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SUMMARY

RNA editing is a process by which post-transcriptional changes of mRNA nucleotides alter protein
function through modification of the amino acid content. The 5HT,¢ serotonin receptor, which
undergoes 32 distinct RNA-editing events leading to 24 protein isoforms, is a notable example

of this process. These 5HT,¢ isoforms display differences in constitutive activity, agonist/inverse
agonist potencies, and efficacies. To elucidate the molecular mechanisms responsible for these
effects of RNA editing, we present four active-state 5SHT,¢-transducer-coupled structures of three
representative isoforms (INI, VGV, and VSV) with the selective drug lorcaserin (Belviq) and the
classic psychedelic psilocin. We also provide a comprehensive analysis of agonist activation and
constitutive activity across all 24 protein isoforms. Collectively, these findings reveal a unique
hydrogen-bonding network located on intracellular loop 2 that is subject to RNA editing, which
differentially affects GPCR constitutive and agonist signaling activities.
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It is established that the 5SHT,¢ receptor undergoes RNA editing leading to 24 isoforms. Several
isoforms exhibit changes in basal activity and are linked to pathologies. Gumpper et al. have
done a systematic structure-function characterization of all the isoforms revealing the underlying
mechanisms that govern basal activity of the 5SHT,¢ receptor.

INTRODUCTION

RNA editing occurs throughout all taxa of life and is responsible for regulating a myriad

of biological processes, including neurodegenerative diseases, brain development, and viral
immune defenses (Bass and Weintraub, 1988; Benne et al., 1986; Ekdahl et al., 2012;
Hood and Emeson, 2012; Krestel and Meier, 2018; Nishikura, 2016; Simpson and Shaw,
1989; Sommer et al., 1991; Ward et al., 2011; Yu et al., 2003). RNA-editing machinery has
evolved to include base substitutions, insertions, deletions, and various capping mechanisms
(Nishikura, 2016). One such well-studied substitution is the deamination of adenine (A)

to inosine (1) (A-to-1) (Bass and Weintraub, 1988; Nishikura, 2016). In vertebrates, this
reaction is catalyzed by several adenosine deaminases acting on RNA (ADARs) (Bass and
Weintraub, 1988; Nishikura, 2016). ADARs selectively deaminate adenosines located on
double-stranded RNAs and are most often located within inverted Alu repetitive elements
(Bass and Weintraub, 1988; Nishikura, 2016). A-to-I editing can also occur at a specific
coding locus to inform the translational machinery to read the | as a guanosine (G), thereby
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recruiting a different tRNA, creating a mutant phenotype of the desired protein. A-to-I
editing can also lead to ribosomal stalling (Licht et al., 2019a; 2019b). These RNA editing
events are widely used to expand the transcriptome by allowing for a diversification of
function at a single gene locus.

It has been established that serotonin 2C (5HTy¢) receptor transcripts undergo A-to-1 editing
at five different sites encompassing amino acids 156160 (Figure 1A) (Niswender et al.,
1999, 2001; Zhu et al., 2012). This extensive post-transcriptional editing leads to 32 edited
isoforms comprising 24 distinct protein modifications at positions 156, 158, and 160 located
on intracellular loop 2 (ICL2) (Abbas et al., 2010; Niswender et al., 1999). The wild-type
isoform contains an I, N, and | at each respective position, while each successive editing
event changes the amino acid content of ICL2 (Figure 1A). The first editing position can be
edited to a V or an M, while the second position is changed to a D, G, or S. Finally, the third
position is edited to a V (Figure 1A). Consequently, the constitutive activity, pharmacology,
and signaling of the 5HTy¢ receptor are altered (De Deurwaerdere et al., 2004; Niswender
etal., 1999, 2001; Rauser et al., 2001). Altering 5HToc RNA editing /n vivo leads to
diverse neuropathological outcomes reminiscent of Prader-Willi syndrome (Morabito et

al., 2010) and profound metabolic alterations (Kawahara et al., 2008; Xie et al., 2021).
Dysregulated 5HT,c RNA editing has also been implicated in several neuropsychiatric
disorders, including depression, substance abuse, and schizophrenia (O’Neil and Emeson,
2012; Warhaftig et al., 2021; Zhu et al., 2012). Previous reports have suggested that highly
edited isoforms VSV and VNV are found in particularly high levels in rat, mouse, and
human brains (Niswender et al., 1999; Zhu et al., 2012), while both the unedited (INI) and
the less edited INV isoforms have been identified in the choroid plexus (Niswender et al.,
1999, 2001). This gives further indication that altered RNA editing could lead to disease
states in a tissue-dependent manner.

