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Abstract

Trace Amine Associated Receptor 1 (TAAR1) is a novel pharmaceutical target under investigation for the treatment
of several neuropsychiatric conditions. TAAR1 single nucleotide variants (SNV) have been found in patients with
schizophrenia and metabolic disorders. However, the frequency of variants in geographically diverse populations
and the functional effects of such variants are unknown. In this study, we aimed to characterise the distribution

of TAART SNVs in five different WHO regions using the Database of Genotypes and Phenotypes (dbGaP) and
conducted a critical computational analysis using available TAART structural data to identify SNVs affecting ligand
binding and/or functional regions. Our analysis shows 19 orthosteric, 9 signalling and 16 micro-switch SNVs
hypothesised to critically influence the agonist induced TAART activation. These SNVs may non-proportionally
influence populations from discrete regions and differentially influence the activity of TAAR1-targeting therapeutics
in genetically and geographically diverse populations. Notably, our dataset presented with orthosteric SNVs
D103**N (found only in the South-East Asian Region and Western Pacific Region) and T194>#*A (found only in
South-East Asian Region), and 2 signalling SNVs (V125>>*A/T2525%€A, found in African Region and commonly,
respectively), all of which have previously demonstrated to influence ligand induced functions of TAART.
Furthermore, bioinformatics analysis using SIFT4G, MutationTaster 2, PROVEAN and MutationAssessor predicted all
16 micro-switch SNVs are damaging and may further influence the agonist activation of TAART, thereby possibly
impacting upon clinical outcomes. Understanding the genetic basis of TAART function and the impact of common
mutations within clinical populations is important for the safe and effective utilisation of novel and existing
pharmacotherapies.
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Introduction

The endogenous trace amines (TAs) are small molecules
that selectively activate a group of G protein-coupled
receptors (GPCRs) called trace amine associated recep-
tors (TAARs) [1, 2]. Human TAARs are encoded by an
intron-less cluster of Taar genes located on chromo-
some 6q23.2, with six genes encoding for functional
TAARs (TAARI, 2, 5, 6, 8 and 9) [3]. TAARs are dis-
tantly related to monoamine neurotransmitter GPCRs
and share close structural similarities with the broader
class A GPCR family, featuring a membrane spanning
hepta-helical transmembrane domain (TM) and three
intracellular and extracellular loops (ICL1-3 and ECL1-3,
respectively) [1]. While most TAARs function primarily
as olfactory receptors, with low CNS expression, TAAR1
is highly expressed in the CNS, particularly in monoami-
nergic nuclei [1, 2]. Furthermore, TAAR1 expression is
also reported in peripheral systems including the gastro-
intestinal tract, heart, thyroid, and immune systems [4].
When inactive, TAARLI is proposed to be localised on the
endoplasmic reticulum and mitochondrial membranes
[4]. However, TAARI activation via trace amine binding
and/or heterodimerisation with other receptors triggers
translocation to the plasma membrane and the produc-
tion of cellular responses, primarily by altering intracel-
lular cyclic-adenosine monophosphate (cAMP) levels
[5]. Through these actions, TAARI plays important roles
in the modulation of monoaminergic and glutamater-
gic neurotransmission, hormone secretion and glucose
metabolism, regulating vital processes involved with cog-
nition, mood, and metabolism [2, 3]. As such, TAARI1
has arisen as the major focus of TAAR research due to
its therapeutic potential in treating CNS and metabolic
disorders [2].

The critical role of TAARI in modulating monoaminer-
gic neurotransmission is exemplified in TAAR1 knockout
mice, which display hypersensitivity to amphetamine and
elevated release of monoaminergic neurotransmitters
[5, 6]. Further, receptor stimulation with partial TAAR1
agonists significantly improved psychological distress,
cognitive functioning, sleep patterns, and produced anti-
diabetic effects in preclinical models of schizophrenia
and diabetes [6-9]. Many structurally distinct TAAR1
full and partial agonists have since been developed, with
several entering clinical trials for schizophrenia, anxi-
ety, Parkinson’s L-Dopa related psychosis, sleep disor-
der and diabetes [10]. Of note is ulotaront (SEP-363856),
a dual TAAR1/5-HT1A agonist, which received FDA
Breakthrough Therapy status for schizophrenia treat-
ment in 2019 [11, 12]. However, despite promising pre-
clinical and early clinical results, ulotaront failed to hit
primary endpoints in two recent Phase 3 trials for schizo-
phrenia (ClinicalTrials.gov Identifiers: NCT04072354,
NCT04092686) [13, 14]. Initial reports suggested a high
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placebo effect masking the therapeutic effects of ulo-
taront as the primary reason for the clinical failures [15].
However, it remains unknown exactly what factors play
a role in a lack of ulotaront efficacy in patient popula-
tions. As Phase 2 clinical trials for ulotaront are currently
underway as a treatment for generalised anxiety disor-
der (ClinicalTrials.gov Identifier: NCT05729373) and as
adjunctive therapy for major depressive disorder (Clini-
calTrials.gov Identifier: NCT05593029), understanding
the reasons for this failure is of critical importance for
the future clinical success of both ulotaront and other
TAARI clinical candidates [16, 17].

Genetic mutations are of particular interest in GPCR
drug discovery due to their disease-causing effects
and potential to interfere with drug activity by disrupt-
ing drug metabolism, protein-ligand interactions, and
receptor function [18-21]. A partial TAAR1 agonist,
R05263397, failed Phase 1 clinical trials due to splic-
ing mutations in the drug metabolism enzyme uridine
5’-diphosphate-glucuronosyltransferase  2B10, which
increased exposure to parent compound by more than
100-fold [22]. The causative single nucleotide variant
(SNV) mutation was particularly pervasive in African
regions, indicating geographical heterogeneity in sus-
ceptibility to altered drug effects [22]. The TAARI gene
cluster has also been identified via linkage analysis as a
locus of susceptibility for schizophrenia, with clinical
and experimental studies showing correlation between
TAAR1 SNVs and patients with impaired glucose
homeostasis and schizophrenia in geographically distinct
populations [19, 23, 24]. Indeed, numerous SN'Vs identi-
fied in human TAARI alter expression and functional
properties, with previous studies relying on mutagenesis
and in vitro characterisation to test the functional effects
of TAARI SNVs [19, 23, 25, 26]. Furthermore, multiple
high resolution cryo-electron microscopy (cryo-EM)
TAAR1 structures bound to both natural TAs and syn-
thetic agonists have recently been solved [27-31]. Such
advances pave the way for structure-based approaches to
studying TAART1 ligand interactions and structure-func-
tion, which until recently have relied on homology mod-
els [32]. Computational approaches using experimentally
determined structures represent a powerful method for
rapidly screening the effects of TAAR1 SNVs that poten-
tially impact drug action in genetically and geographi-
cally diverse clinical populations.

