interactions and ligand torsional profile.

Free Energy Perturbation (FEP) calculations were performed using FEP+ (Schrodinger,
NYC)’1 on (R)-69 and 19 analogs. Missing torsional parameters for the ligands were refitted
using Force Field Builder’0. Glide SP docking with tight core constraint was used to align
ligands to (R)-69 of the equilibrated system. A perturbation map was then built using
cyclohexenamine as the custom core. Perturbations in complex and in solvent were sampled
in the NPy T ensemble for 10 ns, and the perturbation map was analyzed using FEP+.

THP synthesis.

Compounds were synthesized as depicted in Extended Data Fig. 1. THPs (£)—-1 through
(x)-3 were obtained via a one-pot reaction sequence from imines 8 and alkynes 6 or

7 following previously described procedures (Extended Data Fig. 1a)’2-"4. All imines
were freshly prepared from amines 4 and a,B-unsaturated carbonyls 5. Select THP
compounds were synthesized in two additional steps when the late-stage introduction of
various R substituents on the nitrogen of the THP core was desired (Extended Data

Fig. 1b). Starting inputs 4-7 that were prohibitively expensive or had long delivery times
were also synthesized (details for relevant building blocks are outlined in Supplementary
Data 1). Final products were purified by silica gel chromatography, and enantiomerically
pure compounds were obtained using chiral high-performance liquid chromatography
(HPLC). Identity and purity were confirmed by 1H and 3C NMR and high-resolution
mass spectrometry (HRMS). See Supplementary Data 1 for detailed synthetic procedures,
analytical data, NMR spectra, and, when appropriate, chiral HPLC traces to demonstrate
enantiomeric purity for all final products listed in Extended Data Table 2 and Supplementary
Tables 2-3.

Radioligand binding assay.

HEK?293T cells were purchased from the American Type Culture Collection (ATCC, ATCC
CRL-11268). HEK293T cells were authenticated by the supplier (ATCC) using morphology
and growth characteristics, and STR profiling, and tested negative for mycoplasma infection.
Competitive binding assays were performed using membrane preparations from HEK293T
cells transiently expressing 5-HToaR, 5-HTogR, and 5-HT,cR. Binding assays were run in
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96-well plates in the standard binding buffer (50 mM Tris, 0.1 mM EDTA, 10 mM MgCl,,
0.1% BSA, 0.01% ascorbic acid, pH 7.4). Fifty pL each of 3H-LSD (final 0.5 nM) for
5-HT»aAR and 5-HT,gR, and 3H-Mesulergine (final 1 nM) for 5-HT,cR, drug solution (3 X),
and homogeneous 5-HT2a, 2B and 2cR membrane solutions were incubated in 96-well plates
in the standard binding buffer. The reaction was incubated for 2 h at room temperature in the
dark and terminated by rapid vacuum filtration onto chilled 0.3% PEI-soaked GHF/A filters
followed by three quick washes with cold washing buffer (50 mM Tris HCL, pH 7.4) and
read. Results were analyzed using the equation ‘one-site fit Ki’ in GraphPad Prism 9.0.

Calcium flux assay.

Stable cell lines for 5-HT,aR, 5-HT,gR and 5-HT,cR generated using the Flp-In 293
T-Rex Tetracycline inducible system (Invitrogen). Tetracycline-induced cells were seeded in
384-well poly-L-lysine plates at a density of 10,000 cells/well in DMEM containing 1%
dialyzed FBS at least 16—24 h before the calcium flux assay. On the day of assay, cells were
incubated (20 pl/well) for 1 h at 37°C with Fluo-4 Direct dye (Invitrogen) reconstituted in
FLIPR buffer (1 X HBSS, 2.5 mM probenecid, and 20 mM HEPES, pH 7.4). After dye
loading, cells were placed in a FLIPRTETRA flyorescence imaging plate reader (Molecular
Dynamics). Drug dilutions were prepared at 3 X final concentration in drug buffer (1 X
HBSS, 20 mM HEPES, 0.1% BSA, 0.01% ascorbic acid, pH 7.4), aliquoted into 384-well
plates, and placed in the FLIPRTETRA for drug stimulation. The fluidics module and plate
reader of the FLIPRTETRA were programmed to read baseline fluorescence for 10 s (1
read/s), then 10 pl of drug/well was added and read for 5 min (1 read/s). Fluorescence in
each well was normalized to the average of the first 10 reads (i.e., baseline fluorescence).
Then, the maximun-fold increase, which occurred within the first 60 s after drug addition,
was determined and fold over baseline was plotted as a function of drug concentration. Data
were normalized to % 5-HT stimulation and analyzed using “log(agonist) versus response”
in Graphpad Prism 9.0.

BRET (Bioluminescence Resonance Energy Transfer) assay.

For 5-HT,aR, 5-HT9gR, and 5-HT,cR-mediated G protein activation, HEK293T cells were
plated either into 6-well dishes containing 700-800,000 cells/well or into 10-cm dishes at
approximately 7-8 million cells/dish. Cells were transfected 2—4 h later, using a 1:1:1:1
ratio of the receptor:GaRIuc8:Gp:GyGFP DNA'®, Transit 2020 (Mirus biosciences) was
used to complex the DNA at a ratio of 3 pL Transit/ug DNA in OptiMEM (GIBCO) at a
concentration of 10 ng DNA/UL OptiMEM. The next day, cells were harvested from the
plate using Versene (0.1M PBS + 0.5 mM EDTA, pH 7.4), and plated into poly-D-lysine-
coated 96-well white assay plates (Greiner) at a density of 25-50,000 cells/well. One day
after plating in 96-well plates, white backings (Perkin Elmer) were applied to the clear
bottoms of the plate, and the medium was carefully aspirated and replaced with 60 pL buffer
(1 X HBBS, 20 mM HEPES, pH 7.4), incubated for 10 min at 37 °C, and incubated again
for 10 min but at room temperature. The buffer was carefully aspirated and replaced with
50 UM coelenterazine 400a (nanolight technology) in 60 uL buffer (1 X HBSS, 20 mM
HEPES, pH 7.4). After a 5-min equilibration period, cells were treated with 30 pl of 3 X
final concentration in drug buffer (1 X HBSS, 20 mM HEPES, 0.1% BSA, 0.01% ascorbic
acid, pH 7.4) for an additional 5 min. Plates were read in a LB940 Mithras plate reader
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(Berthold Technologies) with 395 nm (RLuc8-coelenterazine 400a) and 510 nm (GFP2)
emission filters, at 1 s integration times. Plates were read six times, and measurements from
the sixth read were used in all analyses. The BRET ratio represents the ratio of the GFP2
emission to rLuc8 emission. Data were normalized to % 5-HT stimulation and analyzed
using nonlinear regression “log(agonist) versus response” in Graphad Prism 9.0.

