5-HT,, SNPs Alter the Pharmacological Signaling of Potentially

Therapeutic Psychedelics
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ABSTRACT: Serotonin (S-hydroxytryptamine; S-HT) 2A receptor (S-HT2AR) signaling is
essential for the actions of classical psychedelic drugs. In this study, we examined whether
sequence variations in the S-HT2AR gene affect the signaling of four commonly used
psychedelic drugs. We examined the in vitro pharmacology of seven non-synonymous single-
nucleotide polymorphisms (SNPs), which give rise to Serl2Asn, Thr25Asn, Asp48Asn,
Nle197Val**’, Ala230Thr, Ala447Val, and His452Tyr variant 5-HT2A serotonin receptors. We
found that these non-synonymous SNPs exert statistically significant, although modest, effects
on the efficacy and potency of four therapeutically relevant psychedelics. Significantly, the in
vitro pharmacological effects of the SNP drug actions at S-HT2AR are drug specific.
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1. INTRODUCTION

Psychedelic drugs have been defined as psychoactive com-
pounds that induce changes in cognition, emotion, and
perception via activation of S-HT2A serotonin (S-hydroxytrypt-
amine; S-HT) receptors.”” Recently, there has been renewed
interest in psychedelic compounds as potential therapeutics for
many neuropsychiatric disorders.” For example, psilocybin, the
prodrug to the active compound psilocin found in Psilocybe
cubensis mushrooms, has been granted breakthrough drug status
by the Food and Drug Administration due to its potential as a
treatment for treatment-resistant depression and anxiety."® In
recent phase II clinical trials, the therapeutic effects of psilocybin
are both rapid and apparently enduring. ">’ Similarly, LSD has
demonstrated efficacy in treating cluster headaches® and
alleviating anxiety in terminally ill patients.” Finally, anecdotal
reports and recent meta-analyses have suggested the potential
therapeutic utility for mescaline and 5-methoxy-N,N-dimethyl-
tryptamine (5-MeO-DMT) in treating anxiety, depression, and
other affective disorders.'’™"*

Psychedelics are generally classified by chemical structure
(e.g, tryptamines, ergolines, and phenylisopropylamines), and
each psychedelic drug has a robust pharmacology, with activities
at many serotonin and other biogenic amine receptors.”>~"" 5-
HT2A receptor agonism has been shown to be crucial in
mediating the psychoactive effects of psychedelics in both
animal®®~** and human studies.”*™*° S-HT2A receptors are
members of the G protein-coupled receptor (GPCR) super-
family and canonically signal through the Gq family of
heterotrimeric G proteins activating phospholipase Cf# and
many other downstream effector systems.”””*® S-HT2A

receptors also recruit B-arrestin (BArr) proteins in vitro,”” and
the S-HT2A receptor colocalizes with JArrl and SArr2 in
cortical neurons in vivo.”’ While many GPCR agonists activate
both G protein- and SArr-mediated signaling pathways, certain
ligands are known to preferentially activate one signaling
pathway via a ligand-dependent phenomenon known as
functional selectivity or biased signaling.*" It has been proposed
that ligands with biased profiles may be useful for activating
desired pathways (i.e., therapeutically efficacious) rather than
undesired pathways (i.e, unwanted side effect producing)
downstream of a given GPCR.** Indeed, LSD is shown to
preferentially signal through BArr2 at the S-HT?2A receptor,' >
and numerous LSD-elicited responses are either significantly
attenuated or completely absent in fArr2-KO mice.**

Early clinical studies on psilocybin have shown a wide
variability in drug response’ with a significant portion of
respondents showing no statistically significant treatment effect.
The reasons for such inter-individual variability in psychedelic
drug response are unknown. At the molecular level, random
sequence variations in genes (single-nucleotide polymorphisms,
SNPs) could explain inter-individual differences in drug
response, and such activities are highly relevant as psychedelics
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Figure 1. Snake plot representation of the S-HT,, receptor showing the location of the seven SNPs: Serl2Asn, Thr25Asn, Asp48Asn, lle197Val,
Ala230Thr, Ala447Val, and His452Tyr. Snake plot adapted from www.gperdb.org.

become more prevalent in clinical practice. At least seven non-
synonymous SNPs are located within the coding region of the
human S-HT2A receptor gene (HTR2A, 13q14-21) (Figure 1).
These seven SNPs (Ser12Asn, Thr25Asn, Asp48Asn, lle197V-
al**’, Ala230Thr, Ala447Val, and His452Tyr) have potential
actions on both the receptor structure and function.’® As shown
in Figure 1, the Ser12Asn, Thr25Asn, and Asp48Asn SNPs map
to the predicted N-terminal tail of the receptor; the lle197Val**’
SNP resides in the fourth transmembrane helix; the Ala230Thr
SNP resides in the putative second extracellular loop (ECL2);
and the two remaining non-synonymous SNPs (Ala447Val and
His452Tyr) are located within the putative C-terminal tail.
These SNPs represent seven of the most common variants
observed in human populations with allele frequencies varying
from 0.003% (Thr25Asn) to 7.9% (His452Tyr) (Table S1).*

Here, we comprehensively examined the potency and
signaling bias for four therapeutically promising psychedelics
at several S-HT2A non-synonymous SNPs. We discovered that
the effects of individual SNPs were drug selective and that no
single SNP had uniform effects on all psychedelics tested. These
results imply that future clinical studies into the therapeutic
utility of psychedelics might consider particular drug-SNP
combinations—paying close attention to those SNPs that cause
significant differences in the in vitro pharmacologies of the tested
agents.