One of the most profound consequences of 5SHT,c RNA editing is the selective modulation
of constitutive (a.k.a. basal or ligand independent) GPCR signaling (Niswender et al., 1999,
2001), which has significant functional and pathological consequences (Kawahara et al.,
2008; Morabito et al., 2010; O’Neil and Emeson, 2012; Rauser et al., 2001; Warhaftig et al.,
2021; Xie et al., 2021; Zhu et al., 2012). The most common 5HT,¢ edited isoforms—VGV
and VSV—hoth exhibit a loss of constitutive activity (Figure 1B) and reduced potency for
5HT (Berg et al., 2005; Niswender et al., 1999, 2001; Rauser et al., 2001; Zhu et al., 2012).
Mice expressing fully edited 5SHT,¢ receptors suffer from a host of pathological phenotypes,
including hyperphagia and increased energy expenditure (Kawahara et al., 2008; Morabito
et al., 2010). It has also been shown that pancreatic cells overexpressed with various 5SHToc
isoforms exhibit reduced glucose-stimulated insulin secretion (Xie et al., 2021).

To elucidate the molecular mechanisms by which RNA editing alters 5SHT ¢ constitutive
activity, we solved the INI (wild type [WT]), VGV, and VSV active-state receptors
complexed with Ga.q and B/y subunits by single-particle cryoelectron microscopy (cryo-
EM), utilizing both the selective 5HT,¢ agonist lorcaserin (Belvig) and the classic
psychedelic psilocin. The structures revealed a hydrogen-bonding network including
E16134-52 N158396 R1573-55 and Y153351 (Y of the DRY motif) that is disrupted in
the VGV and VSV isoforms, while N1583-56 preserves this network in the WT unedited
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isoform. This conformation maintains the loop positioning to expose 11603451 to multiple
hydrophobic contacts on the C terminus of Gaq. Bolstered by a comprehensive set of
biochemical and computational investigations, our studies reveal structural mechanisms for
5HT,c contributing to the RNA-editing-induced modulation of a prototypical GPCR.

Isoform differences modulate Gq coupling and constitutive activity

Initially, we investigated the constitutive activity of all the 24 protein-coding isoforms of the
5HT, receptor. Previously, the VGV isoform was found to exhibit a significant reduction
in constitutive activity, while the INI isoform displayed the highest basal phosphoinositide
(PI) hydrolysis activity (Niswender et al., 1999, 2001). Confirming these prior studies, we
similarly found that the INI isoform showed some of the highest basal activity, while VGV
and VSV showed significantly reduced basal activity (Figure 1B). To rule out differences in
constitutive activity related to expression levels, we measured the cell-surface expression of
each isoform and found no statistically significant differences in expression levels (Figure
S2). Interestingly, exploring the constitutive activity across all possible 5HT,¢ isoforms,
we found that the MNI, INI, and VNI isoforms exhibited the highest basal activity. These
isoforms have NI in positions 158 and 160, respectively. In contrast, we noticed that the
placement of a G or S at position 158 tended to decrease basal Pl hydrolysis activity,
particularly with I or V in flanking positions (positions 156 and 160).

We next evaluated the ability of each isoform to activate the Ga.q heterotrimer utilizing our
recently described TRUPATH biosensor platform (Olsen et al., 2020). Using this approach,
which is relatively insensitive to receptor reserve and downstream amplification, we found
that VGV showed reduced E,x and/or potency for 5HT, while VSV’s reduced potency was
not statistically significant (Figures 1C and S1; Table S1) (Niswender et al., 1999, 2001).
Also, to minimize possible kinetic effects of G-protein coupling to the receptor, the ligand
was incubated with the receptor for 30 min prior to reading. Interestingly, the I1SI isoform
was the most efficient transducer, while the IGV isoform was the least (Figures 1C and S1;
Table S1). Combining these parameters (i.e., constitutive activity, potency, and transduction
coefficient estimates), we were able to cluster the 24 isoforms into six major clades (Figure
S1). The INI, MNI, and VNI isoforms belong to a single cluster, which exhibits higher
basal signaling, while the cluster containing VGV consists of isoforms (three of the four
isoforms in this cluster) that have a G in position 158 (Figure S1) and exhibit the lowest
basal signaling. Based on these findings, we hypothesized that “NI” in positions 158 and
160 is important for higher constitutive activity, while a G in position 158 is associated with
lower constitutive activity. The other possible choices, while they are as efficient as an N in
position 158, allow for quantifiable levels of basal PI hydrolysis activity.