To measure 5-HToaR, 5-HT2gR, and 5-HT,cR-mediated p-arrestin2 recruitment, HEK293T
cells were co-transfected in a 1:5 ratio with human 5-HT, g cR containing C-terminal
Renilla luciferase (Rluc8) and Venus-tagged N-terminal p-arrestin2. After at least 16 h,
transfected cells were plated in poly-L-lysine coated 96-well white clear bottom cell culture
plates in plating media (DMEM + 1% dialyzed FBS) at a density of 25-50,000 cells in 200
ul/well and incubated overnight. The next day, media were decanted and cells were washed
twice with 60 pL drug buffer (1 X HBss, 20 mM HEPES, 0.1% BSA, 0.01% ascorbic acid,
pH 7.4), then 60 uL of drug buffer was added per well. For kinetic experiments, plates were
incubated at 37°C at least 20 min prior to receiving drug stimulation. Afterward, 30 uL of
drug (3 X) was added per well and incubated for the designated time-points. Before reading,
10 pL of the Rluc substrate, coelenterazine h (Promega, 5 UM final concentration) was added
per well, incubated an additional 5 min to allow for substrate diffusion, and the plates were
immediately read for both luminescence at 485 nm and fluorescent eYFP emission at 530
nm for 1s/well using a Mithras LB940 multimode microplate reader. The ratio of eYFP/Rluc
was calculated per well and the net BRET ratio was calculated by subtracting the eYFP/Rluc
per well from the eYFP/RIuc ratio in wells without Venus-p-Arrestin present. Data were
normalized to % 5-HT stimulation and analyzed using nonlinear regression “log(agonist)
versus response” in GraphPad Prism 9.0.

GPCRome screen using PRESTO-TANGO.

Screening of compounds using the PRESTO-Tango GPCRome was accomplished using
previously described methods with several modifications’®. Confluent HTLA cells were
passaged and subsequently plated in white 384-well clear bottom plates (Greiner) in

DMEM (Sigma) with 1% dialyzed FBS and 10 U/mL penicillin-streptomycin (Gibco). After
incubating at 37°C and 5% CO,, for 18 h, the cells were transfected using PEI (Sigma)

with an in-plate adapted method’®. Briefly, 22 ng/well PRESTO-Tango GPCR DNAs were
resuspended in OptiMEM (Gibco) and hybridized with PEI prior to dilution and distribution
into 384-well plates and subsequent addition to cells. As an experimental control, dopamine
receptor D2 was transfected in every plate. After overnight incubation, drugs diluted in
DMEM with 1% dialyzed FBS were added to cells without replacement of the medium, and
medium alone was added for basal signals. For the tested compounds, a final concentration
of 3 UM was used. Dopamine receptor D2 assay controls were activated with 0.1 mM
quinpirole in 16 replicate wells. The remaining steps of the PRESTO-Tango protocol were
followed as previously described’®. Results were presented in the form of fold over basal for
each receptor and plotted in GraphPad Prism.

Formation of 5-HT,aR/miniGy;; heterotrimer and scFv16.

The Bac-to-Bac Baculovirus Expression System (Invitrogen) was used to generate high-titer
recombinant baculovirus (>10° viral particles/ml), expressed in s79cells, and the proteins
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5-HT7aR, miniGagin/B1/y2, and scFv16 were purified. For purification of 5-HToaR,
thawed insect cell membranes were disrupted in a hypotonic buffer containing 10 mM
HEPES (pH7.5), 10 mM MgCl,, 20 mM KClI, and protease inhibitors containing 500 pM
AEBSF, 1 UM E-64, 1 uM Leupeptin and 0.15 uM Aprotinin. Subsequently, soluble and
membrane-associated proteins were removed in a high osmotic buffer containing 10 mM
HEPES (pH7.5), 1,000 mM NaCl, 10 mM MgCls,, and 20 mM KCI. Purified membranes
were incubated in the presence of ligand, 25 UM (R)-69, and protease inhibitor cocktail at
4°C for 2 h. The membranes were incubated with 2.0 mg/ml iodoacetamide (Sigma) for

30 min and were solubilized in the buffer containing 50 mM HEPES (pH7.5), 1% (w/v)
n-dodecyl-p-D-maltopyranoside (DDM, Anatrace), 0.2% (w/v) cholesterol hemisuccinate
(CHS, Sigma) and 150 mM NacCl, at 4°C for 2 h. Solubilized 5-HT,R proteins in the
supernatants were isolated by ultra-centrifugation at 40,000 xg at 4°C for 50 min, and then
incubated at 4°C overnight with TALON IMAC resin (Clontech), 800 mM NaCl and 20 mM
imidazole as the final buffer concentrations. The resin was washed with 10 column volumes
of buffer | containing 50 mM HEPES (pH7.5), 0.1% (w/v) DDM, 0.02% (w/v) CHS, 800
mM NaCl, 10% (v/v) glycerol, 20 mM ilmidazole and 50 pM (R)-69 and with 10 column
volumes of buffer Il consisting of 50 mM HEPES (pH7.5), 0.05% (w/v) DDM, 0.01%
(w/v) CHS, 500 mM NacCl, 10% (v/v) glycerol and 50 uM (R)69. The protein was eluted
using 3 column volumes of buffer containing 50 mM HEPES (pH7.5), 0.05% (w/v) DDM,
0.01% (w/v) CHS, 500 mM NacCl, 10% glycerol, 250 mM imidazole and 50 uM (R)-69. The
sample was concentrated in a Vivaspin 20 concentrator with a molecular weight cutoff of
100 kDa (Satorius Stedim) to 500 pL. This volume of 5-HT,aR protein sample was applied
to PD MiniTrap G-25 columns (GE Healthcare) to remove imidazole with buffer containing
20 mM HEPES (pH7.5), 100 mM NaCl, 0.5% (w/v) LMNG, 0.05% (w/v) CHS, 0.00025%
(w/v) GDN, 100 pM TCEP, and 50 uM (R)-69. The N-terminal BRIL was removed by
addition of His-tagged PresCission protease (GeneScript) with incubation overnight at 4°C.
Protease-cleaved BRIL and uncleaved protein were trapped by equilibrated TALON IMAC
resin (Clontech) and the flow-through was collected. The 5-HT,AR was further purified

by size-exclusion chromatography on a Superdex 200 10/300 gel filtration column (GE
Healthcare) with SEC buffer containing 20 mM HEPES (pH 7.5), 100 mM NacCl, 0.001%
(w/v) LMNG, 0.0001% (w/v) CHS, 0.00025% (w/v) GDN, 100 uM TCEP, 1 mM MgCly,
and 25 uM (R)-69, and stored until use.

For purification of the Gq heterotrimeric complex, insect cells (sf9) expressing the
miniGagin/B1/y2 Were harvested 72 h post-infection. Cells were lysed in buffer containing
20 mM HEPES (pH 7.5), 100 mM NaCl, 30 mM imidazole, 5 mM p-mercaptoethanol,

1 mM MgCly, 0.2% (v/v) Triton X-100 and protease inhibitors, and the soluble fraction
was isolated by ultra-centrifugation at 40,000 xg at 4°C for 50 min. The supernatant was
incubated with His60 Ni Superflow resin (Takara) at 4°C for 2 h. The Ni-NTA resin was
washed with 10 column volumes of buffer containing 20 mM HEPES (pH 7.5), 100 mM
NaCl, 30 mM imidazole, and 5 mM B-mercaptoethanol. The hetrotrimic G protein was
eluted using buffer containing 20 mM HEPES (pH 7.5), 100 mM NaCl, 300 mM imidazole,
and 5 mM B-mercaptoethanol. The PresCission protease (HRV3C protease) was added and
the histidine tag was cleaved at 4°C overnight. The histidine tag-cleaved heterotrimeric G
protein was further purified by size-exclusion chromatography on a Superdex 200 10/300

Nature. Author manuscript; available in PMC 2023 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kaplan et al.