The purpose of this study was to leverage recently pub-
lished experimental structures of TAARI to identify the
putative effects of SNVs on TAARI1 structure-function
using bioinformatic approaches. The Database of Geno-
types and Phenotypes (dbGaP) was used to identify and
characterise putative detrimental SNVs in populations
belonging to five diverse geographical regions. With the
aim of predicting the impact of these SNVs on TAAR1
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function, we have identified 19 SNVs at the orthosteric
binding sites, 9 at signalling domains and 16 at micro-
switch domains. Additionally, in silico functional predic-
tion algorithms predicted all 16 micro-switch SNVs are
damaging to TAAR1 function. We found several crucial
mutations affecting conserved regions that are geograph-
ically non-uniform in their distribution. The results of
our study provide a basis for further in silico and in vitro
studies that may provide deeper insights and experimen-
tal validation for TAAR1 SNV functional effects.

Methods

SNV data from NCBI dbGaP repository

All SNV data were collected from the National Center
for Biotechnology Information (NCBI) dbGaP database
(2023) [33]. The Reference SNP cluster ID (rsID) were
compiled based on five of WHO classification of regions,
African Region (AR), South-East Asian Region (SEAR),
Region of the Americas (ROA), European Region (ER)
and Western Pacific Region (WPR). Regions containing
pan-ethnic groups, such as Region of the Americas, were
classified based on their genetic architecture [34].

Prediction of SNV functional effects using in silico tools

To analyse the effect of specific TAAR1 SNVs, in silico
algorithms were employed to predict tolerability. The
tools were accessed through dbNSFP (version 4.4a),
a repository containing a range of functional predic-
tion algorithms [35]. To prevent ambiguity in relation
to cut-off scores, tools yielding a binary output as dam-
aging (D) or Tolerable (T) were selected. Furthermore,
tools that utilised High, Medium, and Low scoring for-
mats were considered. All High outputs were character-
ised as damaging, while Medium and Low outputs were
characterised as tolerable. Four algorithms satisfied these
inclusion criteria. (1) Sorting Intolerant from Tolerant
(SIFT4G v2.4), which predicts the likelihood of a muta-
tion to cause functional damage using sequence homol-
ogy, assumes that evolutionarily conserved regions are
essential for protein function and therefore any missense
substitution is generally considered intolerable [36]. (2)
Protein Variation Effect Analyzer (PROVEAN v1.1) uti-
lises sequence homology to estimate the tolerability of
a mutation by computing the change in delta alignment
score using the BLOSUMSG62 substitution matrix [37].
(3) Mutation Assessor (v3.0) utilises sequences from
homologous protein families and sub-families within and
between species, to calculate an impact probability score
[38]. (4) MutationTaster 2 (v2015) utilises machine learn-
ing approaches and is trained using>390,000 disease
variants and >6 million tolerable polymorphisms. Muta-
tionTaster 2 uses Bayes classifier algorithm to calculate
the probability of a mutation being damaging or tolerable
[39].
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Identification of TAAR1 SNVs at ligand binding and other
functional domains through structural mapping

The snake plot of human TAAR1 (TA1l human) was
acquired from GPCRdb [40]. To identify SNVs at the
ligand binding and other functional domains of TAARI,
current literature on human TAARI experimental struc-
tures were utilised. The complexes of TAARI-ligand
(BWB8A, 8W89, 8W88, 8W87, 8JSO, 8JLN, 8JLO, 8JLP,
8JLQ, 8JLR, 8WC8, 8WCA and 8UHB) were accessed
using the RCSB PDB database [27-30]. Search term
“TAAR1” was provided to make the initial query and the
output was refined using “Homo sapiens” under ‘Scien-
tific Name of Source Organism’ The resulting structures
and primary literature were reviewed to identify residues
involved in ligand activated mechanisms of TAARI.

Generating plots using bioinformatic tools and online
databases

The position of SNVs within the TAARI structure were
sorted based on the geographical distribution and a
5-way Venn diagram was generated using the Venn pack-
age through R studio version 2023.06. In addition, the
geographical distribution of each SNV were segregated
and illustrated using river plots, generated using ggallu-
vial package in RStudio version 2023.06. ChimeraX (ver-
sion 1.7.1) and OpenEye Scientific VIDA (version 5.0.5.3)
were utilised for visualisation and annotations of 3D
structures (41-43).

Results

Allelic heterogeneity and geographical distribution of
human TAAR1 SNVs

A list of rare missense TAAR1 SNVs was collated from
the NCBI dbGaP database. To identify the geographi-
cal distribution of each SNV, the reference SNP cluster
ID (rsID) were classified based on five WHO regions,
African Region (AR), South-East Asian Region (SEAR),
Region of the Americas (ROA), European Region (ER),
and Western Pacific Region (WPR). A total of 290 indi-
vidual TAAR1 SNVs were identified, all of which are
segregated at varying capacity, covering all domains of
TAARI including TM, ICL, ECL, N-terminal extension
and C-terminal tail. To visualise the position of individ-
ual SNVs and identify allelic heterogeneity at each resi-
due, SN'Vs were mapped onto a TAAR1 snake plot from
GPCRdb (Fig. 1) [40]. As highlighted, the current dataset
shows 108 residues with a single SNV, which constitutes
approximately 37% of this dataset. The remaining 63% are
segregated as residues with double, triple, and quadruple
allelic heterogeneity. Notably, the highest heterogene-
ity (four variants) was displayed at six positions; V943
(Superscript is position according to Ballesteros & Wein-
stein numbering system, which indicates helix position of
residue relative to the most conserved amino acid within
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Fig. 1 Snake plot of human TAART demonstrating allelic heterogeneity observed in this dataset. The data was accrued from NCBI dbGaP consisting of
290 TAART SNVs. The allelic heterogeneity was characterised using the TAART snake plot, accessed from GPCRdb (TAT human structure). As shown, up to
four variants were originated from six individual residues. Three predicted post-translational modification sites (PTM sites) have been identified (T67%
(phosphorylation), K1 342 (methylation) and K322C~term (acetylation)) using GPCRdb, with two residues affected by SNVs (T67%%8 and K134'“12).