To investigate whether the NI motif exhibited structural differences between the INI, the
VGV, and the VSV isoforms on Gaq coupling, we focused on the 5SHT,¢-preferring agonist
lorcaserin (Belviqg) (Aschenbrenner, 2020). Lorcaserin (Belviq) is a potent and selective
5HT,c agonist that was approved for weight loss but was recently removed from the

market after long-term clinical trials showed that patients were diagnosed with cancer at
significantly higher rates (Aschenbrenner, 2020). Recent reports suggest that activation of
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the 5HT ¢ receptor with lorcaserin could be used to treat addiction for nicotine dependence
and/or psychostimulant abuse (Gerak et al., 2019; Higgins et al., 2012; Tabbara et al., 2021).
Utilizing our previously developed TRUPATH system, we explored the ability of lorcaserin
to activate heterotrimer G-protein dissociation with the INI, VGV, and VSV isoforms (Olsen
et al., 2020) (Figure 1D). Similar to 5HT, we found that lorcaserin displays a reduction

in potency for the VGV isoform compared with INI (logECsq INI, =7.77; VGV, —6.37; p

< 0.01), but not for the VSV isoform (logECsgq INI, =7.77; VSV, =7.74; p > 0.05; Table

S2). We chose lorcaserin for structural studies because of its chemical stability, full agonist
activity at each tested isoform, and ability to stabilize 5HT,¢ receptor-G protein complexes.
To investigate the role a common partial agonist could play in Gag coupling, we chose

the classic hallucinogen psilocin to solve the INI structure (Sard et al., 2005). Psilocin has
also been known to be a potent partial agonist at 5SHT,¢, but has not been extensively
studied at the different isoforms. We noticed a similar pattern with psilocin, although not
statistically significant, with a right shift in potency only in the VGV isoform across INI,
VGV, VSV (logeCsg -7.59, -6.77, and —=7.74; p > 0.05; Table S2). With this in mind,

we also structurally characterized the INI isoform bound with psilocin to understand the
differences between a full and a partial agonist.

Structures of the 5HT,¢ receptor in complex with mini-Gag;y heterotrimer

To improve 5HT,¢ expression and stability, both the N and the C termini were minimally
truncated to A23N and A414C; these alterations did not affect G-protein recruitment (Figure
S1). To assemble the Gaq receptor complex, we utilized our previously published mini-
Gagin-GP1-Gy heterotrimer coexpression system, which has also been recently used by
others (Kim et al., 2020; Mobbs et al., 2021; Xia et al., 2021). The receptor (INI, VGV, or
VSV), G-protein complex (mini-Gagjn-Gp1-Gy2), and stabilizing single-chain antibody
scFv16 (Koehl et al., 2018) were expressed separately in Spodoptera frugiperda (Sf9)

insect cells. The complexes were then assembled in the presence of lorcaserin or psilocin
and then subjected to single-particle cryo-EM analysis (Figures 2, S3, and S4; Table S3).
The INI (lorcaserin), INI (psilocin), VGV (lorcaserin), and VSV (lorcaserin) Ga.g-coupled
complexes were solved to global resolutions of 2.8, 3.6, 3.2, and 3.4 A, respectively (Figures
2, S3, and S4; Table S3). This resolution allowed for complete modeling of the ligand in

all three isoforms as well as the active-state conformation of ICL2. The overall receptor-G
protein interfaces were consistent with our previous work on the 5SHT,a Gaq ternary
complex (Kim et al., 2020) and other GPCR-Gg complexes (Mobbs et al., 2021; Xia et

al., 2021). One notable difference, however, was a cholesterol molecule bound between
transmembrane domain 3 (TM3) and TM4 over ICL2 (Figure 2), which is not modeled in
our 5SHT,a Gagq ternary complex structure (Kim et al., 2020) or other recent GPCR-Gq
structures (Mobbs et al., 2021; Xia et al., 2021).