2. RESULTS AND DISCUSSION

2.1. Gaq Protein-Mediated Signaling Activity Poten-
cies for Therapeutically Promising Psychedelics Differ
between Wild-Type and Polymorphic 5-HT2A Receptors.
To determine whether naturally occurring, non-synonymous
SNPs in the 5S-HT2A receptor are likely to affect psychedelic
actions in vivo, we measured the in vitro potencies and efficacies
of the wild-type (WT), Serl2Asn, Thr25Asn, Asp48Asn,
Tle197Val**, Ala230Thr, Ala447Val, and His452Tyr variant 5-
HT?2A receptors for S-HT and four therapeutically promising
psychedelics using the TRUPATH Gq bioluminescence
resonance energy transfer (BRET) assay. None of the variant
S-HT2A receptors exhibited a difference in the potency of S-HT
from the WT receptor that was statistically significant (Figure S1
and Table S2). As shown in Figure 2 and Table 1, certain
polymorphic 5-HT2A receptors exhibited statistically signifi-
cant, albeit modest, changes in response to specific psychedelics.
The Ala230Thr and His452Tyr receptors displayed a 7-fold
decrease in potency for psilocin compared to WT (38 nM vs 5.4
nM, P < 0.05). The Ala447Val S-HT2A receptor displayed a 3-
fold increase in potency for 5-MeO-DMT compared to the WT
(3.2 nM s 10.6 nM, P < 0.05). Four polymorphic 5-HT2A
receptors exhibited statistically significant changes in mescaline
potency. Of these, the largest effect was observed for the
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Figure 2. Averaged Gq dissociation concentration—response curves for psychedelic drugs (a) psilocin, (b) S-MeODMT, (c) mescaline, and (d) LSD
at wild-type and polymorphic 5-HT,, receptors using TRUPATH Gq BRET assays. Raw data were normalized, with 0% being the baseline signal and
100% being the maximum S-HT-stimulated signal at the wild-type receptor, and then fit to a three-parameter logistic equation. For each agonist at each
receptor, data from at least three independent experiments (each measured in duplicate) were analyzed simultaneously, with the log ECs, shared

among data sets. See Tables 1 and S3 for the complete data matrix.

Table 1. Potency (pECs,) Values for Several Potentially Therapeutic Psychedelics at Wild-Type (WT) and Polymorphic S-HT2A
Receptors as Measured Using TRUPATH Gq BRET Assays. *P < 0.05, **P < 0.00S, and ***P < 0.000S by the F-test

TRUPATH Gq BRET, pECs, + s.e. (ECy, nM)

drug WT Ser12Asn

Thr25Asn Asp48Asn Ile197Val Ala230Thr Ala447Val His452Tyr
psilocin 8270 +0.137  7.98 +0.132 8.126 + 0.088 8.034 + 0.119 8223 +0.113  7.421 + 0.230*  8.422 + 0.085 7.419 + 0.247%
(5.38) (10.47) (7.48) (9:25) (5.99) (38.0) (3.78) (38.2)
5-MeODMT  7.975 +£0.135  7.711 + 0.17S 8.246 + 0.155 7.820 + 0.117 7.795 £0.132 8386 + 0.252 8.489 + 0.097%  8.442 + 0.226
(10.6) (19.5) (5.67) (15.1) (16.0) (4.11) (3.24) (3.61)
mescaline 5413 +£0.108  6.350 + 6.060 + 6.149 + 5.678 +0.145 5775 + 0211 6.025 + 0.170%*  §.577 + 0.159
(3860) 0.126%%% (447)  0.120%** (871)  0.153%** (710) (2100) (1680) (943) (2650)
LSD 8.732 + 0.074  8.601 + 0.126 8.773 + 0.129 8.862 + 0.111 8.615+0.102  8.716 + 0.225 8.769 + 0.076 8.441 + 0.192
(1.85) (2.50) (1.69) (1.37) (243) (1.92) (1.70) (3.63)

Ser12Asn 5-HT2A receptor, which displayed a 9-fold increase in
potency for mescaline compared to the WT (447 nM vs 3860
nM, P < 0.0005). None of the SNP-induced alterations in LSD
potency were significantly different from the WT value.

The relative amplitude (E,,, or efficacy) of agonist-induced
stimulation for each SNP was analyzed by normalizing to the S-
HT response at the WT 5-HT2A receptor. As shown in Figure
S1 and Tables S2 and S3, the His452Tyr 5-HT2A receptor
displayed significant reductions from the WT in relative E_,, for
S-HT and all the psychedelics examined herein. Similarly, the
Ile197Val**” S-HT2A receptor displayed a significant reduction
in relative E_, for S-HT and LSD. The Ser12Asn 5-HT2A

receptor was the only SNP to demonstrate a significant increase
in relative E_, for S-HT as well as Psilocin, 5-MeO-DMT, and
LSD. Several polymorphisms did not significantly alter the
relative E_, for 5-HT but did cause significant changes in the
relative E_,, of the psychedelics studied. Thr25Asn displayed an
increased response to psilocin (73.5% vs 54.7%, P < 0.0005) and
5-MeO-DMT (94.4% vs 72.3%, P < 0.00S). Asp48Asn showed
an increased response to psilocin (60.0% vs 54.7%, P < 0.05) and
5-MeO-DMT (94.8% vs 72.3%, P < 0.0005) but a decreased
response to mescaline (81.0% vs 109%, P < 0.05). Ala230Thr
showed a near 50% reduction in the response to mescaline
(58.4% vs 109%, P < 0.0005). Finally, Ala447Val showed an
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Figure 3. Averaged concentration—response curves for psychedelic drugs (a) psilocin, (b) S-MeODMT, (c) mescaline, and (d) LSD at wild-type and
polymorphic Ala230Thr S-HT,, receptors using f-arrestin-1 recruitment BRET assay. Averaged concentration—response curves for (e) psilocin, (f) S-
MeODMT, (g) mescaline, and (h) LSD at wild-type and polymorphic Ala230Thr S-HT,, receptors using f-arrestin-2 recruitment BRET assay. For
both assays, raw data were normalized, with 0% being the baseline signal and 100% being the maximum S-HT-stimulated signal at the wild-type
receptor, and then fit to a three-parameter logistic equation. For each agonist at each receptor, data from at least three independent experiments (each
measured in duplicate) were analyzed simultaneously, with the log ECs, shared among data sets. See Tables 2, 3, S6, and S7 for the complete data

matrix.
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Table 2. Potency (pECs,) Values for Several Potentially Therapeutic Psychedelics at Wild-Type (WT) and Polymorphic S-HT2A
Receptors as Measured Using fArrl Recruitment BRET Assays