a TM [44]), R1213% and M135'“*?, G181F¢?, T2716% To characterise the geographical distribution and con-
and M3027°!, In addition, SN'Vs in two post translational ~ sequently define shared and unshared SN'Vs, a Venn anal-
modification sites (Predicted PTM site, identified using  ysis was performed. As shown in Figs. 2A and C, 20 SNVs
GPCRdb) were identified, T67%%, K134!°1? [40]. Overall,  are shared across all five geographical regions (referred to
this dataset presents with SNVs covering approximately  as “common SNVs” henceforth) and a total of 75 SNVs
55% (186 residues) of human TAARI. are unique. Notably, unique SN'Vs were most pervasive in

SEAR and AR (31 unique SNVs in each) and no unique
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Fig. 2 Distribution of TAART SNVs across different demographic regions. The data was accrued from NCBI dbGaP and characterised into five WHO regions
of classifications; WPR, AR, ROA, SEAR, and ER. (A) Venn analysis showing the distribution of SNVs across five regions. The analysis was conducted using
the ggVenndiagram package in R studio. (B) Burden of TAART SNV in each region. All SNVs, including unique and shared variants found in each demo-
graphic region were tallied. (C) World map showing each WHO regions of classification. Eastern Mediterranean Region and Antarctica (grey colour) were

not considered in this study due to very low SNV prevalence. The bar graph and World map was generated in R studio using ggplot and maps packages,
respectively

SNVs were identified in the ROA. To elucidate the preva-  total burden of TAAR1 mutations were the highest in AR
lence of TAAR1 SNVs regionally, we defined the burden  (#=212) and lowest in the WPR (n=50).

of TAAR]1 SNVs by tallying all the unique and shared To best illustrate our overall data, a river plot was uti-
SNVs present in each region (Fig. 2B). In this dataset, the lised (Supplementary Figs. 1-4). Briefly, all plots were
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Fig. 3 (See legend on next page.)
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(See figure on previous page.)

Fig. 3 SNVs affecting residues involved in ligand binding, defined as orthosteric SNVs. Amino acid residues involved in ligand binding were curated
using the human ligand-TAART complexes deposited in RSCB, including 8W8A, 8W89, 8W88, 8W87, 8JSO, 8JLN, 8JLO, 8JLP, 8JLQ, 8JLR, 8JSO, 8WC8, 8WCA
and 8UHB (ligand name is displayed in parenthesis). Primary SNV data was accrued from NCBI dbGaP and mapped on the ulotaront-TAAR1-Gas coupled
cryo-EM complex (RCSB: 8JLO). (A) Ulotaront-TAART-Gas coupled cryo-EM complex (RCSB: 8JLO) (i) residues involved in synthetic and endogenous
agonist binding affected by SNVs (shown in sticks), (i) complexed ulotaront at the binding site with WT residues affected by SNVs, including D103%3
which establishes a critical ionic bond required for ligand recognition. (B) River plot demonstrating the demographic distribution of orthosteric SNVs. Top
panel displays the proportional burden of orthosteric SNVs in WPR, AR, ROA, SEAR and ER. Bottom panels show the list of orthosteric SNVs. The ribbons
link each region with associated SNVs. Unique SNVs are colour matched with respective WHO region, and shared SNVs are coloured using light grey.
(€) List of residues found to interact with complexed ligands. The river plot and scatter plot were generated using the ggalluvial package and ggplot
of R studio, respectively. 3D structure depictions were created using ChimeraX and OpenEye Scientific VIDA. *Indicates presence of mutation/s. PEA

(B-phenethylamine), METH (methamphetamine), AMPH (amphetamine) and T1AM (3-lodothyronamine)

composed of two complementary horizontal axes, top
axis with the WHO region and bottom axis with the
SNVs. Both axes are bridged by up to five “streams’, each
representing a WHO region. In this case, the stream
can be seen to originate from the axis of WHO region
and links to a single/multiple SN'Vs that is in association
with the region. The stream also can be interpreted to
originate from the axis of SNVs and linking to a WHO
region/s to precisely locate the region/s in association
with SNV. Thus, the relative axial area, i.e. the size of
each box a given SNV, or a WHO region occupies, rep-
resents the sum of associations with its complementary
variable. In addition, shared SNVs are presented using
the grey shade and unique SNVs are presented with vary-
ing colour shades corresponding to the WHO region (e.g.
V28873A in AR with sky blue).

SNVs at the ligand binding regions of human TAAR1

The potential impact of identified SNVs on important
aspects TAARI function, such as agonist binding and sig-
nalling remain unexplored. Hence, our analysis focused
on studying the SNVs present in the TAARIL agonist
binding and signalling domains. With the emergence of
various agonist bound TAAR1 cryo-EM structures, resi-
dues critical for differential agonist binding and signal-
ling are beginning to unfold [27-30]. Considering this,
we performed identical structural mapping analysis using
the available cryo-EM structures to map the distribution
of SNVs across TAAR1 ligand binding pockets. This was
conducted in conjunction with the geographical data to
analyse and define the influence of SNVs present in each
region.