Lorcaserin/psilocin binding pocket and potential for 5SHT,¢ selectivity

To understand if the modulation of constitutive activity by RNA editing could be explained
by changes within the orthosteric pocket, we examined the differences in the lorcaserin
binding pose. Given the resolution, the lorcaserin molecules can be placed in the structure,
although the precise molecular pose is estimated. The molecules were modeled in such a
way that satisfies the coulombic density as well as molecular contacts. These contacts were
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then verified via functional assays and the reported distances below are based on our models.
In addition, the ligand positions were further validated using the GlideEM pipeline (Figure
S5), with each structure exhibiting a significant amount of overlap (~1 A root-mean-square
deviation [RMSD]) to the best scored docking pose (Robertson et al., 2020). Across the
three isoforms, lorcaserin shows similar binding poses, with the INI and VSV poses showing
significant overlap (0.96 A difference in Cl-to-Cl distance and 0.83 A difference in N-to-N).
The lorcaserin pose in the VGV structure is slightly shifted by 1.81 A (Cl-to-Cl) and 2.18

A (N-to-N) compared with the INI pose. However, even with these modest shifts we do not
observe any differences in the ligand contacts with the receptor between the three isoforms.
All the ligands make H-bonding contacts with the canonical D1343-32 residue and -1t
stacking/hydrophobic interactions with F3286-52, Interestingly, most of the binding pockets
show significant structural conservation between the three isoforms except for W1303-28, In
the VGV isoform, the six-membered ring of W1303-28 s rotated compared with the INI and
VSV isoforms (Figure 3A). This rotation places the indole N of W1303-28 closer to D134
(3.93 A), possibly explaining the slight shift in the ligand binding pose. To functionally
verify these binding pocket residues, we tested the D134A, F328A, and W130A mutants.
Across all three isoforms D134A abolished both lorcaserin and 5SHT Gq activity (Figures
3A, 3D;jj, and S6; Table S1). Disrupting the rt-stacking interactions, the F328A mutation
also significantly reduces the potency of lorcaserin for Gq activation in the INI and VSV
isoforms, right shifting the logECsq by +1.69 (p < 0.0001) and +1.39 (t(4) = 13.07, p <
0.0001), respectively, while completely abolishing activity at the VGV isoform (Figures 3Dj;
and S5). The W130A mutation reduced the activity of both SHT (Figure 3D; and S6) and
lorcaserin in the VGV isoform, shifting the logECsq for 5HT by +1.36 (p < 0.05). It is noted
that the right shift in the curve for the VGV-W130A mutation in lorcaserin is so extreme
that a complete dose-response curve could not be obtained. For the INI isoform, SHT and
lorcaserin logECg were changed by +0.50 (p < 0.05) and +0.64 (p < 0.05), respectively,
while the VSV isoforms were shifted by +0.88 (p < 0.05) and +1.0 (p < 0.05), respectively.
This would indicate that W1303-28 could play an important role in stabilizing D1343-32
across the various isoforms.

The selectivity of lorcaserin for the 5HT, family of receptors (Figure 3C) was previously
proposed to be due to the position of the chlorine atom on the benzene ring of the
benzazepine and interactions with G218°42 (Peng et al., 2018). The 5HT,4 receptor has
a serine (S242) in position 5.46, while 5SHT¢ has an alanine (A222) at this position.
These differing residues change the binding pocket nearing TM5, which could theoretically
shift the position of the ClI interaction. This structural hypothesis was confirmed by our
functional assays, and the non-synonymous 5HT,a receptor mutation can be made to the
5HT,c receptor (A2225546) to test this hypothesis. This mutation modestly increases the
potency of lorcaserin for 5SHT,¢ but is not statistically significant (logECsg increase of
+0.336, p > 0.05), while Enax is dramatically decreased (96% versus 32%, p < 0.0001)
(Figure 3Djy; Table S2). Mutating residue S242A%46 to an alanine in the SHTA receptor
slightly decreases the potency but is not statistically significant (right shifting logECsq by
+0.62, p > 0.05) for lorcaserin, while retaining the same Eqax as the WT (~52% WT and
51% S242A5%46 p > 0.05) (Figure 3D;y; Table S1). This finding reinforces the idea that
the selectivity of lorcaserin for the SHT,¢ receptor is driven by the hydrophobic nature of
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A222546 and is reflected in the statistically significant drop in Eyay of G-protein activation.
However, the absence of a change when making a synonymous mutation in 5HT, would
indicate that there are other factors influencing lorcaserin’s activation of the 5HT,a receptor.