Page 19

gel filtration column (GE Healthcare) with SEC buffer containing 20 mM HEPES (pH 7.5),
100 mM NacCl, 0.001% (w/v) LMNG, 0.0001% (w/v) CHS, 0.00025% (w/v) GDN, and 100
uM TCEP, and collected and concentrated to ~20 mg/ml and stored at —80°C until use.

The purification process of scFv16 was essentially as previously reported’’. Media
expressing scFv16 from insect cells (s79) was pH balanced to pH 8.0 by addition of Tris
powder. Chelating agents were quenched by addition of 1 mM nickel and 5 mM CaCl, and
incubated with stirring for 1 h at 25°C. The precipitates were removed by centrifugation

at 16,263 x g for 30 min and the supernatant was incubated with His60 Ni Superflow
Resin (Takara) for 5 h. The resin was loaded over a Poly-Prep Chromatography column
(Bio-Rad) and washed with buffer containing 20 mM HEPES pH7.5, 100 mM NaCl,

and 20 mM imidazole. The protein was eluted with buffer containing 20 mM HEPES
pH7.5, 100 mM NaCl, and 300 mM imidazole, and treated with PresCission protease to
cleave the C-terminal Hisg tag. The cleaved protein was further purified by size-exclusion
chromatography using a Superdex 200 10/300 gel filtration column (GE Healthcare).
Monomeric fractions were pooled, concentrated, flash frozen in liquid nitrogen and stored at
—-80°C freezer until use.

Purified 5-HT,AR/(R)-69 was mixed with a 1.2 molar excess of miniGa.gin/B1/y2
heterotrimer. The coupling reaction was allowed to proceed at 24°C for 1 h and was
followed by addition of 0.2 U/mL (final concentration) of apyrase to catalyze the hydrolysis
of free GDP. After 1 h, 1-1.5 molar excess of scFv16 was added to the 5-HT,aR and
miniGagin/B1/y2 mixture and incubated overnight at 4°C. 5-HT,aR, miniGagin/B1/y2 and
scFv16 mixture were further purified by size-exclusion chromatography on a Superdex 200
10/300 column in SEC buffer containing 20 mM HEPES (pH 7.5), 100 mM NacCl, 0.001%
(w/v) LMNG, 0.0001% (w/v) CHS, 0.00025% (w/v) GDN, 25 pM (R)-69. Peak fractions
were concentrated to ~ 17.4 mg/ml for cryo-electron microscopy studies.

Cryo-EM data collection and 3D reconstruction.

A volume of 3.5 uL of purified 5-HT,AR/miniGg; complex bound to (R)-69 at a
concentration of ~ 17 mg/mL was applied to glow-discharged (50 s at 10 mA) holey carbon
grids (Quantifoil R1.2/1.3) under 100% humidity. Excess sample was blotted away for 3 s
at 22°C, and the grids were subsequently plunged-frozen into liquid ethane using a Vitrobot
Mark IV (Thermo Fisher Scientific). Cryo-EM imaging was performed on a Titan Krios
(ThermoFisher) electron microscope operated at 300 kV with a K3 Summit direct electron
detector (Gatan) at a magnification of 57,050 X (0.8521 A/pixel) in counting mode. 5140
movies, dose-fractioned over 50 frames, were recorded with a dose rate of 1.2 /A2 (0.05
s/frame for a total dose of 60 electrons/A2) in super-resolution mode with a defocus range
of 0.8-1.8 um using SerialEM8. Cryo-EM data processing was performed with Relion
3.179. Dose-fractionated image stacks were subjected to beam-induced motion correction
and dose-weighting with MotionCor280, Contrast transfer function parameters for corrected
micrographs were determined using CTFFIND-4.1 in Relion. Particles were selected using
the reference-based picking algorithm in Relion. A total of 4,038,793 particles were
extracted from the corrected 5140 micrographs. Multiple 2D and 3D classification rounds
were performed. A subset of 88,393 particles were subjected to CTF refinement and two
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rounds of Bayesian polishing before final refinement and sharpening was applied. The
resolution of the final map at the 0.143 FSC threshold was estimated to be 3.38 A by
Mtriage in Phenix and 3.45 A by Relion 3.1 (Extended data Table 4).

Model building and refinement.

Subjects.

Drugs.

The active-state structure of 5-HT,aR/MiniGg; complex bound to NBOH (PDB: 6WHAS8!)
was used as an initial model for docking into the EM density map using Chimera®’. The
5-HTyAR/(R)-69 starting model was subjected to iterative rounds of manual refinement

in Coot® and real-space refinement in Phenix83. Model statistics were validated with
Molprobity84. Final refinement statistics are provided in Table S1. UCSF Chimera®’ and
ChimeraX®8> were used for map/model visualizations and figure preparation. The (R)-69
pose was corroborated using the GemSpot pipeline®6.

Adult male and female C57BL/6J (#000664; Jackson Labs, Bar Harbor, ME) or wild-type
(WT) and vesicular monoamine transporter 2 (VMAT?2) heterozygous (HET) mice were
used in the behavioral experiments. Details on the VMAT2 mice have been published®’.
No wild animals were used in these experiments and the present investigations did not
involve field studies. The mice were housed 3-5/cage according to sex and genotype in a
temperature- (21.1-22.2 °C) and humidity- (42—-28%) controlled room on a 14:10 h (lights
on at 0600 h) light-dark cycle with food and water provided ad /ibitum. For the learned
helpless (LH) experiments, mice that received foot-shock during training were housed
individually throughout the study. All experiments were conducted during the light-cycle
(anhedonia testing was during the dark cycle) with an approved protocol from the Duke
University Institutional Animal Care and Use Committee and were performed in accordance
with relevant regulations and ARRIVE guidelines.

The synthesis of (R)-69 and (R)-70 are described above in this manuscript. The (+)-LSD-
(+)-tartrate (LSD) and psilocin (NIDA Drug Supply Program, Bethesda, MD) were used

as psychedelic controls, while fluoxetine (FLX; Sigma-Aldrich, St. Louis, MO), MDL
100907, and SB 242084 (Bio-Techne Corporation, Minneapolis, MN) were used as controls
in the tail suspension test with VMAT2 mice. In the learned helplessness study, psilocin
(NIDA Drug Supply Program), and ketamine (Henry Schein, Melville, NY) were used as
controls. In the behavioral sensitization and conditioned place preference studies, cocaine
(Sigma-Aldrich) was used as a control and its vehicle was water (Mediatech Inc., Manassas,
VA). The vehicle for all other drugs/compounds was composed of N, A-dimethyllacetamide
(final volume 0.5%; Sigma-Aldrich, St. Louis, MO) that was brought to volume with 5%
2-hydroxypropoyl-g-cyclodextrin (Sigma-Aldrich) in water (Mediatech Inc.). All drugs were
administered (i.p.) in a 5 ml/Kg volume.

Behavioral methods.