‘Orthosteric SNVs’ are defined as SNVs at residues
surrounding the binding site of various TAAR1 ago-
nists, identified from experimentally determined TAAR1
structures (Fig. 3) including RCSB entries 8W8A, 8W 89,
8W88, 8W87, 8JSO, 8JLN, 8JLO, 8JLP, 8JLQ, 8JLR,
8WC8, 8WCA and 8UHB. A total of 19 orthosteric SN'Vs,
affecting 16 residues were identified (Fig. 3A, supple-
mentary Table 1). Three common orthosteric SNVs were
identified at two positions, 1104333 (variant; V104333
and T197°% (variants; 1197>%, $197°%), which are cru-
cial for the binding of several exogenous and endogenous

TAARI agonists (Fig. 3B, C). Specifically, residue 1104333
forms interactions with 3-iodothyronamine (T1AM),
amphetamine and other synthetic agonists, while resi-
due T197°% interacts with ralmitaront (Fig. 3C) [27-30].
As shown in Fig. 3B, six unique orthosteric SNVs were
found, including 1104%33S, S108%37P, F1123*'L, V150**7,
S183ECL2F and T194°42A. All residues form key interac-
tions with ralmitaront, with residue specific interactions
with other agonists such as T1AM (1104>33, S108>%,
S1835¢'2, T194°*), ulotaront (1104*%, S183F“"% and
T194°*?), amphetamine (1104>3 and S183E¢'?), meth-
amphetamine (1104>3 and T194°*?), B-phenylethylamine
(PEA) (1104*3% and T194°*?) and Ro5256390 (1104333
and T194°%?) [27-30] as illustrated in Fig. 3C. Apart from
F1123*L and S183F“L’F (both found in ER), all unique
orthosteric SNVs belong to SEAR. Notably, shared ortho-
steric SNVs such as S80>°'G (WPR/SEAR), H99**R
(ROA and others, Fig. 3B) and V18452l (SEAR/ER)
may influence the binding of endogenous compounds
PEA and T1AM [27]. Furthermore, residues D103%32 and
W2645* interact with all TAAR1 agonists tested thus
far (Fig. 3C), with a single shared SNV at each residue:
D103%*3N (WPR and SEAR) and W264°*L (AR, SEAR,
and ROA) as illustrated in Fig. 3B [27-30].

SNVs at the micro-switch domains of human TAAR1

SNVs found at the highly conserved micro-switch
domains may influence TAAR1 functionality. Micro-
switches are structural motifs conserved across the Class
A GPCR superfamily that link ligand binding with con-
formational changes associated with G protein coupling
and receptor activation [29]. From the cryo-EM data,
it was evident TAAR1 has the typical micro-switches
for the classical class A GPCR helical rearrange-
ment [27-30]. These micro-switches include the DRY
(D1203%, R1213>*° and Y1223%Y), PIF (P202>*°, 1111340
and F260°*), CWxP (C263°%, W264°*, C265°* and
P266°*%), and NPxxY motifs (N3007*°, P3017*°, M302"!,
V30372 and Y3047 %%).

Using structural mapping analysis, we classified SN'Vs
within the four micro-switch domains as ‘micro-switch
SNVs’ (Fig. 4A, Supplementary Table 2). A total of 16
micro-switch SNVs were identified, located within the
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Fig. 4 Demographic distribution and predicted effects of class A micro-switch SNVs. Primary SNV data was accrued from NCBI dbGaP and mapped on
the ulotaront-TAART-Gas cryo-EM complex (RCSB: 8JLO). (A) Micro-switch residues containing SNVs, shown in sticks; residues of CWxP motif with SNVs
(W264°% not shown), residues of DRY motif with SNVs residues of NPxxY and PIF motif with SNVs (B) River plot displaying demographic distribution of
microswitch SNVs. The bottom panel show the list of SNVs. The ribbons link each region with associated SNVs. Unique SNVs are colour matched with
respective WHO region, and shared SNVs are coloured using light grey. (C) Prediction of putative effects of micro-switch SNVs using SIFT4G, Mutation-
Taster 2, PROVEAN and MutationAssessor. The tools were accessed using dbNSFP database. Variants were called damaging upon meeting the following
threshold scores (denoted by the red vertical line): <0.05 (SIFT4G), > 0.5 (MutationTaster 2), < -2.5 (PROVEAN) and > 3.5 (MutationAssesor)
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DRY (seven SNVs), CWxP (six SN'Vs), PIF (one SNV) and
NPxxY (two SNVs) motifs (Fig. 4B). When considering
geographical distribution, three common micro-switch
SNV were identified: R1213>*°C/S affecting the DRY and
N300”%K affecting NPxxY motif. Furthermore, a total of
seven unique micro-switch SN'Vs were identified; four in
AR, two in SEAR and one in the ER as shown in Fig. 4B.
Shared variants in micro-switch regions were also iden-
tified, one of each affecting DRY, PIF, NPxxY and three
affecting CWxP (Fig. 4B).

Although the importance of the micro-switch regions
in class A receptor rearrangement and activation are
well known, the functional implications of SN'Vs in these
motifs on TAAR1 activity remains largely unknown.
Notably, putative deleterious effects of R1213*°C/L,
C263°¥'G, W264°*°L, P266°7S/A and N300"*’S/K were
previously described by GPCRdb using SIFT and Poly-
Phen algorithms. Therefore, to characterise the puta-
tive effects of TAAR1 micro-switch SNVs, four different
in silico algorithms were employed to predict the effect
of variants as either tolerable or damaging; SIFT4G,
PROVEAN, Mutation Assessor and MutationTaster 2. All

A
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micro-switch SN'Vs were predicted to be damaging by all
four selected algorithms (Fig. 4C).

SNVs affecting the G protein-coupling residues of human
TAAR1

Cryo-EM structures of TAARL in complex with struc-
turally diverse ligands have revealed TAARI1 agonists
engender divergent G protein coupling and downstream
signalling outcomes, with mutagenesis revealing resi-
dues involved in this preferential G protein activation
[27-30]. As such, we characterised 9 SNVs at five posi-
tions within TAAR1 identified as critical for divergent G
protein activation and signalling transduction (referred
to as signalling SNVs) (Fig. 5A, B). Two common sig-
nalling SNVs were identified, one affecting a residue
important for TAARL-G,, subunit activity (H55°"'R),
and T252%%A critical TAAR1-G; activity. Two unique
SNVs were present in the AR; one affecting residue criti-
cal for TAAR1-G, activity (Q220°°°E), and other residue
(V125%°*A), implicated with creating selective bias for
G,; over G, coupling [29]. Additional signalling SNVs
were shared across multiple regions and may influence

' TM3
TM6 T™M6
6.37 3.54
L253 V125 el ' )
&
T2526:36 > Q220568 ICL1
)
- <
3 S i g
o < | W o = < = (] >
T >0 (¢ = = | =] |

Fig. 5 SNVs identified at the G-protein coupling interface of TAART, referred to as signalling SNVs. Primary SNV data was accrued from NCBI dbGaP and
current cryo-EM literature was utilised to map signalling SNVs. (A) SNVs identified at residues demonstrated to be critical for different TAAR1 signalling
pathways, shown in sticks. (B) River plot displaying demographic distribution of signalling SNVs. Unique SNVs are colour matched with respective WHO
region, and shared SNVs are coloured using light grey. Alanine variants present in this subset has been functionally validated and shown to disrupt G-

protein activity
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TAAR1-G,-protein interactions based on sites from
previous experimental studies, as summarised in Fig. 5B
[29].