Arrl recruitment BRET, pECs, + s.e. (ECso, nM)

drug WT Ser12Asn Thr25Asn Asp48Asn Tle197Val Ala230Thr Ala447Val His452Tyr

psilocin 7.853 £0352 6907 £0351  7.631£0.37S  7.681 % 8.090 + 7.101 + 7.385 + 7.726 +
(14.04) (123.9) (23.38) 0.302(20.84) 0.302(8.13) 0.390(79.21) 0.256(41.20) 0.328(18.81)

5-MeODMT  7.088 + 7.169 £0.190  7.073 £0.177  7.154 % 7.078 + 7222 + 7.459 + 7.105 +
0.073(81.68) (67.75) (84.57) 0.123(70.22) 0.170(83.48) 0.144(59.95) 0.245(34.73) 0.142(78.44)

mescaline 4786 +0.162 5421 £ 0350 4226 +0.576 5296 + 0211  5.062 +0.304  5.023 +0.167 4.926 +0.334 5408 + 0.243
(16,370) (3797) (59,440) (5057) (8669) (9494) (11,870) (3908)

LSD 7.942 + 0.175  7.742 £ 0214 7.643+0.186  7.813+0.172 7780 +0.182  7.793 £ 0.164  8.050 + 0.255  7.583 + 0.243
(11.42) (18.10) (22.74) (15.37) (16.61) (16.12) (8.92) (26.12)

Table 3. Potency (pECs,) Values for Several Potentially Therapeutic Psychedelics at Wild-Type (WT) and Polymorphic S-HT2A
Receptors as Measured Using fArr2 Recruitment BRET Assays. *P < 0.05 and **P < 0.005 by the F-test

Arr2 recruitment BRET, pECy, + s.e. (ECg, nM)

drug WT Ser12Asn Thr25Asn Asp48Asn Ile197Val Ala230Thr Ala447Val His452Tyr
psilocin 7.812 + 8.067 + 0.1SS 7.802 £0.120  7.611 £0.129  7.878 £ 0.094  8.083 = 7.845 + 7.927 +
0.094(15.42)  (8.57) (15.77) (24.50) (13.24) 0.119(8.26) 0.127(14.30)  0.097(11.84)
5-MeODMT  7.59S + 7.629 £ 0.094  7.624 +0.074  7.647 £ 0.086  7.707 + 0.088  7.916 + 7.482 + 7.523 +
0.064(25.40)  (23.51) (23.75) (22.56) (19.62) 0.071%%(12.13)  0.127(32.98)  0.77(30.00)
mescaline 5410 5.266 £ 0.118 5.383 + 0.105 5.343 £ 0.096 5363 +0.112  5.675 + 5.258 + 5.324 +
0.089(3887) (5421) (4143) (4537) (4333) 0.076%(2114) 0.154(5527)  0.076(4748)
LSD 7.781 + 0.086 7.887 + 0.090 7.924 + 0.063 7.868 + 7.720 + 0.062 8.179 + 7.755 7.641 +
(16.57) (12.97) (11.92) 0.88(13.56) (19.05) 0.120%(6.62) 0.150(17.59)  0.091(22.84)

increased response to psilocin (62.5% vs 54.7%, P < 0.005) but a
decreased response to mescaline (74.9% vs 109%, P < 0.005).

2.2. -Arrestin Recruitment for Therapeutically Prom-
ising Psychedelics Differ between Wild-Type and
Polymorphic 5-HT2A Receptors. Having addressed whether
several therapeutically promising psychedelics exhibit differ-
ential in vitro Gaq protein signaling pharmacologies at WT and
polymorphic 5-HT2A receptors, we next investigated the effects
on fArr recruitment. None of the variant S-HT2A receptors
exhibited a difference in the potency of 5-HT from the WT
receptor that was statistically significant (Figures S2, S3) for
PArrl or fArr2 recruitment. As shown in Figure 3 and Table 2,
the PArrl potencies of all psychedelics tested were not
significantly altered by any of the SNP S-HT2A receptors
tested. In contrast, the JArr2 potencies of 5-MeO-DMT,
mescaline, and LSD tested at the Ala230Thr 5-HT2A receptor
were significantly altered. Specifically, the 5-MeO-DMT
potency was increased 2-fold compared to WT (12.1 nM s
25.4nM, P < 0.005), the mescaline potency was increased 2-fold
compared to WT (2114 nM vs 3887 nM, P < 0.05), and the LSD
potency was increased 3-fold compared to WT (6.62 nM vs 16.6
nM, P < 0.05). As shown in Figure 3 and Table 3, the Ala230Thr
S-HT2A receptor was the only SNP found to cause significant
changes in BArr2 potencies of SMeODMT, LSD, and mescaline.

The relative amplitudes (E,,,, or efficacy) of agonist-induced
stimulation for each SNP were again analyzed by normalizing to
the S-HT response at the WT 5-HT2A receptor. As shown in
Figure S2 and Table S4, the Ser12Asn, Thr25Asn, Ile197Val*¥,
and Ala230Thr receptors exhibited statistically significant
reductions in relative E,_,, in fArrl recruitment for S-HT. As
shown in Figure S3 and Table SS, Ser12Asn, Thr25Asn, and
Tle197Val**” also exhibited statistically significant reductions in
relative E_ . in PArr2 recruitment for 5-HT in addition to
Asp48Asn.

None of the polymorphic 5-HT2A receptors demonstrated a
significant increase in fArrl recruitment compared to the WT
receptor for any of the psychedelics tested. Additionally, every

polymorphic 5-HT2A receptor tested demonstrated a signifi-
cant reduction in relative E,_,, of fArrl recruitment for 5-MeO-
DMT with Ile197Val** displaying the largest reduction (30.1%
vs 51.0%, P < 0.0005). For fArr2 recruitment, the Ala447Val S-
HT2A receptor did not significantly alter the response to 5-HT
but displayed significant reductions from the WT in relative E
for all the psychedelics examined herein. Similarly, His452Tyr
did not alter the relative E_,, for S-HT but did significantly
reduce the relative E_,, for psilocin and LSD.