The sample sizes for these experiments were determined by past experience. Mice were
randomly assigned to different treatment groups, except for learned helplessness (LH)
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which is described below. All experiments were conducted in a blinded manner; the
statistical analyses were dummy coded and annotated subsequently so that the outputs were
interpretable. The individuals who conducted the experiments were different from the people
who statistically analyzed the data. In addition, the (R)-69 and (R)-70 were given labels
different from these names. Open field: This apparatus has been described8”. C57BL/6J
mice were placed into the open field for 30 min, injected with vehicle, 1 or 3 mg/Kg (R)-69
or (R)-70, or 0.3 mg/Kg LSD, and returned to the open field for 30 min. For LSD blockade,
1 or 3 mg/Kg (R)-69 or 3 mg/Kg (R)-70 were administered and the mice were placed into
the open field. After 30 min they were removed and injected with LSD and returned to the
open field for 30 min. Locomotion was monitored using Fusion Integra software (Omnitech,
Columbus, OH) and expressed as distance traveled. N=8 mice for 1 mg/Kg (R)-69 + 0.3
mg/Kg LSD; N=9 mice for 0.3 mg/Kg LSD; N=10 mice for vehicle, 1 or 3 mg/Kg (R)-69,
1 mg/Kg (R)-70, 3 mg/Kg (R)-69 + 0.3 mg/Kg LSD, or 3 mg/Kg (R)-70 + 0.3 mg/Kg

LSD; and N=11 mice for the 3 mg/Kg (R)-70 treatments. Head twitch responses. These
behaviors were filmed during the open field studies over the 30 min interval immediately
following drug administration. Head twitch responses were scored by individuals blinded to
the treatments of the mice. The numbers of mice used in each treatment group are provided
in the open field experiment above. Prepulse inhibition. This test and apparatus have been
described®. C57BL/6J mice were administered the vehicle, 1 or 3 mg/Kg (R)-69 or (R)-70,
or 0.3 mg/Kg LSD. N=8 mice for LSD; N=9 mice for 1 mg/Kg (R)-69; N=11 mice for

3 mg/Kg (R)-70; and N=12 mice for the vehicle, 3 mg/Kg (R)-69, or 1 mg/Kg (R)-70
treatments. Conditioned place preference: This test and apparatus have been described®® and
C57BL/6J mice were administered the vehicle, 3 mg/Kg (R)-69 or (R)-70, or 20 mg/Kg
cocaine. N=9 mice administered the vehicle and 3 mg/Kg (R)-69, the vehicle and 3 mg/Kg
(R)-70, or the vehicle and cocaine pairings. Behavioral sensitization: The apparatus has been
described®0. C57BL/6J mice were placed into the open field for 1 h to collect baseline
activity. They were removed, injected with 3 mg/Kg (R)-69 or 20 mg/Kg cocaine, and
returned to the open field for 2 h. This procedure was repeated over 5 consecutive days.

A 7 day hiatus was imposed, and the mice were challenged with the same compound

and psychostimulant on day 11. Locomotor activity was monitored using Fusion Integra
software (Omnitech) and expressed as distance traveled. N=10 mice injected with 3 mg/Kg
(R)-69 or 20 mg/Kg cocaine. 7ail suspension. The apparatus and procedure have been
described*2. VMAT2 mice received the vehicle, 20 mg/Kg FLX, 0.5 or 1 mg/Kg (R)-69

or (R)-70. Thirty-min later VMAT2 mice were tested in tail suspension over 6 min and
were tested again 24 h post-injection. For WT mice: N=9 mice given 20 mg/Kg FLX, 0.5
or 1 mg/Kg (R)-69; and N=10 mice that received vehicle, 0.5 or 1 mg/Kg (R)-70. For
VMAT HET mice: N=9 mice for 20 mg/Kg FLX, 0.5 or 1 mg/Kg (R)-69; N=10 mice for
0.5 or 1 mg/Kg (R)-70, and N=11 mice for vehicle injections. In a separate experiment
with VMAT2 mice, effects of the 5-HT,aR (MDL 100907) and the 5-HT,¢cR (SB 242084)
antagonists were examined as described above. For WT mice: N=8 mice given 1 mg/kg

SB; and N=10 mice injected with vehicle or 0.5 mg/Kg MDL. For HET mice: N=9 mice
that received 1 mg/kg SB; and N=11 mice were administered vehicle or 0.5 mg/Kg MDL.
C57BL/6J mice that were used in the LH study were tested as described above on day 0

at 30-min after injection (day 0) and on days 1, 4, 9, 14, and 18 post-injection (Figure 6a).
For the LH experiment: non-foot-shock (NFS) condition — N=9 mice were administered 10
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mg/Kg ketamine; and N=10 mice were given vehicle, 1 mg/Kg (R)-70, or 1 mg/Kg psilocin.
For the foot-shock (FS) condition — N=9 mice for vehicle; N=10 mice for 1 the mg/Kg
(R)-70, 1 mg/Kg psilocin, or 10 mg/Kg ketamine treatments. Learned helplessness (LH).
The apparatus has been described*2. C57BL/6J mice were assigned to the foot-shock (FS)

or non-foot-shock (NFS) conditions and were individually or group housed, respectively,

for the duration of the experiment (Figure 6a). Mice were habituated to the apparatus on
days —19 and —18. At the end of all sessions, mice were returned immediately to their home-
cages. On days —17 to -9, NFS mice explored the apparatus for 60 min; FS animals also had
access to the apparatus but were administered 360 0.15 mA foot-shocks for 2 s (10 s variable
inter-trial interval or ITI) each day. On day —8 mice in the FS condition were tested in shock
escape (0.15 mA foot-shock) for 10 trials (30-90 s IT1) as described*2. From days -7 to

-2, mice in the FS condition resumed LH training; NFS mice continued to explore. The FS
mice were randomly exposed to wet bedding and food restriction throughout training. On
day —1, animals in the NFS and FS conditions were given 10 trials of shock escape testing.
According to their performance in shock escape and sucrose preference testing (see below),
they were assigned to 4 treatments: vehicle, 1 mg/Kg (R)-70, 1 mg/Kg psilocin, or 10 mg/Kg
ketamine and administered these treatments on day 0. On post-injection days 3, 7, 11, 15,
and 19 all mice were tested in shock escape for 10 trials. The numbers of successful escapes
and latencies to escape were determined by MedAssociates software (St. Albans, VT). The
numbers of C57BL/6J mice used in each condition and treatment group are provided in

the tail suspension experiment above. Sucrose preference: The outline of the procedure has
been described*2. The mice in the LH study were given water-water (W-W) pairings on days
-7 to -5 and, once intake was stable, it was followed with a 0.6% sucrose-water (S-W)
pairings on days —4 to —2. W-S pairings were resumed on days 0, 1, 3, 8, 16, and 20
post-injection (Figure 6a). The position of the sucrose bottle was alternated over days and
the total volume consumed over the 2-h period was recorded. Preference for sucrose was
calculated as the volume of sucrose consumed minus the volume of water, divided by the
total intake volume, yielding a ratio from -1 to +1. Positive scores indicated a preference
for sucrose, negative scores a preference for water, and scored approaching “0” representing
no preference for sucrose or water. The numbers of C57BL/6J mice in this experiment are
presented in the tail suspension section above. Elevated zero maze: This test and apparatus
have been described32. The LH mice were tested on day 13 after drug administration (Figure
6a). The numbers of mice in this experiment are presented in the tail suspension section
above. Foot-shock sensitivity: This test and apparatus have been described®?. The reactivity
to foot-shock was tested using intensities of 0, 0.1, 0.2, and 0.3 mAmp on day 21 after drug
administration (Figure 6a). N=10 mice/intensity.

