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ABSTRACT: Ulotaront (SEP-363856) is a trace-amine associated receptor 1

(TAAR1) agonist with S-HT1A receptor agonist activity in Phase 3 clinical

development, with FDA Breakthrough Therapy Designation, for the treatment of

schizophrenia. TAARLI is a G-protein-coupled receptor (GPCR) that is expressed in

cortical, limbic, and midbrain monoaminergic regions. It is activated by endogenous

trace amines, and is believed to play an important role in modulating dopaminergic,

serotonergic, and glutamatergic circuitry. TAARI agonism data are reported herein Ulotaront (SEP-363856, 1)
for ulotaront and its analogues in comparison to endogenous TAARI agonists. In TAAR1 ECsg = 38 nM
addition, a human TAARI homology model was built around ulotaront to identify

key interactions and attempt to better understand the scaffold-specific TAARI agonism structure—activity relationships.
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lotaront (SEP-363856) is a TAARI agonist with S- architecture, likely related to modulation of dopaminergic
HT1A agonist activity currently in Phase 3 clinical trials, and serotonergic signaling pathways, with increased latency to
with FDA Breakthrough Therapy Designation, for the rapid-eye movement (REM) sleep and decreased time spent in
treatment of schizophrenia. It has a novel mechanism of REM-sleep reported in both rats* and humans.”
action (MOA) compared to antipsychotic drugs, as it is not an Trace amine-associated receptors (TAARs) are a family of
antagonist at either the dopamine D2 or the serotonin 5S-HT2A GPCRs, first identified in 2001,%° that are activated
receptors.””” Although current antipsychotics demonstrate predominantly by low abundant (typically <500 nM)," trace
efficacy against the positive symptoms of schizophrenia, they amines. TAAR1 is expressed in multiple mammalian brain
do not effectively treat the negative or cognitive symptom regions, including key dopaminergic (VTA) and serotonergic
domains and are associated with substantial adverse effects (dorsal raphe nuclei; DRN) nuclei.'' Growing evidence
including movement disorders and metabohc side effects supports the potential utility of TAARI as a therapeutic target
leading to increased cardiovascular risk.” Therefore, the for schizophrenia and other neuropsychiatric disorders through
urgency to develop new medications with differentiated modulation of monoaminergic transmission. In particular, a
MOAs is apparent. number of studies utilizing endogenous and synthetic TAAR1
Ulotaront has demonstrated efficacy in the treatment of agonists, TAARI antagonists, and TAARI knockout mice have
symptoms of an exacerbation of schizophrenia in a large demonstrated TAARI1 regulation of dopaminergic sys-
randomized, double-blind placebo-controlled clinical trial, with tems.”> ™ In contrast to postsynaptic D2 receptor blockade,

continued improvement in a 6-month open-label extension

12 .. . .
study.”” Nonclinical studl_es support agonism at TAARI ar.ld 5; through inhibition of dopamine neuronal firing, dopamine
HT1A receptors as contributing to the mechanism of action. release and/or dopamine synthesis capacity, has been proposed

In vlivo, 1ulotarolnt fhash derr}llonstrated1 broad hefﬁcaciy in to underly the antipsychotic-like effects of TAARI1 ago-
nonclinical models of sc izophrenia, inc uding phencyclidine nists. **1%1214 15 addition, TAARI activation also modulates

(PCP)-induced hyperactivity,”” prepulse inhibition (PPI) of
the acoustic startle response,4 and subchronic PCP-induced
deficits in social interaction.”” It also significantly reduced
ketamine-induced increases in striatal dopamine synthesis
capacity,” and it demonstrated inhibitory effects in ventral
tegmental area (VTA) neurons in slice and in vivo electro-
physiology studies,” likely mediated via action of TAARI.
Furthermore, Begni et al. report that ulotaront upregulates the
expression of plasticity-related genes in rats, especially in the
prefrontal cortex.” Ulotaront also has effects on sleep

negative regulation of hyperdopaminergic circuits, either

glutamatergic neurotransmission and attenuates hypoglutama-
: L 410,14,21,22 .
tergic activity.” """ This is of relevance as both excessive
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dopaminergic activity and deficits in cortical glutamatergic
neurotransmission have been implicated in the pathophysiol-
ogy of schizophrenia.”*™>¢