Examining the INI-psilocin structure, we noticed that psilocin makes similar contacts in the
orthosteric pocket compared with lorcaserin. D1343-32 makes a salt-bridge interaction with
the psilocin amino tail, while the tryptamine ring participates in r-stacking interactions with
F328%-52 (Figure 3A). Alanine mutations of these important residues completely abolish
Gaq activation at the INI isoform (Figure 3Djjj; Table S1). Furthermore, based on the
coulombic density for the ligand, we can clearly place the 4-OH of psilocin making a clear
contact with N3316-5 (Figures 2 and 3B). Interestingly, when mutating this residue to an
alanine, we see a slight right shift, but not statistically significant, in potency (a change of
0.12 pECg, p > 0.05) and a slight increase in Eqpay (+18%, p < 0.01). This would indicate
that the interaction between the 4-OH and N3316-5% is not important for receptor stimulation
by psilocin, while other interactions (D1343-32 and F328%-52) drive Ga.q activation.

Even though it has been shown that the TRUPATH platform is relatively insensitive to
receptor reserve and downstream amplification (Cao et al., 2021; Olsen et al., 2020), to
ensure that the observed differences in potency and Eax across all the mutations were
accurate, we measured the cell-surface expression of each construct (Figure S2). While
there are small observed differences in expression, they did not reach a level of statistical
significance. These findings predict that, for the functional data presented here, differences
in expression do not affect estimates for either Ep,ax Or potency.

Comparison of 5HT,¢ inactive/active ICL2 conformations

Examining the prior 5HT,¢c X-ray crystal structures, we noticed that our new G-protein-
coupled cryo-EM structures were reminiscent of the previously published “active-state”
crystal structure (PDB: 6BQG). Significantly, in Peng et al. (2018), ICL2 in the previous
“active-state” crystal structure (PDB: 6BQG) was unresolved, presumably due to the
absence of the heterotrimer. This is clear in our previous 5SHT,a-heterotrimer structure,
which makes several critical interactions between ICL2 and the a5 helix of Gag, which
stabilizes ICL2 in the active-state conformation (Kim et al., 2020). In our new structures, all
the isoforms exhibit sufficient coulombic density to resolve most of the side chains and the
backbone of ICL2 (Figures S3 and S4). Furthermore, the INI, VSV, and VGV isoforms show
remarkable similarity in ICL2 conformation and positioning as well as global structural
alignment (Figure 4).

Using the inactive state structure for comparison (PDB: 6BQH) (Peng et al., 2018), 5HT,¢
bound with the inverse agonist ritanserin, we were able to refine the ICL2 transition, which
occurs upon G-protein interaction with the active receptor. Upon activation, ICL2 undergoes
a significant structural rearrangement (Figure 4C, top), transitioning from an unstructured
loop to a helix, positioning key residues for interactions with Gag. 11603451 is translated

by 7.3 A and rotated by 18.8° (inactive 11603451 Ca.: active C146344 Ca.: active 11603451
Ca), E161 is translated by 4.3 A and rotated by 9.8° (inactive E1613452 Ca.: active C146344
Ca.: active E1613452 Ca), and N1583-6 is translated by 6.0 A and rotated by 18.5° (inactive
N158356 Ca.: active C146344 Ca.: active N1583-56 Ca).
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We also noted the cholesterol above ICL2 (Figures 2C and 4), which is not present in

either of the previously published inactive- or active state-crystal structures. To test if
cholesterol differentially acts as a modulator between INI, VSV, and VGV isoforms, we
examined Gaq activation upon depletion of cholesterol by methyl-p-cyclodextrin (MCD)
and subsequent replenishment. As a control, we utilized CB1R, which was previously shown
to be negatively modulated by cholesterol, and utilized a similar cholesterol depletion/
addition assay via MCD (Bari et al., 2005a, 2005b). As can be seen in Figures 4A and S6B,
CBI1R activation is insensitive to cholesterol depletion as a function of increasing MCD
concentrations (Bari et al., 2005a). In addition, activity can be depleted through cholesterol
replenishment at all concentrations of MCD + cholesterol complexes (Figures 4A and S6B)
(Bari et al., 2005b), recapitulating the notion that cholesterol negatively modulates CB1
activity. An inverse phenomenon is present across the 5SHT,¢ isoforms; upon cholesterol
depletion Gaq activity decreases, but Ga.q activation during cholesterol replenishment is
minimally rescued (Figures 4A and S6B). Since this process appears to be only partially
reversible, this would indicate that bulk cholesterol plays an important role in the functional
stability of the SHT ¢ receptor. Moreover, we do not observe rescue of the activity upon
cholesterol replenishment in the 5HT, receptor (Figures 4A and S6B). However, after close
examination of the deposited map (EMD-21669), we noticed that there is an unmodeled
density between TM3/4 that resembles a cholesterol molecule (Figure S6) (PDB: 6WHA)
(Kim et al., 2020). While the density is in a slightly different place compared with our
5HT,c structures, this is also indicative of bulk cholesterol playing a stabilizing structural
role for 5HT,a and correlates with our functional data. This would lead us to believe