Statistics for behavioral studies.

Statistical analyses were performed with IBM SPSS Statistics 27 and 28 programs (IBM,
Chicago, IL). The data are presented as means and standard errors of the mean (s.e.m.).

As no sex effects were detected, this variable was collapsed in our statistical analyses.

All measurement were taken from discrete raw data and, in certain cases, from repeated
observations within the same animal (i.e., RMANOVA). One- or two-way ANOVA, repeated
measures ANOVA (RMANOVA), or analysis of covariance (ANCOVA) were used (all

tests were 2-tailed and normally distributed), followed by Bonferroni corrected pair-wise
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comparisons. A p<0.05 was considered significant. The numbers of mice in each group
represent the number of replicates for a given experiment. All behavioral results are
plotted using GraphPad Prism (San Diego, CA). All primary statistics can be found in
Supplementary Table 4.

Data Availability Statement:

The cryo-EM density map and corresponding coordinates for 5-HT,aR in complex with

the new docking hit (R)-69 have been deposited in the Electron Microscopy Data Bank
(EMDB) and the Protein Data Bank (PDB), respectively, under the following accession
codes: EMDB entry ID EMD-24378 and PDB entry ID 7RAN. The full THP library of
compounds may be freely accessed at http://thp.docking.org/. All active compounds are
available from the authors upon request. Sequences used to generate the 5-HT,4R homology
model are available from the Uniprot database (https://www.uniprot.org, accession numbers:
P28223, 5P41595, or from the PDB (https://www.rcsh.org, accession codes: 41B4 (chain A),
4NC3 (chain A), 5TVN (chain A)). Figures with associated raw data include Figs. 2 and 3,
the underlying activities are uploaded in an Excel file; Fig. 4, Extended Data Figs. 4 and 5:
electron density maps and associated files are deposited with the PDB; Fig. 5, underlying
numbers are uploaded in an Excel file; Extended Data Figs. 2, 3 and 6, underlying activities
are uploaded in an Excel file; Extended data table 3, underlying numbers are supplied

in supplementary table 5. Supplementary Fig. 3, underlying numbers are uploaded in an
Excel file. Further underlying data are provided in Extended Data Table 4 (cryoEM data
collection, refinement & validation), Supplementary Data 1 (synthesis procedures for active
compounds, chemical purity of active ligands, spectra and 3D crystallographic structures),
and Figures 5 and 6. Extended Data Figures 7-10 depict the raw data points with means
and SEMs (Prism files; GraphPad Software, San Diego, CA) and the Supplementary Table
4 displays the statistics from behavioral data (IBM SPSS, versions 27 and 28). All raw
behavioral data are uploaded in Excel files.

Code Availability:

DOCKa3.7 is freely available for non-commercial research at http://dock.compbio.ucsf.edu/
DOCKS3.7/. A web-based version is freely available to all at http://blaster.docking.org/.
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Extended Data

a Tetrahydropyridines (1)-1 and ()-2 from internal alkynes
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Extended Data Figure 1. (A) Synthetic routes to access densely functionalized, diastereoselective
tetrahydropyridines 1 to 3.

Building blocks used for tetrahydropyridines (+)-1 and (£)-2: R, RS, R8 = alkyl, aryl,
heteroaryl; R? = H, alkyl; R3, R* = H, alkyl, aryl, heteroaryl. Building blocks used for
tetrahydropyridines (£)-3: R! = alkyl; R® = alkyl, aryl, heteroaryl; R? = H, alkyl; R3, R*

= H, alkyl, aryl, heteroaryl. See Supplementary Data 1 for detailed reaction conditions and
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procedures. (B) Alternate routes for installation of R substituent. See Supplementary

Data 1 for detailed reaction conditions and procedures.
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Extended Data Figure 2. Pharmacological profiles of (S)-65, (R)-69, and (R)-70.
(A) Screening of (S)-65, (R)-69, and (R)-70 across the GPCRome (320 receptors) using the

PRESTO-Tango platform®2 with agonists present at 3 uM concentrations; for viewability,
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DRD2
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- (85
- R0
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= Fluoxetne

only 1-in-4 receptors are listed on the x-axis. (B) Analysis of the function of (S)-65,
(R)-69, and (R)-70 on various receptors shows the diverse profiles for each receptor. (C)-(F)
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Binding profiles of (S)-65, (R)-69, and (R)-70 on (C) hERG; human ether-a-go-go-related
gene, (D) NET,; norepinephrine transporter, (E) DAT; dopamine transporter, and (F) SERT;
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serotonin transporter. Data in (A), (B), (C), (D), (E) and (F) represent the mean £S.E.M
from n=3 independent experiments.
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Extended Data Figure 3. Characterization and time course activities of functional bias of (R)-69
and (R)-70 at the human 5-HT2AR.

(A) BRET (Gq dissociation and p-Arrestin 2 association) activities of 5-HT (top panel),

psilocin (2" panel), (R)-69 (3 panel) and (R)-70 (bottom panel) on the 5-HT,AR. Data
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represent the mean £ SEM from n=3 independent experiments, each performed in triplicate.
(B) Transduction coefficients for Gg and BArr2 at various time points. Transduction
coefficients were measured (see METHODS) for each time point in (A) and then plotted

Vs time.
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Extended Data Figure 4. CryoEM workflow.
(A) Workflow of cryo electron microscopy (cryo-EM) data processing of the 5-HToAR/

miniGag; complex bound to (R)-69. (B) Local resolution estimation heat map and gold
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standard Fourier shell correlation (FSC) curve. Dashed line represents the overall nominal
resolution at 0.143 FSC of 3.38 A calculated using Phenix Mtriage and 3.45 A calculated by
Relion 3.1 after post-processing. (C) Angular distribution heat map of particles for cryo-EM
reconstruction. (D) Cryo-EM density for TM1-7 of 5-HT,aR, E, (R)-69 and F, a5 helix of
miniGaq/i.

Binding
pocket
expansion

Extended Data Figure 5: Comparison between the cryo-EM structure of (R)-69 bound 5-
HT2AR/miniGq/i and other 5-HT2AR structures.

(A) 5-HT2aR - miniGagy; complex interactions. Arrow points to opening of TM5/6 in
active (R)-69 bound 5-HTaR state. (R)-69 bound 5-HT,aR in blue; miniGa; in gold.
Residues involved in hydrophobic interactions are labeled in grey while residues involved

Nature. Author manuscript; available in PMC 2023 October 01.
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in H-bond interactions are labeled in red. (B) Ligand specific interactions with 5-HT,aR.
(R)-69 in magenta. LSD bound 5-HT,aR structure in tan; LSD in orange. 25CN-NBOH

bound 5-HT,aR structure in light cyan; 25CN-NBOH in cyan. Arrow points to extension
of (R)-69 and 25CN-NBOH towards TM5. (C) Top: view of the 5-HToaR ligand-binding

pocket from the extracellular side; bottom: expansion of binding pocket of 5-HT,5R bound
to (R)-69 towards the cytosolic side of the receptor. (D) Proposed optimization of (R)-69 to

engage in a hydrogen-bond interaction with $1593-36. In all panels the Ballesteros-Weinstein
numbering is shown in superscript for each residue.
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(R)-69

Plasma 1P 1 15.0 344 15900 16600 25.1 0.0276
Brain IP 1 30.0 139 18600 19800 56.0 0.0124
Plasma 1P 10 30.0 2730 234000 244000 50.8 0.0136
Brain 1P 10 60.0 2510 419000 555000 111 0.00626
(R)-70

Plasma IP 1 15.0 487 21300 23700 36.4 0.0191
Brain 1P 1 15.0 7700 267000 279000 23.7 0.0292
Plasma 1P 10 15.0 926 33900 36700 28.8 0.024
Brain IP 10 15.0 8040 321000 346000 28.2 0.025

Extended Data Figure 6: Pharmacokinetic analysis of (R)-69 and (R)-70.