Endogenous trace amines are derived from amino acids by
biosynthetic pathways involving initial decarboxylation, with
subsequent transformations such as N-methylation and/or
oxidation(s) of the aromatic ring or - to the amine (Scheme
1).'%*77*” Examples include the most well-known trace amine
f-phenethylamine (f-PEA, 2), which is derived from L-
phenylalanine, as well as other trace amines with the
phenethylamine-containing core, such as its N-methylated
analogue N-methylphenethylamine (3) as well as various
oxygenated analogues derived from L-tyrosine such as p-
tyramine (4), m-tyramine (5), octopamine (6), synephrine
(7), 3-methoxytyramine (3-MT, 8), and the endogenous 3-
iodothyronamine (T1AM, 9)."”*° Nonphenethylamine trace
amine TAARI agonists include tryptamine (10), which is
derived similarly, from the amino acid L-tryptophan (Scheme
2)."° Interestingly, the trace amines are found in the same
brain regions and are synthesized through the same pathways
as biogenic amine neurotransmitters with weak TAAR1 agonist
activity such as dopamine (11), norepinephrine (12) and
serotonin (13),”" but are in much lower abundance due to
tightly controlled, rapid elimination pathways.10

In addition to their effects on TAARs, endogenous trace
amines have also been shown to exert effects at other targets,
including aminergic, non-GPCR targets, and transporters.'”*’

Scheme 1. Trace Amines and Neurotransmitters Derived
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“AADC, Aromatic L-amino acid decarboxylase; PAH, phenylalanine
hydroxylase; PNMT, phenylethanolamine N-methyltransferase; DBH,
dopamine-f#-hydroxylase; COMT, catechol-O-methyltransferase;
T,AM, 3-iodothyronamine; TH, tyrosine hydrolase

Thus, the development of selective, small molecule TAARI
ligands was key to the study of TAARI1-mediated biological
effects.

A number of synthetic TAAR]1 agonists have also been
described (Scheme 3),>*** such as Hoffmann-La Roche’s
reported TAARI agonists RO5166017 (14),'*** RO5256390
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Scheme 2. Trace Amines and Neurotransmitters Derived
from L-Tryptophan
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Scheme 3. Hoffmann-La Roche’s Synthetic TAAR1 Agonists
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Table 1. Human TAARI1 Agonist Activity of Endogenous
Ligands®

ECgo (nM)” Epas (%)°
2 P-phenethylamine 15+ 4 111 +3
3 N-methylphenethylamine 1S1 £+ 29 111 +1
4 p-tyramine 76 + 16 111 £1
S m-tyramine 339 + 72 109 £ 3
9 T,AM 225 + 54 105 + 3
8 3-MT 308 + 21 101 =2
6a (—)-octopamine 1569 + 138 116 + 4
6b (+)-octopamine 4113 + 206 108 £ 5
7a (=)-synephrine 4729 + 377 113 +2
10 tryptamine 2210 + 180 102 + 0.3
11 dopamine 1710 + 160 97 £ 0.5
12 (1)-(—)-norepinephrine 12200 =+ 2,000 99 + 8
13 serotonin 35100 + 12,100 75+ 8

“Data shown as mean + SEM (n = 3). YE,,, is the maximum effect
compared to p-tyramine control applied to each plate.