2.3. Bias Calculations for Wild-Type and Polymorphic
5-HT2A Receptors. Having addressed whether several SNPs
exhibit different in vitro signaling for several potentially
therapeutic psychedelics, we next quantified changes in bias
using the approach of Kenakin and colleagues.’® Using the
concentration—response data generated at 5 min for the assays
described previously (Figures 2 and 3), we used the operational
model to calculate transduction coefficients log(E,,../ECs,) for
each psychedelic at each pathway. Given that we wanted to
compare changes in bias across the different receptor poly-
morphisms, the log(E,../ECs,) values of each receptor
polymorphism were normalized to that of the WT receptor for
each drug Alog(E,,../ECs). Changes in the relative strengths of
each signaling pathway for each polymorphism at a given
psychedelic drug were compared to give a AAlog(E,,.,/ECs,) or
LogBias value. The LogBias values were represented graphically
in Figure 4 as box and whiskers plots to illustrate the changes in
the bias for each polymorphism. In these plots, the AAlog(E,,../
ECs,) for the WT receptor is equal to 0. As shown in Figure 4,
the overall biases [AAlog(E,,../ECso) values] for the inves-
tigated pathways were significantly altered by multiple SNPs.
Psilocin signaling was significantly altered by the Serl2Asn,
Ala230Thr, Ala447Val, and His452Tyr SNPs. The Ser12Asn S-
HT2A receptor significantly favored Barrl recruitment over Gaq
signaling but did not affect the relative bias between the farr2
and Gagq signaling pathways. The His452Tyr S-HT2A receptor
showed the greatest change in signaling, favoring Gaq signaling
over farrl and parr2. For 5-MeO-DMT, the His452Tyr S-
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Figure 4. Bias plots showing AAlog(E,,../ECs,) values as a measure of ligand bias between signaling pathways. Bias of the wild-type receptor to each
ligand is calculated to be zero. The error bars represent 95% confidence interval; when the interval includes zero, the polymorphisms are not
signification biased in respect to the WT receptor. (A,B) Psilocin, (C,D) S-MeO-DMT, (C,F) mescaline, and (G,H) LSD. (A,C,E,G) Gqvs ffarrl and
(B,D,F,H) Gq vs farr2.

HT?2A receptor also demonstrated the largest change conversely Thr25Asn, Asp48Asn, and Ala447Val 5-HT2A receptors with
increasing farrl and farr2 recruitment relative to Gagq signaling. the largest changes observed for the Ala447Val S-HT2A
Mescaline signaling was significantly altered by the Ser12Asn, receptor. Only the Ala230Thr and His452Tyr S-HT2A
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receptors demonstrated altered LSD signaling profiles, favoring
Gagq over farr2 in both cases.

2.4. Psychedelic Binding and Signaling Kinetics.
Changes in receptor agonism and bias over time have been
documented.” The farr2 signaling of LSD for instance has
proven to increase in potency and efficacy over time;'® however,
the signaling kinetics of psilocin, 5-MeO-DMT, and mescaline
have not been well elucidated. To determine whether such
changes take place, we measured the in vitro Gaq and SArr2
protein signaling pharmacologies at S min, 30 min, 1 h, 2 h, and 3
h time points for the WT S-HT2A receptor. Importantly, all
agonists maintained a robust signal up to the 3 h time point in
both the TRUPATH Gq BRET and BArr2 recruitment BRET
assays. As shown in Figure 5 and Tables 4 and 5, Psilocin
exhibited a significant increase in Gagq signaling over the 3 h time
course (27.2 nM at S min vs 3.68 nM at 3 h, P < 0.05) and a larger
decrease in SArr2 recruitment over the same time course (71.1
nM at S min vs 730 nM at 3 h, P < 0.05), suggesting an increased
biased toward Gaq signaling over time. 5-MeO-DMT exhibited
a similar increase in Gagq signaling over the 3 h time course (33.0
nM at S min vs 6.97 nM at 3 h, P < 0.0001) with no significant
change in JArr2 recruitment (78.6 nM at S min vs 132 nM at 3
h), again suggesting an increased biased toward Gaq signaling
over time. Mescaline also exhibited a similar increase in Gaq
signaling over the 3 h time course (2380 nM at S min vs 425 nM
at3h, P < 0.0001) and no apparent change in fArr2 recruitment
(due to poor curve fit, a pEC, was unable to be attained at the S
min time point in these kinetic experiments).

Consistent with previous studies, we measured the in vitro
Gagq and JArr2 protein signaling pharmacology of LSD at 5 min,
30 min, 1 h, 2 h, and S h time points for the WT 5-HT2A
receptor. As shown in Figure S and Tables 6 and 7, of the
compounds tested, LSD displayed the largest changes in
potency of Gaq signaling and SArr2 recruitment over time.
Gaq signaling over the S5 h time course displayed an
approximately $50-fold increase in potency (5.91 nM at S min
vs 0.0105 nM at S h, P < 0.0001), and SArr2 recruitment
displayed a 200-fold increase in potency (16.0 nM at S min vs
0.0780 nM at S h, P < 0.0001). These large changes in the
potencies of the concentration response curves for LSD reflected
its long residence time. Of note, the kinetic profile of 5-HT
(Figure S4) shows modest increases in the potency and efficacy
of Gaq signaling and modest reductions in the potency and
efficacy of fArr2 recruitment.

Given that LSD displayed the largest changes in signaling
kinetics, we measured the in vitro signaling profiles of the WT
and variant S-HT2A receptors at LSD over a S h time course.
Consistent with our earlier study, we observed no changes in
Gagq signaling at either the initial S min time point or any later
time points. For fArr2 recruitment, we again saw that the
Ala230Thr 5-HT2A receptor was the only SNP found to cause
significant changes at the 5 min time point compared to WT
(2.40 nM vs 16.0 nM, P < 0.05). None of the SNPs differed in
PArr2 potencies at the 30 min or 1 h time points; however, the
His452Tyr SNP caused significant changes in SArr2 potency for
LSD at the 2 h (0.387 nM vs 0.109 nM, P < 0.05) and S h time
points (0.185 nM vs 0.0780 nM, P < 0.05) compared to WT.