Discussion
A greater understanding of the impact of SNVs is war-
ranted in light of emerging studies connecting TAAR1
SNVs with neuropsychiatric disorders [19, 23-25]. Here,
demographic distribution and atomic insights of human
TAAR1 experimental structures were utilised to define
and predict effects of selected TAAR] missense SNVs.
Our findings showed a large degree of allelic heteroge-
neity, presence of multi-regional SNVs and implicated
AR with highest overall count of SNVs. Our structural
mapping analysis utilising cryo-EM structural insights
isolated the primary data set consisting of over 40 SN'Vs.
Within the dataset were 16 SN'Vs at four different micro-
switch regions, with putative damaging effects predicted
by four in silico algorithms. Here, AR had the highest
number of micro-switch SNVs. In addition, 19 ortho-
steric SNVs, and 9 signalling SNVs were noted, with
highest count was in SEAR and AR, respectively.
Structure-based  predictions and bioinformatics
approaches have been used to predict the functional
effects of SN'Vs on multiple pharmacological targets [19,
45-48]. With the emergence of various agonist bound
human TAARI cryo-EM structures, the binding residues
for several TAARI agonists have been characterised [27—
30]. The TAAR1 cryo-EM structures in complex with
various agonists have identified D103*3? and W264%*® as
critical residues for agonist binding through a combina-
tion of in vitro and i silico mutagenesis studies [27-30].
In all cases, alanine substitution at both positions signifi-
cantly affected TAARI activation in response to agonists
for both mouse and human receptors [27-31]. Notably,
our dataset identified D103***N in WPR and SEAR, and
W2645*L in ROA and few others (Fig. 3B). In previous
experimental studies, the negatively charged D103%%2
formed a critical salt bridge with the positively charged
amine group of all complexed TAAR1 agonists [27-30,
32]. In comparison, the modified asparagine (D103%3?N)
replaces the negative charge for a neutral charge, which
was recently shown to abolish the binding PEA, tyramine,
T1AM, and synthetic agonists including the atypical
anti-psychotic asenapine [30]. Thus, D103%3?N will likely
diminish binding of other agonists and raises a major
concern regarding the efficacy of TAARI therapeutics in
WPR and SEAR. Likewise, W264%%, part of the CWxP
motif, forms hydrophobic contacts with all complexed
TAAR1 agonists [27-30]. Hence, the substitution of
W264°*L, may influence the binding of selective TAAR1
agonists. Previous experimental studies show that
W264°548A completely inhibits TAAR1 activation by PEA
and other agonists, with substitution to phenylalanine
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(W2645%%F) also reducing agonist potency [27—30]. This
is likely divorced from the role of W264%* as a binding
determinant and is more likely due to its role as part of
the critical CWxP micro-switch [27] which is essential
for helical rearrangements in response to ligand bind-
ing. In addition, alanine substitution of T194°*? (found
in SEAR) were previously experimentally validated and
demonstrated to influence ligand induced activity of
TAAR1 [27, 29, 30]. Hence it is plausible that populations
belonging to these regions may see a varied response to
TAAR1 therapeutics. In addition, these SNVs may con-
tribute to symptomology associated with disease states
such as attention deficit hyperactivity disorder (ADHD)
due to their potential impact on endogenous ligand bind-
ing and trace amine activity [49].

Notably, previous mutagenesis studies demonstrated
the importance of selective residues for ligand induced
signalling. Our dataset showed SNVs at all these posi-
tions summarised in Fig. 5B. In this case, the alanine
variants have been experimentally validated to affecting
protein activity, including the common SNV T2525%4,
which affects G,; coupling [29]. In addition, the G protein
selectivity may be influenced by the variant V125>%*A
(found in AR), to bias G-proteins towards a specific type
(i.e. giving preference for G over G,,) in a ligand depen-
dent manner [29]. Such changes in G protein selectiv-
ity may reverse TAARIs putative dopamine modulatory
functions, possibly contributing to neuropsychiatric
pathologies or affecting the ability of agonists to alleviate
existing symptomology in African regions. Indeed, recent
work suggests preferential activation of Ga, pathways, or
dual Gay/Ga, activation, by TAAR1 agonists has added
benefit in animal models of schizophrenia [28]. While
it remains to be seen if such observations translate to
humans, such discoveries provide a framework for ratio-
nal drug design but also highlight crucial evidence for
how signalling SNVs may impact TAAR1 function and
the clinical use of agonists for therapeutic benefit.

Whilst the clinical impact of TAAR1 SNVs affecting
micro-switch motifs is yet to be elucidated, SN'Vs have
been linked to pathologies in other GPCRs [50]. The DRY
motif establishes intrahelical electrostatic interactions
between D120*%° and R121>*° establishing a more criti-
cal interhelical ionic lock with TM6, both critical mecha-
nisms for the receptor “packing” These interactions may
not be facilitated by residues with diverging electrostatic
properties such as D1203%G (ER), R1213°°S/C/L (vari-
ants S/C: common and variant L: AR) and Y1223°!C
(SEAR/ER) [51-55]. In comparison, the interactions
may still be established if the modified residue mirrors
those electrostatic properties of original residues such
as D120%**E (SEAR) and R1213°°H (AR) [56, 57]. On the
contrary, the structural features and stability facilitated
by certain residues may be indispensable. The SEAR SNV
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P266°*°L of CWxP and P202°°%S of PIF motif (ROA and
AR) may compromise the helical rearrangement facili-
tated by the cyclic proline. The helical rearrangement
is critical for G protein coupling, thereby reducing the
binding and signal transduction efficiencies [58]. Trans-
lationally, this implies regions harbouring TAAR1 SNVs
may display varied response to agonists, warranting dose
optimisation in certain populations belonging to certain
geographical regions to achieve optimal pharmacologi-
cal effects. Indeed, current literature shows a spectrum
of receptor impact from micro-switch mutations. Some
receptors are virtually unharmed, whilst others lose their
functionality, warranting in vitro validation to assess the
functional impacts of the SNVs predicted using in silico
methods [51, 56, 57, 59]. Future studies may also consider
the limitations surrounding in silico-based modalities
and the absence of a population-specific categorisation.
Datasets with such assortment can only be accomplished
through targeted and controlled genomic studies, which
may also mitigate population specific bias. Thus, further
exploration of population specific SN'Vs is needed to aid
in further development of personalised medicines.