Concentration-time curves for (R)-69 (A) and (R)-70 (B) in male C57BL/6N mice following
IP dosing of either 1 or 10 mg/Kg of the compounds. (C) Selected pharmacokinetic

parameters for (R)-69 and (R)-70 in male C57BL/6N mice.
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Extended Data Figure 7. Null activity, startle reactivity, anti-depressant-like actions of MDL

100907 and SB 242084, and total volume of sucrose and water consumed.

(A) Null activity during PPI for C57BL/6J mice treated (i.p.) with vehicle, 1 or 3 mg/Kg

Page 30

(R)-69, 1 or 3 mg/Kg (R)-70, or 0.3 mg/Kg LSD. Null activity increases with 1 mg/Kg
(R)-69 group. (B) Startle reactivity during PPl with C57BL/6J mice undergoing the same
treatments. No significant effects are found. (C) Immobility in tail suspension at 30 min and
24 h with WT and VMAT2 HET mice after a single injection (i.p.) of vehicle, 0.5 mg/Kg
MDL 100907, or 1 mg/Kg SB 242084. Genotype differences are observed in acute and
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24 h tests with vehicle and SB. In WT mice, immobility is increased acutely with MDL
compared to vehicle and SB. The difference between the MDL and vehicle groups persists
at 24 h. In VMAT2 HETSs, immobility times in vehicle controls are high acutely relative

to SB, with a trend (p=0.055) for MDL. At 24 h, immobility times for vehicle-treated

mice are higher than for MDL. (E) Total fluid consumed during the sucrose preference test
with non-foot-shocked (NFS) and foot-shocked (FS) C57BL/6J mice given (i.p.) vehicle, 1
mg/Kg (R)-70, 1 mg/Kg psilocin, or 10 mg/Kg ketamine. FS mice drink more than NFS
animals during water-water (W-W) and sucrose-water (S-W) pre-test pairings, as well as on
post-injection days 0, 1, and 3. Results presented as mean £s.e.m., Ns are found in Methods.
Primary statistics are in Supplementary Table 4. In the figure the Bonferroni pair-wise
corrected p-values (ps) across multiple comparisons for 1 mg/kg R)-69 or MDL showing the
value closest to p<0.05 (respective panels A, C) or within a single comparison (p) from the
vehicle, MDL, or SB groups (panels C-D), or condition (panel E).
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Extended Data Figure 8. Spontaneous locomotion, conditioned place preference (CPP), and
behavioral sensitization to (R)-69 and (R)-70.

(A) Baseline (30 min) and post-injection locomotion (30 min) in C57BL/6J mice after
administration (i.p.) of vehicle, 1 or 3 mg/Kg (R)-69, 1 or 3 mg/Kg (R)-70, 0.3 mg/Kg
LSD, 1 or 3 mg/Kg (R)-69 + 0.3 mg/Kg LSD, or 3 mg/Kg (R)-70 + 0.3 mg/Kg LSD. Since
baseline activities are different among groups, the data are analyzed as percent baseline

in the next panel. (B) Percent change from baseline from mice in the same experiment.
Compared to vehicle, different doses of (R)-69 or (R)-70 have neither stimulatory nor
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inhibitory effects on locomotion. The compounds blocked LSD-stimulated hyperlocomotion.
(C) CPP in C57BL/6J mice to 3 mg/Kg (R)-69, 3 mg/Kg (R)-70, or 20 mg/Kg cocaine
(i.p.). No group differences are present at acclimatization, while CPP is evident only in

the cocaine group. (D) Behavioral sensitization across 5 consecutive days with a challenge
on day 11 using C57BL/6J mice treated (i.p.) with 3 mg/Kg (R)-69 or 20 mg/Kg cocaine.
While baseline activities (1 h) are similar between (R)-69- and cocaine-treated mice on day
1, baseline locomotion in the latter group is increased across days 2-5 and at challenge

on day 11. Locomotor activities (2 h) are low across all post-injection days for (R)-69

mice, whereby behavioral sensitization to cocaine increases across days 1-3 and remains
high through testing. (R)-69-injected mice do not show behavioral sensitization. Results
presented as mean +s.e.m. in the figure, Ns are found in Methods. Primary statistics are in
Supplementary Table 4. In the figure the Bonferroni pair-wise corrected p-values (os) across
multiple comparisons to LSD, LSD + (R)-69, or LSD + (R)-70 showing the value closest to
p<0.05 (panel B) or within a single comparison (p) from cocaine on specific days (panels
C-D).
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Extended Data Figure 9. Anxiety-like behaviors in non-foot-shocked (NFS) and foot-shocked
(FS) learned helplessness mice.

(A) Percent time in the open areas in the elevated zero maze with C57BL/6J mice treated
(i.p.) with the vehicle, 3 mg/Kg (R)-70, 1 mg/Kg psilocin, or 10 mg/Kg ketamine. Animals
are tested 13 days post-injection. Mice in the FS condition spend less time in the open
areas than NFS animals. Vehicle-treated FS mice spend less time in the open areas than the
(R)-70, psilocin, or ketamine FS animals. (B) Latencies to enter the open areas of the maze.
Latencies to enter the open areas are prolonged in the FS mice. (C) Distance traveled in
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the maze. FS mice ambulate within the maze over shorter distances than the NSF animals.
Results presented as mean +s.e.m. in the figure, Ns are provided in the Methods section.
Primary statistics are found in Supplementary Table 4. In the figure the Bonferroni pair-wise
corrected p-values (ps) across multiple comparisons for vehicle showing the treatment value
closest to p<0.05 (panel A) or within a single comparison () from condition (panels A-C).
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Extended Data Figure 10. Numbers of escapes, latency to escape, and foot-shock reactivity in

non-foot-shocked (NFS) and foot-shocked (FS) learned helplessness mice.
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(A) Number of escapes from foot-shock in C57BL/6J mice treated (i.p.) with the vehicle,

1 mg/Kg (R)-70, 1 mg/Kg psilocin, or 10 mg/Kg ketamine. All mice assigned to the FS
condition have fewer escapes from foot-shock than the NFS animals. (B) Latency to escape
from foot-shock in the same experiment. All mice in the FS condition have prolonged escape
latencies compared to NFS animals. (C) Reactivity to foot-shock in the same experiment.
No significant differences in response to foot-shock are detected among treatment groups
or between mice in the NFS or FS conditions. All mice exposed to foot-shock (i.e., 0.1-0.3
mAmp) respond at a similar magnitude and this is higher than in the absence of foot-shock
(0 mAmp). Results presented as mean £s.e.m. in the figure, Ns are provided in the Methods
section. Primary statistics are found in Supplementary Table 4. In the figure the Bonferroni
pair-wise corrected p-values (s) across multiple comparisons to 0 mAmp showing the
intensity closest to p<0.05 (panel C) or within a single comparison () from condition
(panels A-B).