2.5. Effects of 5-HT2A Receptor SNPs on Receptor
Expression. To determine whether the S-HT2A receptor SNPs
affected the receptor density, we measured the maximum
binding (B,,,,) for each by radioligand saturation binding assay
as shown in Figure 6 and Table 8. Of note, in non-transfected
cells, no significant binding to *H ketanserin was observed,
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Figure . Kinetic measurements of Gq dissociation for (a) psilocin, (c)
5-MeODMT, (e) mescaline, and (g) LSD at wild-type 5-HT,, receptor
using TRUPATH Gq BRET assays. Kinetic measurements of f-
arrestin-2 recruitment for (b) psilocin, (d) S-MeODMT, (f) mescaline,
and (h) LSD at wild-type S-HT,, receptor using p-arrestin-2
recruitment BRET assay. Kinetic measurements of Gq dissociation
(i) and (B-arrestin-2 recruitment) (j) for LSD at the polymorphic
Ala230Thr 5-HT,, receptor. Raw data were normalized, with 0% being
the baseline signal and 100% being the maximum S-HT-stimulated
signal at the wild-type receptor, and then fit to a three-parameter logistic
equation. For each agonist at each receptor, data from at least three
independent experiments (each measured in duplicate) were analyzed
simultaneously, with the log EC;, shared among data sets. See Tables 4,
S, 6, and 7 for the complete data matrix.

suggesting that non-transfected cells do not endogenously
express any receptors that bind to the radioligand (Figure S5).


https://pubs.acs.org/doi/suppl/10.1021/acschemneuro.1c00815/suppl_file/cn1c00815_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschemneuro.1c00815/suppl_file/cn1c00815_si_001.pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00815?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00815?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00815?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acschemneuro.1c00815?fig=fig5&ref=pdf

Table 4. Potency (pECg,) Values for Kinetic Measurements
of Gq Dissociation for Psilocin, 5-MeODMT, and Mescaline
at Wild-Type (WT) 5-HT2A Receptors as Measured Using
TRUPATH Gq BRET Assays

TRUPATH Gq BRET, pEC;, + s.e. (ECso, nM)

drug psilocin 5-MeODMT mescaline
S min 7.565 + 0.144 7482 £ 0.120 5.624 + 0.128
(27.20) (32.97) (2378)
30 min  7.726 + 0.109 7.574 £ 0.101 5.792 £ 0.117
(18.81) (26.67) (1615)
60 min  7.672 + 0.130 7.919 £+ 0.075 5917 + 0.124
(21.30) (12.04) (1212)
120 min  7.777 + 0.098 8.134 + 0.079 6.309 + 0.113
(9.160) (7.351) (491.3)
180 min  8.038 + 0.130 8.157 £ 0.068 6.371 + 0.111
(3.683) (6.965) (425.2)

Table 5. Potency (pECs,) Values for Kinetic Measurements
of fArr2 Recruitment for Psilocin, S-MeODMT, and
Mescaline at Wild-Type (WT) S-HT2A Receptors as
Measured Using fArr2 Recruitment BRET Assays

Parr2 recruitment BRET, pECs, + s.e. (ECso, nM)

drug psilocin S-MeODMT mescaline

S min 7.148 £ 0.235 7.104 £ 0.143 NA
(71.11) (78.62)

30 min  6.882 + 0.221 6.952 + 0.112 2.463 + 161.507
(131.3) (111.8)

60 min  6.850 + 0.237 6.848 + 0.109 5.074 £ 0.539
(1412) (142.0) (8437)

120 min  6.240 + 0.245 7.007 £ 0.124 5.0588 + 0.732
(575.0) (98.46) (8752)

180 min  6.137 + 0.232 6.879 + 0.130 5.035 + 0.523
(729.5) (132.0) (9217)

None of the SNPs altered the receptor density more than 3-fold
compared to the WT. The largest alteration of receptor density
was seen in the Ser12Asn 5-HT2A receptor which was, on
average, increased less than 3-fold relative to the WT receptor.
As we previously demonstrated, our BRET-based assays are
relatively insensitive to differences in receptor density.*” We
note that even though the Ser12Asn and Ala230Thr poly-
morphisms were both expressed at levels higher than WT, no
uniform differences in agonist potencies or efficacies were
observed. Thus, the differences observed between the in vitro
pharmacology of the seven variant S-HT2A receptors tested
probably do not arise due to differential expression.

3. DISCUSSION

The major finding of this study is that certain 5-HT2A receptor
non-synonymous SNPs can alter the in vitro pharmacology of
the tested psychedelics. As we have demonstrated in the current
study, even polymorphisms far removed from the orthosteric
binding site of the receptor can have significant effects on the in
vitro pharmacology of a given drug. Previous clinical studies have
already demonstrated statistically significant associations
between 5-HT2A receptor SNPs and atypical antipsychotic
drug response.”"** Given that several psychedelic drugs are in
clinical trials, including the ones in this study, this information
can aid in the design and ultimate interpretation of clinical
studies.

Our prior study’® examined some of these polymorphisms on
the agonist and antagonist actions of several drugs, although
functional selectivity was not addressed. Additionally, of the
compounds tested in the current study, only 5-MeO-DMT was
examined. Based on the current results, our data imply that
individuals carrying the Ala230Thr variant might show altered
responses to all of the psychedelics studied given that Gaq and/
or farr2 signaling was altered. Additionally, we would predict
that individuals carrying the His452Tyr variants might show
altered responses to psilocin and psilocybin, as large decreases in
psilocin Gaq potency were found to significantly alter the
signaling bias. Additionally, for the His452Tyr polymorphism,
we saw significant reductions in efficacy for the reference
compound 5-HT and all drugs included in this study. These
results are consistent with prior work showing a reduced ability
of the His452Tyr variant to activate phospholipases C and D,
thus hindering the Gq signaling pathway.**** For mescaline, the
most dramatic change was seen at the Ser12Asn polymorphism
with an approximately 10-fold increase in potency.