In this study, we used NCBI's dbGaP repository and the
recent cryo-EM studies on human TAARI to identify,
map and define the putative effect of SNVs on TAAR1
function. A total of 290 missense TAAR1 SNVs were
found in our dataset. A structural mapping analysis of the
primary data revealed over 40 SNVs that may influence
TAART1 activation by endogenous and exogenous ligands.
Orthosteric SNV, D103*%*, found in certain regions
(WPR, SEAR) and signalling SNVs (V125**A (AR)
T252%3°A (common)) likely influence ligand recognition
and alter signalling properties of TAAR1 ligands. From
the current dataset, the highest number of TAAR1 SNVs
were found in the AR, followed by SEAR, ROA, ER, and
WPR, respectively, suggesting agents targeting TAAR1
may have differential therapeutic outcomes in geographi-
cally diverse populations, especially given most SNVs
are predicted to reduce ligand binding. In essence, our
study provides insights into the putative impact of mis-
sense SNVs on TAARI activation-signalling mechanisms
and its implications with the use of next-generation
therapeutics in population from various demographic
regions. Functional validation and more rigorous in vitro
and computational studies may help us better under-
stand the clinical impact of SN'Vs. Future investigation of
how TAAR1 SNVs affect expression and function, such
as subcellular localisation, GPCR heterodimerisation,
biased signalling, as well as analysis of SN'Vs outside of
our primary dataset will build a molecular understanding
of neuropsychiatric disorders and to the development of
novel TAAR1 therapeutics.

Page 11 of 13

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/540246-024-00620-w.

[ Supplementary Material 1 J

Acknowledgements
PCN and TB acknowledge Flinders University and Southern Adelaide Local
Health Network for Innovation Partnership Seed Funding.

Author contributions

B.S performed the work, analysed data, and wrote the first draft of the
manuscript. PCN supervised the study and assisted B.S. in data analysis
and writing the manuscript. KJ.G,, S.H. and T.B. assisted in data analysis and
contributed in writing the manuscript.

Funding
Flinders University Innovation Partnership Seed Funding (ID:90037803) funded
by Flinders University and the Southern Adelaide Local Health Network.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethical approval

Genetic data were obtained from the publicly available National Center for
Biotechnology Information (NCBI) database of Genotypes and Phenotypes
(dbGaP).

Competing interests
The authors declare no competing interests.

Author details

'Discipline of Clinical Pharmacology, College of Medicine and Public
Health, Flinders University, Adelaide, SA, Australia

’Flinders Health and Medical Research Institute (FHMRI) College of
Medicine and Public Health, Flinders University, Adelaide, SA, Australia
*Department of Psychiatry, Monash University, Parkville, Melbourne, VIC,
Australia

“Discipline of Psychiatry, College of Medicine and Public Health, Flinders
University, Adelaide, SA, Australia

>Drug Discovery Biology, Monash Institute of Pharmaceutical Sciences,
Monash University, 381 Royal Parade, Melbourne, VIC 3052, Australia
SARC Centre for Cryo-electron Microscopy of Membrane Proteins,
Monash Institute of Pharmaceutical Sciences, Monash University, Parkville,
VIC 3052, Australia

’South Australian Health and Medical Research Institute, University of
Adelaide, Adelaide, South Australia, Australia

®Discipline of Medicine, Adelaide Medical School, University of Adelaide,
Adelaide, South Australia, Australia

Received: 27 March 2024 / Accepted: 13 May 2024
Published online: 11 June 2024

References

1. Borowsky B, Adham N, Jones KA, Raddatz R, Artymyshyn R, Ogozalek KL, et
al. Trace amines: identification of a family of mammalian G protein-coupled
receptors. Proc Natl Acad Sci U S A. 2001;98(16):8966-71.

2. Berry MD, Gainetdinov RR, Hoener MC, Shahid M. Pharmacology of human
trace amine-associated receptors: therapeutic opportunities and challenges.
Pharmacol Ther. 2017;180:161-80.

3. Raul RG, Marius CH, Mark DB. Trace Amines and their receptors. Pharmacol
Rev. 2018;70(3):549.

4. Rutigliano G, Accorroni A, Zucchi R. The case for TAART as a modulator of
central nervous system function. Front Pharmacol. 20188.


https://doi.org/10.1186/s40246-024-00620-w
https://doi.org/10.1186/s40246-024-00620-w

Shajan et al. Human Genomics

20.

21

22.

23.

24.

25,

26.

(2024) 18:61

Espinoza S, Salahpour A, Masri B, Sotnikova TD, Messa M, Barak LS, et al. Func-
tional interaction between trace amine-associated receptor 1 and dopamine
D2 receptor. Mol Pharmacol. 2011;80(3):416-25.

Revel FG, Moreau JL, Gainetdinov RR, Bradaia A, Sotnikova TD, Mory R, et al.
TAART activation modulates monoaminergic neurotransmission, preventing
hyperdopaminergic and hypoglutamatergic activity. Proc Natl Acad Sci U S A.
2011;108(20):8485-90.

Lindemann L, Meyer CA, Jeanneau K, Bradaia A, Ozmen L, Bluethmann H,

et al. Trace amine-associated receptor T modulates dopaminergic activity. J
Pharmacol Exp Ther. 2008,324(3):948-56.

Raab S,Wang H, Uhles S, Cole N, Alvarez-Sanchez R, Kiinnecke B, et al.
Incretin-like effects of small molecule trace amine-associated receptor 1
agonists. Mol Metab. 2016;5(1):47-56.

Revel FG, Moreau JL, Gainetdinov RR, Ferragud A, Veldzquez-Sanchez C,
Sotnikova TD, et al. Trace amine-associated receptor 1 partial agonism
reveals novel paradigm for neuropsychiatric therapeutics. Biol Psychiatry.
2012,72(11):934-42.