(15),7°° ROS5203648 (16),"”** R0O5263397 (17),*"*° and
Ralmitaront (18).%7*

While it is now known that ulotaront is a TAARI agonist,
the efforts that led to the identification of ulotaront were
driven by a target-agnostic approach for the discovery of drug
candidates with excellent drug-like properties that lack
dopamine D2 and serotonin S-HT2A antagonist activity
while demonstrating an in vivo phenotypic antipsychotic-like
profile.”*” Since the medicinal chemistry was not driven by
TAARI functional activity, it is of interest to retrospectively
evaluate the TAARI agonism structure—activity relationship
(SAR) around this novel TAAR] agonist chemotype. In this
regard, we conducted a single study that measured the human
TAARI agonist activity, under the same conditions and in
triplicate, of known endogenous ligands as well as compounds
from the ulotaront chemotype. We then built a human TAAR1
homology model with ulotaront as a bound ligand, in order to
identify key interactions and attempt to interpret the SAR of
analogues of ulotaront.

The TAARI activities of a series of endogenous ligands from
this study are summarized in Table 1. Overall, the measured
ECsy's tend to be lower in general than those in published

https://doi.org/10.1021/acsmedchemlett.1c00527
ACS Med. Chem. Lett. 2022, 13, 92—98
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Table 2. Human TAARI1 Agonist Activity of Ulotaront (1) and Analogues

H R?
g 1 =" " R
T S/ 2 | S/
3 m
ulotaront (1)
Configuration m n R! R? R3 ECso (nM) Emax (%)

1 S 1 1 Me H H 38+11 109 +3
19 R 1 1 Me H H 645 £ 169 108 £ 1
20 RS 1 1 Me H H 51+4 110+£4
21 s 1 1 Me H Me 45,700 + 5,100 95+ 4
22 S 1 1 H H H 35+1.2 110+ 1
23 S 1 1 Me Me H 203 £27 112+1
24 S 1 1 (CHz2)4- H 7,198 + 502 113£1
25 S 1 2 H H H 233 £55 105+3
26 RS 2 1 Me H H 321 £ 65 113+5
27 RS 2 1 H H H 65+ 10 111+£2

Table 3. Human TAARI1 Agonist Activity of Other Thienyl
Analogues

ECso (nM) Emax (%)
H
_N
28 290 + SO 1121
(@) : 3
H
_N
29 113+ 12 110+1
(@) ‘ N\
S
H,N
30 s 83+0.5 113+2
W
HoN
31 W\E> 25+9 112£1
‘ A\
S

Scheme 4. Synthesis of Ulotaront (1) and its Enantiomer
(19) from 2-(Thiophen-3-yl)ethan-1-ol (32)
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S
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32 4. 3N HCI, EtOAc Ulotaront ( Compound 19

reports™*”**° but with similar rank ordering. Trace amine -
PEA (2) was the most potent endogenous ligand evaluated,
with ECsy = 15 nM. Its N-methyl analogue (3) was
approximately 10-fold less active. Oxidation of the aromatic
ring also reduced TAARI potency, with the 4-hydroxylated
analogue p-tyramine (4) and 3-hydroxylated analogue m-
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tyramine (5) demonstrating about S-fold and 23-fold lower
activity than S-PEA, respectively. Thyronamine T,AM (9),
which contains the -PEA core, was less potent, but still sub-
micromolar, with ECyy = 225 nM, as was the 3-methoxy, 4-
hydroxy analogue 3-MT (8), with ECg, = 308 nM.

Oxidation of the p-phenethylamine scaffold a- to the
aromatic ring also reduced TAARI agonism, with both
enantiomers of octopamine (6a, 6b) being 21-fold and 54-
fold less active, respectively, than the corresponding non-
hydroxylated analogue p-tyramine (4). As seen with N-
methylation of §-PEA (2), N-methylation of the more active
octopamine isomer (6a) to the endogenous trace amine
(—=)-synephrine (7a) reduced activity, in this case by
approximately 3-fold compared to 6a. Tryptamine (10), with
an indole in place of the phenyl of #-PEA, is about 150-fold
less active than $-PEA, with an ECy, = 2.2 yM.