Extended Data Table 1.

Occurrence of THP, piperidine and pyridine containing molecules in different chemical
libraries.

Library Size No. THPs (%)  No. piperidines (%) No. pyridines (%)
World drugs* 2953 20 (0.68%) 274 (9.28%) 287 (9.72%)
Natural products’ 307,815 366 (0.12%) 29,193 (9.48%) 26,049 (8.46%)
In Stock lead-like* 10M 9463 (0.09%) 1.17M (11.7%) 1.28M (12.8%)
Make-on-demand*  1.35B  4.76M (0.35%) 213M (15.8%) 240M (17.8%)

a'From https://zinc20.docking.org/substances/subsets/world.
b’From https://zinc20.docking.org/substances/subsets/biogenic.
C'Enamine REAL, http://zinc20.docking.org.
Extended Data Table 2.

Molecules with activity at the 5-HT,R subtypes identified in the initial screen.

Cmpd Structure 5-HT,aAR 5-HTzR 5-HT,cR

Ki(uM)  ECs (UM) K (uM) ECs (M) K (M) ECs

pKi £ {pPECst pKi £ {PECsot pKi £ (LM)
S.EM S.E.M} S.EM SEM}{Emnax S.EM  {pECset
{Emax = +S.E.M} S.EM}
S.E.M} {Emax®
S.E.M}
A\
N—
N/ II|
NS i a a 3.88 1.94{5.71 ¢+ a a
(+)-26 | % ND ND {541+ 0.12} 48.9% ND ND
o 0.09} +2.6
é__rlll - \|:=:\N
N AN 6.23 2.67 2.98 {553+ 2 a
(1)-27 / | {5.21+ antagonist {557 014} 56.3 % ND ND
0.08} 0.12} +4.1
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Cmpd Structure 5-HT,AR 5-HT R 5-HT,cR
Ki(WM)  ECs (M)  Ki(UM)  ECs(uM)  K;(uM)  ECsp
pKi £ {pPECsot pKi £ {pPECsot pKi £ (LM)
SEM S.E.M} SEM  SEM}Emns SEM  {pECst
{Emax * +S.E.M} S.E.M}
S.E.M} {Emaxt
S.E.M}
1.48 2 a
(£)-28 ND ’10 {5.83+ antagonist ND ND
0.14}
0.67 2 2
(+)-29 ND ND {6.17 = antagonist ND ND
0.08}

a -
ND no measurable activity up to 10 uM.

Extended Data Table 3.
Off-target binding profile for compounds (R)-69 and (R)-70 of 45 receptors tested.

Target

pKi + SEM

(R)-69

(R)-70

5-HTgR

5-HT;eR

5-HTeR

5-HT74R

a2A-adrenergic receptor

a2B- adrenergic receptor

a2C- adrenergic receptor

Histamine H1 receptor

Histamine H3 receptor

M3 muscarinic acetylcholine receptor
M4 muscarinic acetylcholine receptor
M5 muscarinic acetylcholine receptor
Mu Opioid receptor

SERT

Sigma 1 receptor

Sigma 2 receptor

532 +0.08
6.23+0.18
6.46 +0.02
5.84 +0.27
5.25+0.12
542 +0.15
5.73+0.13
5.89 +0.16
N.D.?
<5
<5
<5
5.66 +0.07
6.18 £0.12
N.D.4
5.48 +0.01

N.D.2
5.90 +0.13
550 +0.11
549 +0.14
5.47 £0.05
5.71+0.08
5.68 +0.14
6.19 £ 0.01
5.71+0.02

N.D.2

<5
<5

N.D.2
5.60 £0.12
553 +0.24
5.89 +0.05

45 targets were evaluated for off-target binding by radio-ligand displacement. Those showing better than 50% displacement
at 10 uM or lower compound are shown here. The full list of 45 is given in Sl Table 5.

a’N.D. no measurable activity up to 10 uM.
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Cryo-EM data collection, model refinement and validation.

Extended Data Table 4.

Structure SHTaAR-miniGg;-(R)-69
PDB ID 7TRAN
Data collection

Magnification 57,050
Voltage (kV) 300
Dose per frame (e7/A?) 1.20
Electron exposure (e 7/A2) 60.01
Defocus Range (um) -0.8t0-1.8
Pixel size (A) 0.8521
Processing software Relion 3.1
Symmetry imposed C1
Number of Micrographs 5140
Initial particle images (no.) 4,038,793
Final particle images (no.) 88,393

Map resolution (A)

3.38 (Mtriage) / 3.45 (Relion)

FSC threshold 0.143
Refinement Statistics #
Model Resolution (A) 35
FSC threshold 0.5
Map sharpening B factor (A2) 82.03
Model composition
Total number of atoms 8523
Protein 8507
Ligand 16
Number of residues 1120
Model validation
CC (mask) map vs. model (%) 81
R.m.s. deviations
Bond lengths (A) 0.003
Bond angles (°) 0.627
Ramachandran plot
Favored (%) 97
Outlier (%) 0
Rotamer outliers (%) 0
Clash score 4.9
Molprobity score 1.43

#Reported by Phenix comprehensive cryo-EM validation.
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Figure 2. Large scale docking screen of a THP virtual library discovers new 5-HT2R ligands.
(A) The initial 17 compounds synthesized and assayed; of these four had 5-HT,aR

or 5-HTgR activity (boxed). (B) Binding of the four actives at human 5-HT,Rs in
radioligand competition binding assays. Concentration-inhibition curves at 5-HTyaR and
5-HT,gR versus [3H]-LSD, and 5-HT,¢R versus [3H]- Mesulergine. [3H]-LSD, and [3H]-
Mesulgergine concentrations of 0.5 nM, and 1.0 nM were used, respectively. Kp values of
[3H]-LSD at human 5-HT,aR and 5-HT,gR were 0.33 and 0.91 nM, respectively, and Kp
value of [2H]-mesulergine at human 5-HT,cR was 0.67 nM21:°1, LSD (5-HT,aR, 5-HT,gR)
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and Ritanserin (5-HT,cR) were used as positive controls. (C) Concentration-response curves
of the four actives at stable 5-HT,aR, 5-HT2gR, and 5-HTocR-INI Flp-1n293 cell lines

in Ca2* assays. Data in (B) and (C) represent the mean +S.E.M from n=3 independent
experiments. (D) Docked poses of characteristic molecules compared to that of LSD (left
panel). In all panels, Ballesteros-Weinstein residue numbering is shown in superscript.
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Figure 3. Structure-guided discovery of 5-HToaR agonists and antagonists.
(A) Dose response competition binding assays of (S)-65, (R)-69, and (R)-70 against [3H]-
LSD for 5-HT,aR and 5-HT,gR, and [3H]-Mesulergine for 5-HTocR. [2H]-LSD and [3H]-
Mesulgergine concentrations of 0.3 nM and 1 nM were used, respectively. LSD (5-HToaR,
5-HT,gR) and Risperidone (5-HT,cR) were used as positive controls. (B) Concentration-
response curves of (S)-65, (R)-69, and (R)-70 at stable 5-HT,aR, 5-HT,gR, and 5-HT,cR-
INI FIp-In293 cell lines in Ca2* assays. (R)-69 and (R)-70 are strong partial Ggq agonists,
whereas (S)-65 acts as an antagonist. Data in (A) and (B) represent the mean +S.E.M.