Dedic N, Dworak H, Zeni C, Rutigliano G, Howes OD. Therapeutic potential

of TAART agonists in Schizophrenia: evidence from Preclinical models and
Clinical studies. Int J Mol Sci. 2021:22(24).

Nair PC, Chalker JM, McKinnon RA, Langmead CJ, Gregory KJ, Bastiampillai T.
Trace Amine-Associated receptor 1 (TAART): molecular and clinical insights
for the treatment of Schizophrenia and related comorbidities. ACS Pharmacol
Transl Sci. 2022;5(3):183-8.

Heffernan MLR, Herman LW, Brown S, Jones PG, Shao L, Hewitt MC, et al. Ulo-
taront: a TAART agonist for the treatment of Schizophrenia. ACS Med Chem
Lett. 2022;13(1):92-8.

ClinicalTrials.gov. A clinical trial that will study the efficacy and safety of an
investigational drug in acutely psychotic people with Schizophrenia. Sumi-
tomo Pharma America, Inc.; 2023. p. NCT04092686. Report No.
ClinicalTrials.gov. A clinical trial to study the efficacy and safety of an inves-
tigational drug in acutely psychotic people with Schizophrenia. Sumitomo
Pharma America, Inc,; 2023. p. NCT04072354. Report No.

Fultinaviciaté U. Sumitomo's schizophrenia drug flops in two Phase Il trials
ClinicalTrailsarena.com2023 [ https://www.clinicaltrialsarena.com/news/
sumitomo-ulotaront-schizophrenia/.

ClinicalTrials.gov. A clinical study that will measure how well SEP-363856
works and how safe it is in adults with generalized anxiety disorder. Sumi-
tomo Pharma America, Inc,; 2023. p. NCT05729373. Report No.
ClinicalTrials.gov. A trial of the Safety and Efficacy of SEP-363856 in the
treatment of adults with Major Depressive Disorder. Otsuka Pharmaceutical
Development & Commercialization, Inc; 2022 09 November 2022. Report
No.: NCT05593029.

Hernandez CC, Klassen TL, Jackson LG, Gurba K, Hu N, Noebels JL, Macdonald
RL. Deleterious rare variants reveal risk for loss of GABAA receptor function

in patients with genetic Epilepsy and in the General Population. PLoS ONE.
2016;11(9):0162883.

John J, Kukshal P, Bhatia T, Chowdari KV, Nimgaonkar VL, Deshpande SN,
Thelma BK. Possible role of rare variants in Trace amine associated receptor 1
in schizophrenia. Schizophr Res. 2017;189:190-5.

Masellis M, Basile V, Meltzer HY, Lieberman JA, Sevy S, Macciardi FM, et al.
Serotonin subtype 2 receptor genes and clinical response to Clozapine in
Schizophrenia patients. Neuropsychopharmacology. 1998;19(2):123-32.
Shastry BS. SNPs in disease gene mapping, medicinal drug development and
evolution. J Hum Genet. 2007;52(11):871-80.

Fowler S, Kletzl H, Finel M, Manevski N, Schmid P, Tuerck D, et al. A UGT2B10
splicing polymorphism common in African populations may greatly increase
drug exposure. J Pharmacol Exp Ther. 2015;352(2):358.

Muhlhaus J, Dinter J, Jyrch S, Teumer A, Jacobi SF, Homuth G et al. Investiga-
tion of naturally occurring single-nucleotide variants in Human TAART. Front
Pharmacol. 2017;8.

Rutigliano G, Zucchi R. Molecular variants in Human Trace Amine-Associated
receptors and their implications in Mental and Metabolic disorders. Cell Mol
Neurobiol. 2020;40(2):239-55.

Loftis JM, Lasarev M, Shi X, Lapidus J, Janowsky A, Hoffman WF, Huckans

M. Trace amine-associated receptor gene polymorphism increases drug
craving in individuals with methamphetamine dependence. PLoS ONE.
2019;14(10):20220270.

Shi X, Walter NA, Harkness JH, Neve KA, Williams RW, Lu L, et al. Genetic
polymorphisms affect mouse and human Trace Amine-Associated receptor 1
function. PLoS ONE. 2016;11(3):e0152581.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

5T

52.

Page 12 of 13

Liu H, Zheng Y, Wang Y, Wang Y, He X, Xu P et al. Recognition of methamphet-
amine and other amines by trace amine receptor TAART. Nature. 2023.
Shang P, Rong N, Jiang JJ, Cheng J, Zhang MH, Kang D et al. Structural and
signaling mechanisms of TAART enabled preferential agonist design. Cell.
2023.

XuZ GuoL,YuJ,Shen S, Wu C, Zhang W et al. Ligand recognition and G
protein coupling of trace amine receptor TAART. Nature. 2023,

Zilberg G, Parpounas AK, Warren AL, Yang S, Wacker D. Molecular basis

of human trace amine-associated receptor 1 activation. Nat Commun.
2024:15(1):108.

Nair PC, Shajan B, Bastiampillai T. Newly identified structures of trace-amine
associated receptor-1 (TAAR1) will aid discovery of next generation neuro-
psychiatric drugs. Mol Psychiatry. 2024.

Nair PC, Miners JO, McKinnon RA, Langmead CJ, Gregory KJ, Copolov D, et al.
Binding of SEP-363856 within TAART and the 5HT1A receptor: implications
for the design of novel antipsychotic drugs. Mol Psychiatry. 2022;27(1):88-94.
Mailman MD, Feolo M, Jin Y, Kimura M, Tryka K, Bagoutdinov R, et al.

The NCBI dbGaP database of genotypes and phenotypes. Nat Genet.
2007;39(10):1181-6.

Zakharia F, Basu A, Absher D, Assimes TL, Go AS, Hlatky MA, et al. Charac-
terizing the admixed African ancestry of African americans. Genome Biol.
2009;10(12):R141.

Liu X, Li C, Mou C, Dong Y, Tu Y. dbNSFP v4: a comprehensive database of
transcript-specific functional predictions and annotations for human nonsyn-
onymous and splice-site SNVs. Genome Med. 2020;12(1):103.

Sim N-L, Kumar P, Hu J, Henikoff S, Schneider G, Ng PC. SIFT web server:
predicting effects of amino acid substitutions on proteins. Nucleic Acids Res.
2012,40(W1):W452-7.