The biogenic amine neurotransmitters tested were all
considerably less active than the more potent of the trace
amines. For example, dopamine (11), which has both the 3-
hydroxy group like m-tyramine § and the 4-hydroxy group as in
p-tyramine, is 5-fold and 23-fold less active, respectively, than §
and 4. Norepinephrine (12), which is hydroxylated a- to the
aromatic group compared to dopamine (11), is less active,
similarly to the SAR observed with the trace amines. Serotonin
(13), was the least active (ECy, = 23.8 uM), which is
consistent with aromatic hydroxylation reducing the potency of
the weakly active trace amine tryptamine (10).

Human TAARI agonists activities for ulotaront and a series
of its analogues are shown in Table 2, with ulotaront (1)
demonstrating full agonist activity (E,,, = 109%) with an ECs,
of 38 nM. As with its in vivo potency” and 5-HT1A potency,*
ulotaront has more potent (~17-fold) TAARI agonism than
its enantiomer (19). This absolute TAAR1 agonism stereo-
chemical preference exists for all sets of enantiomers tested
(see the Supporting Information for data on other
enantiomers). Furthermore, substitution of the chiral carbon
of ulotaront with methyl (21) reduces TAARI potency by
>1000-fold.

https://doi.org/10.1021/acsmedchemlett.1c00527
ACS Med. Chem. Lett. 2022, 13, 92—98
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Figure 1. Ulotaront bound to the human TAARI receptor binding site. Graphic rendered by Biovia Discovery Studio Visualizer.

SAR around the ulotaront amine was also investigated.
Similar to the trace amines 5-PEA (2) and N-methyl PEA (3),
the N-demethylated analogue (22) of ulotaront is about 11-
fold more potent, with EC, = 3.5 nM. Interestingly, the N,N-
dimethyl analogue 23 is less active, with ECy, = 203 nM. When
R' and R’ together equal —(CH,),— to form a pyrrolidine ring
such as in 24, TAAR1 agonist potency is further reduced, with
an ECg, 189-fold less potent than that of ulotaront. Lastly,
extending the linker length from one carbon as in ulotaront to
a two-carbon linker (25) reduced the activity 67-fold
compared to the corresponding N-demethylated analogue 22.

Expansion of the dihydropyran ring of ulotaront to the
tetrahydrooxepin ring of racemic 26 resulted in an
approximately 6-fold decrease in potency (ECg, = 321 nM)
compared to racemic ulotaront 20. As with demethylated
ulotaront, the corresponding N-demethylated analogue (27)
was about 5-fold more potent (ECsy = 65 nM) compared to
26.

The location of the sulfur in the fused thiophenyl ring is also
important. Racemic 28 (Table 3), with the thienyl sulfur
shifted to the 2-position in ulotaront, is ~6-fold less potent
than racemic ulotaront (20). Similarly, compound 29, with the
thienyl sulfur shifted to the 3-position in ulotaront, is 3-fold
less active for TAARI than ulotaront.

Considering the shared aryl ethyl amine scaffold of ulotaront
with the trace amines such as fS-PEA, we also tested the
TAARI agonist activity of the ring opened analogues 30 and
31. The thiophen-2-ylethanamine 30 corresponds to the
ulotaront thiophene configuration, while the thiophen-3-
ylethanamine 31 corresponds to the thieno[3,2-c]pyranyl
configuration of 29. Both diethyl amine thiophenes had potent
TAARI agonism (ECg, = 8.3 and 25 nM, respectively), with
the thiophene corresponding to the ulotaront configuration
being approximately 3-fold more potent than the other.

Ulotaront was synthesized (Scheme 4) by the condensation
of 2-(thiophen-3-yl)ethanol (32) and N-methylaminoacetalde-
hyde dimethyl acetal in the presence of triflic acid in
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dimethoxyethane.”” BOC protection, followed by chiral
separation and then deprotection provided ulotaront. Analo-
gous reactions were used to synthesize some of the compounds
in Table 2. Thienyl analogues 28 and 29 were synthesized
similarly, but from 2-(thiophen-3-yl)ethan-1-ol and 2-(thio-
phen-2-yl)ethan-1-ol, respectively. Details for the chemical
synthesis for ulotaront as well as all the compounds from
Tables 2 and 3 can be found in the Supporting Information.