Of note, examination of functional potency and efficacy at a
single S min time point may mask important signaling
phenomena. farr2 signaling of LSD, for instance, has been
shown to increase in potency and efficacy over time.'® Therefore,
we collected signaling data for several time points after initial
receptor activation by drug. These data revealed significant
differences among drug chemotypes as well as between different
5-HT2A SNPs. Of the drugs tested, psilocin, 5-MeO-DMT, and
mescaline exhibited moderate shifts in potency and efficacy over
the time course. However, LSD exhibited dramatic kinetic
effects both in WT and in mutant SHT2A, and additionally, two
SNPs (Ala230Thr and His452Tyr) had significantly altered
pharmacology during farr2 signaling. Interestingly, Ala230Thr
appears to increase the potency of LSD at the earliest time point
but does not alter the maximal farr2 potency and efficacy

Table 6. Potency (pECs,) Values for Kinetic Measurements of Gq Dissociation for LSD at Wild-Type (WT) and Polymorphic 5-
HT2A Receptors as Measured Using TRUPATH Gq BRET Assays

TRUPATH Gq BRET, pECy, + s.e. (ECy, nM)

LSD WT Ser12Asn Thr25Asn Asp48Asn
Smin 8228 + 0.233 8.661 + 0.257 8.658 + 0.378 8.418 + 0.317
(s.91) (2.18) (2:20) (3.82)
30 min  10.177 +£ 0.189  10.240 + 0.357 10.271 £+ 0.324 9.780 + 0.460
(0.0665) (0.0576) (0.0536) (0.166)
60 min  10.456 + 0.257  10.664 + 0.201 10.520 + 0.378 10.070 + 0.335
(0.0350) (0.0217) (0.0302) (0.0851)
120 10.880 + 0.201  10.461 + 0.164 10.935 + 0.325 10.633 + 0.212
min (0.0132) (0.0346) (0.116) (0.0233)
300 10.979 £ 0.130  11.236 + 0.308 11.163 + 0.188 10.653 + 0.249
min (0.0105) (0.00581) (0.00687) (0.0222)

Tle197Val Ala230Thr Ala447Val His452Tyr
8.844 +0.333 8498 +0.315  8.565 +0.281 8.529 + 0.358
(1.43) (3.18) (2.72) (2.96)
10.026 + 0.208  9.998 + 0.258 10.338 + 0.262  10.005 + 0.233
(0.0942) (0.101) (0.0459) (0.0989)
9.988 + 0.228 10.079 £ 0.390  10.378 +0.252  10.231 % 0.205
(0.103) (0.0834) (0.0418) (0.0588)
10.842 + 0452 10.350 + 0.306  10.566 + 0.162  10.427 + 0.284
(0.0144) (0.0447) (0.0272) (0.0374)
10.873 +0.243 10463 + 0301  10.586 + 0.135  10.629 + 0.172
(0.0134) (0.0344) (0.0259) (0.0235)



Table 7. Potency (pECs,) Values for Kinetic Measurements of fArr2 Recruitment for LSD at Wild-Type (WT) and Polymorphic
S-HT2A Receptors as Measured Using fArr2 Recruitment BRET Assays. *P < 0.0S by the F-test

farr2 recruitment BRET, pECy, = s.e. (ECso, nM)

LSD WT Ser12Asn Thr25Asn Asp48Asn
Smin  7.797 + 0.245 7.811 + 0.359 7.895 + 0.478 7.822 + 0.207
(16.0) (15.5) (12.7) (15.1)

30 9.151 + 0.226 9.446 + 0.254 9.035 + 0.330 9.009 + 0.253
min (0.707) (0.358) (0.922) (0.978)

60 9.798 = 0.153 9.686 + 0.209 9.581 + 0.349 9.678 + 0.290
min (0.159) (0.206) (0.263) (0.210)

120 9.961 + 0.129 9.643 + 0.311 9.869 + 0.232 9.492 + 0.351
min (0.109) (0.227) (0.135) (0.322)

300 10.108 + 0.096
min (0.0780)

10.136 + 0.130
(0.0731)

10.239 + 0.296
(0.0577) (0.100)

achieved by LSD at the WT receptor. His452Tyr, in contrast,
does not alter the early time point kinetics but rather limits the
potency and efficacy of LSD at later time points when compared
to other mutants and WT. These results suggest that these
residues play important roles in SHT2A dynamics during LSD
binding, such as alteration of receptor-active state conforma-
tions or farr2 engagement.

In the current study, we observed differences in measured
maximum binding (B,,,,) for each SNP versus WT as measured
by radioligand saturation binding assay. As we note, all of the
SNPs demonstrated a higher B, than the WT receptor;
however, these differences did not predict uniform changes in
the potencies or efficacies of S-HT or the psychedelics tested.
Additionally, the BRET-based assays used in the study are
relatively insensitive to differences in receptor density;*’
therefore, the observed changes between the in vitro
pharmacology of the seven variant S-HT2A receptors tested
probably do not arise due to differential expression. Never-
theless, future studies should examine whether these changes in
receptor density are replicated in S-HT2A expressing neurons
and examine whether translation is affected by these poly-
morphisms as such changes could affect the S-HT2A expressing
neuronal activity and alter the circuit activity and connectivity.
Additionally, given the prevalence of animal models, future
studies should examine the differences in the pharmacologies
among 5-HT2A receptors of different species, especially as more
preclinical data regarding the effects of psychedelics is generated.

In summary, our findings indicate that S-HT2A receptor
SNPs can alter the in vitro pharmacology of some therapeutically
promising psychedelics. Prior studies have already demonstrated
that the His452Tyr, Thr25Asn, and Ile197Val** S-HT2A
receptor polymorphisms can exhibit pronounced differences
from the WT receptor in the pharmacologies of atypical
antipsychotics.”® Our results extend these findings and suggest
that these polymorphisms also alter the signaling properties of
psychedelics. Additionally, we find that the polymorphisms
Ser12Asn, Ala230Thr, and Ala447Val 5-HT2A receptors also
exhibit pronounced differences. Our results suggest that patients
and populations with certain polymorphisms may be differ-
entially amenable to psychedelic-assisted treatments. Taken
together, these results may have relevance for the design and
interpretation of future clinical trials.