from n=3 independent experiments. The pKi/EC50 values between 5-HToaR, 5-HT,gR and

5-HT,cR were compared using a one-way ANOVA with Dunnett’s post-test (* = p<0.05, **

= p<0.01, *** = p<0.001, and **** =p<0.0001). (C) 2D structures, binding and functional
affinities for the new ligands across the 5-HT,R subtypes. (D) Docking poses of (S)-65
(left panel), (S)—69 (the better scoring enantiomer; middle panel) and (R)-70 (right panel).
5-HT,aR is shown in gray, the docked compounds are shown as capped sticks with carbons
in yellow. In all panels the Ballesteros-Weinstein residue numbering is shown in superscript.
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Figure 4. Structure of 5-HT2aR bound to (R)-69 by cryo-EM.
(A) Overall cryo-EM map (left) and model (right) of 5-HT,aR bound to (R)-69 in complex

with mini-Ggi. (B) Schematic of ligand-specific interactions of (R)-69 with 5-HT,aR
orthosteric residues. A salt bridge with D1553-32 is shown as a red dashed line. Color

code for residues and interactions: green: hydrophobic, blue: polar, red: negatively charged,
grey: glycine, green solid line: Pi-Pi stacking interaction. (C) Specific residues in the
binding pocket that interact with (R)-69 are shown as sticks and labeled. (R)-69 is shown
as magenta-colored sticks. A salt bridge with D1553-32 is shown as a red dashed line.
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(D) Cryo-EM density for (R)-69. (E) Comparison of the computationally predicted and
experimentally resolved binding poses of (S)-69 and (R)-69, respectively. The cryo-EM
structure in magenta is superposed on (S)-69 docked to the 5-HT,a4R homology model in
green. Ballesteros-Weinstein residue numbering is in superscript in panels (C) and (E).
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ps=<0.003, LSD vs. all groups for overall PPI

24-h Post-Injection
ps=<0.002, vs. Vehicle for VMAT2 HETs

ps=<0.003, vs. FLX for WTs

b
40+ ps<0.001, vs. LSD 140 O 4dB
I T T T T T T T T 8dB
35 g 120+ P 12dB
30 100 I
25+ o 80+
O h Q
20 5 8 S 60 S
Q o
18 ol o & oge g g
10- 2 [ 20g
s ., e i 00 H odlo
o Jocge 555 .20 |
S & &
. S & o 4 x\:o x\‘,'o Aé‘o\
&
30-min Post-Injection d
480 wr 480 Owr,
4204 % VN:JATZ.HET ;p550.007, vs. Vehicle for V]MATZ HETs | | 420 VMAT2-HET
=0. , VS. i [ I
— P 000:01 s. Vehicle for WTs o = 360- p=0.002 p=0.013
p<0. p=0. -
300 ! 2 300 8
7 [e]} \4
2404 P ¥ £ 240 E% ;
% o s = 180 Y
180 7 %, 77 o — 7
/ . - £
120 Z Z % F 1204 %
7
0 7 7 7 " 7
5 D \-’\.
1 &
& ‘9@“\ RO ©
6‘%\ &
N )

Figure 5. Head twitch, PPI responses, and anti-depressant-like actions of (R)-69 and (R)-70 in

mice.

(A) Head twitch responses (HTRs) in C57BL/6J mice during the first 30 min after injection
(i.p.) of vehicle, 1 or 3 mg/Kg (R)-69, 1 or 3 mg/Kg (R)-70, 0.3 mg/Kg LSD, 1 or 3 mg/Kg
(R)-69 + 0.3 mg/Kg LSD, or 3 mg/Kg (R)-70 + 0.3 mg/Kg LSD. HTRs are low in (R)-69

and (R)-70 groups and they partially block the LSD effects. (B) PPl in C57BL/6J mice
treated (i.p.) with vehicle, 1 or 3 mg/Kg (R)-69, 1 or 3 mg/Kg (R)-70, or LSD. PPl is

unaffected with (R)-69 or (R)-70 relative to vehicle and LSD disruption. (C-D) Immobility
in tail suspension at 30 min and 24 h with WT and VMAT?2 heterozygous (HET) mice after a
single injection (i.p.) of vehicle, 20 mg/Kg fluoxetine (FLX), 0.5 or 1 mg/Kg (R)-69, or 0.5
or 1 mg/Kg (R)-70. Acute genotype differences are seen with vehicle and 0.5 mg/Kg (R)-70;
at 24 h effects are present with vehicle, FLX, and 0.5 mg/Kg (R)-70. In WT mice immobility
is enhanced with acute administration of FLX relative to vehicle and at 24 h it is increased
with FLX compared to all other groups. In VMAT2 HETS, 30-min after administration FLX,

1 mg/Kg (R)-69, and 0.5 and 1 mg/Kg (R)-70 reduce immobility and at 24 h 0.5 and 1

mg/Kg (R)-69 and (R)-70 are efficacious compared to vehicle. Results presented as mean
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+s.e.m. in the figure, Ns are provided in Methods section. Primary statistics are found in
Supplementary Table 4. In this figure the Bonferroni pair-wise corrected p-values (s) across
multiple comparisons for LSD, vehicle, or FLX are depicted for the value closest to p<0.05
(panels A-D) or within a single comparison (p) between or within genotypes (panels C-D).
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2Abbreviations: NFS, non-foot-shock group; FS, foot-shock group; Habit, habituation; LH, learned helplessness training; SE, shock escape
testing; Treat, treatments that included the vehicle, 1 mg/kg R-(70), 1 mg/kg psilocin, 10 mg/kg ketamine; TS, tail suspension;
W-W, water-water pairing; S-W, sucrose-water pairing; ZM, elevated zero maze; FSS, foot-shock sensitivity.
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Figure 6. Experimental design, sucrose preference, and tail suspension for the learned
helplessness experiment.

(A) Experimental design. (B) Sucrose preference in C57BL/6 mice assigned to the non-foot-
shock (NFS) and foot-shock (FS) conditions and treated (i.p.) with vehicle, 1 mg/Kg (R)-70,
1 mg/Kg psilocin, or 10 mg/Kg ketamine. During the initial sucrose-water (S-W) pairing,
mice in the FS condition have a lower preference for sucrose than the NFS mice. Among the
NFS animals, no treatment effects are found within days. By comparison among FS mice,
sucrose preference is reduced in the vehicle controls compared to the (R)-70 and psilocin
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groups on days 0, 1, and 3. The effects of ketamine are delayed but become manifest on
days 1 and 3. (C) Tail suspension testing in the same mice. Times of immaobility are low and
stable across time in the NFS mice. In the FS condition, 30-min following treatment (day 0),
immobility is high in the vehicle control relative to the (R)-70 group and this effect persists
through day 14. Relative to the FS vehicle control, psilocin and ketamine show efficacy on
days 1 and 4, with the effects of psilocin lasting to day 9 post-injection. Results presented
as mean s.e.m. in the figure, Ns are provided in the Methods section. Primary statistics are
found in Supplementary Table 4. In the figure the Bonferroni pair-wise corrected p-values
(0s) across multiple comparisons to vehicle showing the value closest to p<0.05 within the
FS condition or within a single comparison (p) from the vehicle (panels B-C) or condition
(panel B).
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