The initial three-dimensional homology model for TAARI
was obtained from GPCRdb.*” The starting pose for ulotaront
was determined by docking with the program FRED* (v4.0).
Molecular dynamics calculations reported in this work were all
performed using the AMBER™ (v20) simulation package.
Docking, minimization, molecular dynamics, and simulated
annealing were performed as described in the Supporting
Information. This process produced a TAAR1 homology
model (Figure 1) that was used to identify key interactions and
attempt to better understand the scaffold-specific TAARI
agonism SAR reported in Tables 2 and 3.

The primary interaction of ulotaront with TAARI is a salt
bridge from the amine to the conserved Aspl03, a typical
interaction in class A GPCRs.**® The aspartate also
participates in a hydrogen bond network with Ser107 and
Tyr294. The thiophene is sandwiched between Phe198 on one
side (with which it makes a 7—x T-interaction) and Ile104 on
the other. Phe267 makes a z—sulfur interaction, while Phe268
makes a hydrophobic contact with the pyran ring alkyl carbons.
Ulotaront does not interact with Ser 198 that is believed to
interact with the catechol in norepinephrine.

Our model shares commonalities with various homology and
docking models that previously reported ligand interactions
with Asp103, Ser107, Ile104, Phel9S, Tyr294, Phe267, and
Phe268."°7°* Recently, a report of a molecular dynamics
(MD) study specifically describing the interactions of ulotaront
with the TAARI receptor was published.”® Our model agrees
with that model with regard to interactions with Asp103,
Ser107, Phel95, Phe268, and Ile104 but not for interactions

https://doi.org/10.1021/acsmedchemlett.1c00527
ACS Med. Chem. Lett. 2022, 13, 92—98
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with Phel86, Phel99, Thr194, Ser198, and Thr271 that are
asserted by the authors of that paper. Furthermore, the
published model does not describe a role for Tyr294 and
Phe267, which figure prominently in our model.

Our TAAR1 model accounts for a number of the SAR
observations made for ulotaront and its related analogues but
may not be appropriate for other scaffolds. Compound 21, a
virtually inactive analogue (ECs, = 46 uM) with an extra
methyl at the tertiary center on the isochroman ring, would
make an unfavorable contact with Phe267. Inverting the chiral
center, such as in ulotaront’s enantiomer 19, would either
prevent the critical salt bridge to Aspl03 or force the
orientation of the thiophene into unfavorable collisions with
the three Phe groups. Extending the amine carbon chain results
in less active compound 25, which would be expected as the
lengthened chain would push the thiophene and the pyran ring
into an orientation that would allow fewer contacts with the
Phe and Ile groups that sandwich the parent compound.
Removing the amine methyl (22) would enable an additional
hydrogen bond to Tyr294, while adding another methyl (23)
would disrupt the hydrogen bond to Ser107. Incorporating the
nitrogen into a ring (24) reduces potency, as in the case of
adding an additional methyl, as well as adding steric bulk to an
already crowded region around Trp264.

It is less obvious why flipping the thiophene ring, as in
compounds 28 and 29, would result in a modest potency
reduction, since most of the proposed interactions would be
preserved. Perhaps this is due to an electronic effect which
would not be captured by the approximations of dynamics
simulations. As well, thiophen-2-ylethanamine 30 is extremely
potent (ECg, = 8.3 nM), even though the number of favorable
contacts is reduced. Perhaps this is due to a favorable
reorganization of the receptor.

In conclusion, the TAARI1 agonism SAR around the
ulotaront scaffold was retrospectively investigated, as ulotaront
was discovered through a target-agnostic, in vivo phenotypic
approach. Evaluation of ulotaront in a TAARI homology
model identified key binding pocket interactions and was
useful to understand the TAARI agonism SAR of ulotaront
analogues originally evaluated only phenotypically. Ulotaront,
currently in Phase 3 clinical development for the treatment of
schizophrenia, with its novel (non-D2, non-S-HT2A) mecha-
nism of action, represents a new pharmacological class for the
treatment of schizophrenia.
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