4. MATERIALS AND METHODS

4.1. Cell Culture. HEK293T cells were obtained from ATCC
(Manassas, VA). The cells were maintained, passaged, and transfected
in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal
bovine serum (FBS), 100 units/mL penicillin, and 100ug/mL
streptomycin (Gibco-Thermo Fisher, Waltham, MA) in a humidified

10.000 + 0.240

Ile197Val Ala230Thr Ala447Val His452Tyr

8.043 + 0.190 8.620 + 0.205%  7.606 & 0.298 7.613 + 0.247
(9.05) (2.40) (24.8) (24.4)

9.435 + 0.335 9.385 + 0.368 9.649 + 0.138 9.355 +0.217
(0.367) (0.412) (0.224) (0.442)

9.635 + 0.269 9.561 + 0.380 10.111 £ 0269 9.492 + 0.240
(0.232) (0.275) (0.0774) (0.322)

9.806 + 0.328 9.676 + 0.357 10.022 + 0.321  9.412 + 0.204*
(0.156) (0.211) (0.0950) (0.387)

10.121 + 0.185  10.428 + 0313 10.345 + 0239 9.732 + 0.150%
(0.0757) (0.0373) (0.0452) (0.185)

atmosphere at 37 °C and 5% CO,. After transfection, the cells were
plated in DMEM containing 1% dialyzed FBS, 100 units/mL penicillin,
and 100ug/mL streptomycin for BRET assays.

4.2. Mutagenesis. The human S-HT2A c¢DNA cloned into the
Notl site pIRES-neo (Clonetech) was obtained through the resources
of the National Institute of Mental Health Psychoactive Drug Screening
Program (http:kidb. pdsp.unc.edu). The following mutagenesis primers
were obtained from Eton Bioscience:

Ser12Asn forward: 5" TCACTGAACAGCACAACTAACTCTCT-
CATG 3’

Ser12Asn reverse: 5 TGTGCTGTTCAGTGAGG-
TATTCTCCTC 3’

Thr25Asn forward: 5 GATGATAACCGACTTTACTCCAAC-
GACTTCAAC 3’

Thr25Asn reverse: 5 AAGTCGGTTATCATCATTGAGCTG-
CATGAG 3’

Asp48Asn forward: 5'-ACAGTAAACAGTGAAAACCFFAC-
CAATCTGTCC

Asp48Asn reverse: S'-TTCACTGTTTACTGTCCAATT-
GAAGGCGTC

Mle197Val**" forward: ' AAAATCGTCGCGGTCTGGAC-
CATTTCA 3’

Ile197Val**” reverse: 5’ GACCGCGACGATTTTCA-
GAAAGGCTTT 3’

Ala230Thr forward: 5 CTTCTGACTGATGACAATTTCG-
TACTTATAGGAAGC 3’

Ala230Thr reverse: 5 GTCATCAGTCAGAAGG-
CAACTGCCCTC 3’

Ala447Val forward: 5 ATGGTGGTCCTGGGCAAACAGCA-
CAGTGAAGAAGCC 3’

Ala447Val reverse: 5 GCCCAGGACCACCATACTG-
CAGTCGTTGTC 3’

His452Tyr forward: 5 AAACAGTACAGTGAAGAAGCCTC-
CAAAGAC 3’

His452Tyr reverse: 5 TTCACTGTACTGTTTGCCCAGGGC-
CAC 3’

SNPs were introduced into the cloned human 5-HT2A receptor
template using the QuikChange site directed, PCR-based mutagenesis
kit exactly as described by the manufacturer (Stratagene, La Jolla, CA,
USA). Mutagenized clones were isolated and subjected to Sanger DNA
sequencing to verify the entire coding sequence for the presence of the
desired mutation and the absence of any PCR-induced sequence errors.

4.3. TRUPATH Gq BRET Assays. Cells were plated either in six-
well dishes at a density of 700,000—800,000 cells/well or 10 cm dishes
at 7—8 million cells/dish. The cells were transfected 2—4 h later using a
1:1:1:1 DNA ratio of 5S-HT2A receptor/Gaq-RLuc8/Gf33/Gy9-GFP2
(100 ng/construct for six-well dishes and 1000 ng/construct for 10 cm
dishes). Transit 2020 (Mirus Biosciences, Madison, WI) was used to
complex the DNA at a ratio of 3 yL Transit/ug DNA in OptiMEM
(Gibco-Thermo Fisher, Waltham, MA) at a concentration of 10 ng
DNA/uL OptiMEM. The next day, the cells were harvested from the
plate and plated in poly-D-lysine-coated white, clear-bottom 96-well
assay plates (Greiner Bio-One, Monroe, NC) at a density of 30,000—
50,000 cells/well.
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Figure 6. Saturation radioligand binding analysis of WT and polymorphic SHT,, receptors as a measure of receptor expression. (A) WT SHT2A, (B)
Ser12Asn, (C) Thr25Asn, (D) Asp48Asn, (E) 1le197Val, (F) Ala230Thr, (G) Ala447Val, and (H) His452Tyr.

One day after plating in 96-well assay plates, white backings
(PerkinElmer, Waltham, MA) were applied to the plate bottoms, and
the growth medium was carefully aspirated and replaced immediately
with SO puL of assay buffer (1Xx HBSS + 20 mM HEPES, pH 7.4)

containing 10uL of freshly prepared 50 uM coelenterazine 400a
(Nanolight Technologies, Pinetop, AZ). After a five minute
equilibration period, the cells were treated with S0 L of drug (2X)
for an additional S min. For kinetic experiments, the plates were
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Table 8. B,,,, Values at Wild-Type (WT) and Polymorphic 5-HT2A Receptors as Measured Using Radioligand Saturation

Binding Using [3H]-Ketanserin

WT Ser12Asn Thr25Asn
B (fmol/mg prot) 874.4 + 38.4 2100 =+ 113 1013 + 120
Ky 0357 £0.078  0.903 +0.186  0.448 + 0.246

incubated at 37 °C for at least 20 min prior to receiving drug
stimulation. Afterward, S0 uL of drug (2X) was added per well and
incubated for designated time points. Before reading, 10 uL of
coelenterazine 400a (Nanolight Technologies, Pinetop, AZ) was added
per well and incubated for an additional 5 min to allow for substrate
diffusion, and the plates were immediately read. The plates were read in
a Pherastar FSX microplate reader (BMG Labtech Inc., Cary, NC) with
395 nm (RLuc8-coelenterazine 400a) and 510 nm (GFP2) emission
filters at 1 s/well integration times. BRET?2 ratios were computed as the
ratio of the GFP2 emission to RLuc8 emission. Results are from at least
three independent experiments, each performed in duplicate. Data were
normalized to S5-HT stimulation and analyzed using nonlinear
regression “log(agonist) vs response” in Prism 9 (Graphpad Software
Inc,, San Diego, CA).