ChoiY, Chan AP. PROVEAN web server: a tool to predict the functional effect
of amino acid substitutions and indels. Bioinformatics. 2015;31(16):2745-7.
Reva B, Antipin Y, Sander C. Predicting the functional impact of protein muta-
tions: application to cancer genomics. Nucleic Acids Res. 2011;39(17):e118-e.
Schwarz JM, Cooper DN, Schuelke M, Seelow D. MutationTaster2: mutation
prediction for the deep-sequencing age. Nat Methods. 2014;11(4):361-2.
Munk C, Isberg V, Mordalski S, Harpsee K, Rataj K, Hauser AS, et al. GPCRdb:
the G protein-coupled receptor database - an introduction. Br J Pharmacol.
2016;173(14):2195-207.

Burley SK, Bhikadiya C, Bi C, Bittrich S, Chao H, Chen L, et al. RCSB Protein
Data Bank (RCSB.org): delivery of experimentally-determined PDB structures
alongside one million computed structure models of proteins from artificial
intelligence/machine learning. Nucleic Acids Res. 2023;51(D1):D488-508.
Pettersen EF, Goddard TD, Huang CC, Meng EC, Couch GS, Croll Tl, et al. UCSF
ChimeraX: structure visualization for researchers, educators, and developers.
Protein Sci. 2021;30(1):70-82.

VIDA 5.0.5.3. OpenEye CMS, Santa Fe, NM, 0, http://www.eyesopen.comVIDA.
Ballesteros JA, Weinstein H. [19] Integrated methods for the construction of
three-dimensional models and computational probing of structure-function
relations in G protein-coupled receptors. In: Sealfon SC, editor. Methods in
Neurosciences. Volume 25. Academic; 1995. pp. 366-428.

Singh RK, Mahalingam K. In silico approach to identify non-synonymous SNPs
in human obesity related gene, MC3R (melanocortin-3-receptor). Comput
Biol Chem. 2017,67:122-30.

Adzhubei |, Jordan DM, Sunyaev SR. Predicting functional effect of human
missense mutations using PolyPhen-2. Curr Protoc Hum Genet. 2013;Chap.
7:Unit7.20.

Stoy H, Gurevich V. How genetic errors in GPCRs affect their function: pos-
sible therapeutic strategies. Genes Dis. 2015;2(2):108-32.

Hauser AS, Chavali S, Masuho |, Jahn LJ, Martemyanov KA, Gloriam DE, Babu
MM. Pharmacogenomics of GPCR Drug targets. Cell. 2018;172(1):41-e5419.
Kusaga A, Yamashita Y, Koeda T, Hiratani M, Kaneko M, Yamada S, Matsuishi

T. Increased urine phenylethylamine after methylphenidate treatment in
children with ADHD. Ann Neurol. 2002;52(3):372-4.

Torsten S, Ines L. Mutations in G protein—coupled receptors: mechanisms,
pathophysiology and potential therapeutic approaches. Pharmacol Rev.
2021;73(1):89.

Valentin-Hansen L, Groenen M, Nygaard R, Frimurer TM, Holliday ND,
Schwartz TW. The arginine of the DRY motif in transmembrane segment IIl
functions as a balancing micro-switch in the activation of the 32-adrenergic
receptor. J Biol Chem. 2012;287(38):31973-82.

Hauser AS, Kooistra AJ, Munk C, Heydenreich FM, Veprintsev DB, Bouvier M,
et al. GPCR activation mechanisms across classes and macro/microscales. Nat
Struct Mol Biol. 2021;28(11):879-88.


https://www.clinicaltrialsarena.com/news/sumitomo-ulotaront-schizophrenia/
https://www.clinicaltrialsarena.com/news/sumitomo-ulotaront-schizophrenia/
http://www.eyesopen.comVIDA

Shajan et al. Human Genomics

53.

54.

55.

56.

(2024) 18:61

Alewijnse AE, Timmerman H, Jacobs EH, Smit MJ, Roovers E, Cotecchia S,
Leurs R. The effect of mutations in the DRY motif on the constitutive activity
and structural instability of the histamine H(2) receptor. Mol Pharmacol.
2000;,57(5):890-8.

Najafzadeh H, Safaeian L, Mirmohammad Sadeghi H, Rabbani M, Jafarian
A.The effect of aspartate-lysine-isoleucine and aspartate-arginine-tyrosine
mutations on the expression and activity of vasopressin V2 receptor gene.
Iran Biomed J. 2010;14(1-2):17-22.

Clayton CC, Bruchas MR, Lee ML, Chavkin C. Phosphorylation of the mu-
opioid receptor at tyrosine 166 (Tyr3.51) in the DRY motif reduces agonist
efficacy. Mol Pharmacol. 2010;77(3):339-47.

Rémpler H, Yu H-T, Arnold A, Orth A, Schéneberg T. Functional consequences
of naturally occurring DRY motif variants in the mammalian chemoattractant
receptor GPR33. Genomics. 2006;87(6):724-32.

57.

58.

59.

Page 13 of 13

Huang H, Tao Y-X. Functions of the DRY motif and intracellular loop 2 of
human melanocortin 3 receptor. J Mol Endocrinol. 2014;53(3):319-30.
Nomiyama H, Yoshie O. Functional roles of evolutionary conserved

motifs and residues in vertebrate chemokine receptors. J Leukoc Biol.
2015;97(1):39-47.

Ragnarsson L, Andersson A, Thomas WG, Lewis RJ. Mutations in the NPxxY
motif stabilize pharmacologically distinct conformational states of the a1B-
and B2-adrenoceptors. Sci Signal. 2019;12(572):eaas9485.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Trace amine associated receptor 1: predicted effects of single nucleotide variants on structure-function in geographically diverse populations
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿SNV data from NCBI dbGaP repository
	﻿Prediction of SNV functional effects using in silico tools
	﻿Identification of TAAR1 SNVs at ligand binding and other functional domains through structural mapping
	﻿Generating plots using bioinformatic tools and online databases

	﻿Results
	﻿Allelic heterogeneity and geographical distribution of human TAAR1 SNVs
	﻿SNVs at the ligand binding regions of human TAAR1
	﻿SNVs at the micro-switch domains of human TAAR1
	﻿SNVs affecting the G protein-coupling residues of human TAAR1

	﻿Discussion
	﻿References