4.4. BRET Arrestin Assay. To measure 5-HT2AR-mediated j-
arrestin-1 recruitment, HEK293T cells were co-transfected in a 1:1:5
ratio with human S-HT2AR containing C-terminal Renilla luciferase
(RLuc8), GRK2, and Venus-tagged N-terminal p-arrestin-1. To
measure S-HT2AR-mediated p-arrestin-2 recruitment, HEK293T
cells were co-transfected in a 1:1:5 ratio with human 5-HT2AR
containing C-terminal Renilla luciferase (RLuc8), GRK2, and Venus-
tagged N-terminal f-arrestin-2. For both experiments, after at least 24 h,
transfected cells were plated in poly-lysine-coated 96-well white clear-
bottom cell culture plates in plating medium (DMEM + 1% dialyzed
FBS) at a density of 40,000—50,000 cells in 200 uL per well and
incubated overnight. The next day, the medium was decanted, and the
cells were washed with S0 yL of drug buffer (1x HBSS, 20 mM HEPES,
0.1% bovine serum albumin (BSA), and 0.01% ascorbic acid, pH 7.4),
and then S0 uL of drug buffer with the RLuc substrate coelenterazine h
(Promega, S M final concentration) was added per well. After S min,
50 uL of drug (2X) was added per well and incubated for S min before
being read. For kinetic experiments, the plates were incubated at 37 °C
for at least 20 min prior to receiving drug stimulation. Afterward, SO uL
of drug (2x) was added per well and incubated for designated time
points. Before reading, 10 uL of the RLuc substrate, coelenterazine h
(Promega, S uM final concentration), was added per well and incubated
for an additional 5 min to allow for substrate diffusion, and the plates
were immediately read. The plates were read for both luminescence at
485 nm and fluorescent eYFP emission at 530 nm for 1 s per well using a
Pherastar FSX microplate reader (BMG Labtech Inc., Cary, NC). 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/RLuc
ratio in wells without Venus-f-arrestin present. The results are from at
least three independent experiments, each performed in duplicate. The
net BRET ratio was plotted as a function of drug concentration using
Prism 9 (Graphpad Software Inc, San Diego, CA). Data were
normalized to S-HT stimulation and analyzed using nonlinear
regression “log(agonist) vs response” in Prism 9.

4.5. Receptor Expression Measurements. HEK293T cells were
plated in 10 cm dishes and transfected with 1000 ng of the wild-type S-
HT2A R, Ser12Asn, Thr25Asn, Asp48Asn, le197Val**’, Ala230Thr,
Ala447Val, and His452Tyr variants of the 5-HT2A receptor. After 36 h
of transfection, the cell medium was replaced with a medium containing
1% dialyzed FBS. After 48 h, the medium was aspirated, and the cells
were washed twice with cold phosphate-buffered saline (PBS). The
cells were scraped in 10 mL ice-cold PBS and centrifuged at 3000 rpm at
4 °C for 15 min, and the supernatant was discarded. The cell pellet was
resuspended in ice-cold lysis buffer (S0 mM Tris—HCI, pH 7.4) and
incubated on ice for 20 min. After incubation, the cells were triturated
gently for hypotonic lysis. The suspension was centrifuged at 21,000g
for 20 min at 4 °C to obtain a crude membrane pellet. The supernatant

Asp48Asn

1698 + 148
1.293 + 0.396

Ile197Val Ala230Thr Ala447Val His452Tyr
1073 £ 91.1 1802 + 21§ 1618 + 72.4 1429 + 185
0.443 £ 0.171 1.358 + 0.562 1.194 = 0.191 0.872 + 0.391

was discarded, and the membrane pellets were stored at —80 °C for
further use.

Saturation binding assays were performed to determine the
equilibrium dissociation constant (K;) and B,,. The membrane
pellets were dissolved in lysis buffer, and the amount of protein was
estimated using Bradford assays. Binding assays were performed in
standard binding buffer (50 mM Tris, 10 mM MgClI2, 0.1 mM EDTA,
0.1% BSA, and 0.01% ascorbic acid, pH 7.4) using [*H] ketanserin
(PerkinElmer, Waltham, MA; specific activity 22.8 Ci/mmol) as the
radioligand.

Saturation binding assays were carried out in 96-well plates in a final
volume of 125 uL per well. In brief, 25 4L of radioligand was added to a
96-well plate, followed by addition of 25 L of binding buffer (for total
binding) or 25 uL of the reference compound (clozapine) at a final
concentration of 10 #M to measure non-specific binding. After, 75 uL
of fresh membrane protein (15 ug/well) was added, and plates were
incubated in the dark at room temperature for 90 min. The reaction was
stopped by vacuum filtration onto cold 0.3% polyethyleneimine (PEI)-
soaked 96-well filter mats using a 96-well Packard FilterMate harvester,
followed by three washes with cold wash buffer (50 mM Tris, pH 7.4).
The filters were dried, and scintillation cocktail (MeltiLex,
PerkinElmer) was melted onto the dried filters and allowed to cool
to room temperature. Then, the filters were placed into cassettes and
radioactivity was measured in a MicroBeta counter (Molecular
Devices). Data were analyzed using “One Site-Total and non-specific
binding” equation using Prism 9. Specific binding was calculated after
subtracting the non-specific binding.

4.6. Data Analysis. All concentration—response curves were fit to a
three-parameter logistic equation in Prism (Graphpad Software, San
Diego, CA). TRUPATH Gq BRET concentration—response curves
were analyzed by normalizing to the reference agonist (S-HT response
at the wild-type receptor) for each experiment. Efficacy (E,.,,)
calculations were performed according to Kenakin and colleagues:**
stimulus—response amplitudes (net BRET2) were normalized to the
maximal responding agonist (maximal system response). ECsgand E, .,
values were estimated from the simultaneous fitting of all biological
replicates. Transduction coefficients were calculated as log(E,,,,/ECs,)
as described in Kenakin and colleagues,®® and propagation of error was
conducted at all steps. ECy, E,,,,, and transduction coefficient values
were analyzed first by ANOVAs (F-test of curve fit, one-way ANOVA,
or two-way ANOVA as described in the text). Post hoc pairwise
comparisons used Tukey-adjusted p values to control for multiple
comparisons. The significance threshold was set at & = 0.0S.
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