that annular shell cholesterols possibly play a small role in stabilizing the active state of
5HT,c/5HTa. Furthermore, since this phenomenon is observable across the three different
isoforms, where basal activity is significantly different, this would indicate that cholesterol
is not involved in modulating constitutive activity. It is also unclear whether this cholesterol
could play a role in coupling to other transducers (i.e., arrestin or other Gg family members).
In addition, there are several /in silico studies for both the 5HT,¢ and the 5HT,a receptors
that indicate that cholesterol could be important for structural stabilization or dimerization
(Massaccesi et al., 2020; Ramirez-Anguita et al., 2018).

ICL2-Gaq interactions mediate 5HT,¢ constitutive activity

After ruling out differences in the orthosteric site upon ligand activation and changes to

the global structure of 5HT,¢c, we next examined the interactions between the RNA-edited
residues and Ga.g. RNA editing results in mutated residues located at the end of TM3

and beginning of ICL2 (1156354, N1583-6, and 16034-51) (Figures 1A and 4C, middle).
Closely examining both the structure and the sequence homology of the 5HT, family in

this region, we noticed that two non-conserved residues, E16134-52 and R1573-%5, flank the
RNA-edited residues (Figures 4A and 4B). The INI structure shows that a hydrogen-bonding
network forms from E16134-52 all the way to Y1533-1 of the DRY motif (Figure 4C). These
interactions place 116034-51 in the optimal position to make hydrophobic contacts with 1285
(Gaq)/F228 (Gaq) (Figure 4D). The different isoforms modulate these interactions through
the creation or disruption of this hydrogen-bonding network. In this case, the INI isoform
has been shown to have a high level of constitutive activity (Figure 1B), whereas VSV and
VGV show reduced levels of basal activity and do not have this network (Figure 4D). In
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these cases, V1603451 in VSV makes only one hydrophobic contact with the a5 helix of
Gaq, while VGV makes none (Figure 4D).

Based on the structural evidence, the stabilization of the active conformation in ICL2 by the
E16134-52.N1583-56-R1573-55-Y1533-51 (ENRY) network allows for constitutive activation
of Gq and is further stabilized by the multiple hydrophobic interactions between 11603451
and Gagq (Figure 4D). With the disruption of these interactions, constitutive activity is
significantly reduced while maintaining other key interactions between ICL2 and Gaq for
agonist-promoted G-protein activation (i.e., VGV). To further probe the importance of the
ENRY network, we created E161A, R157A, and E161A/R157A (double mutation) mutants
for the INI isoform. The rationale was that if we could modulate the constitutive activity
through disruption of this network on an isoform with high basal activity, this would
support our hypothesis on the importance of the network in stabilizing a constitutively active
conformation of ICL2. Interestingly, we found that deletion of E16134-52 from the ENRY
network reduced the levels of basal activity to that of VGV, while deletion of R1573-55
significantly increased constitutive activity compared with INI (Figure 4C, bottom). In fact,
the double mutation R157A/E161A, much like E161A, also showed attenuated constitutive
activity comparable to VGV. This indicates that E16134-52 is essential for the placement of
ICL2 in a favorable position for ligand-independent activation of the G-protein heterotrimer.
Disruption of this network (i.e., G at position 158) through RNA editing allows for
modulation of basal activity through optimal positioning of 116034-51 to interact with the

a5 helix of Ga.g and potentially regulate the loop dynamics of ICL2 from the inactive to the
active state.

ICL2 flexibility correlates with constitutive activity

To further test whether disruption of the ENRY network via RNA editing changes the loop
dynamics, we examined the conformational space of the ICL2 loop using Rosetta Backrub
(Friedland et al., 2008; Smith and Kortemme, 2008). It has been previously shown that
Rosetta Backrub can recapitulate the natural conformational variability of protein loops,
often covering structural space not accessible to molecular dynamics (MD) simulations
except at exceptionally long time points and/or high temperatures (Smith and Kortemme,
2008). To understand how the loop dynamics change between the various isoforms (INI,
VSV, and VGV), we ran five simulations for each of the isoforms with 2,000,000 Monte
Carlo steps (Figures 5A and S6D). These simulations revealed that INI isoforms exhibit a
more stable loop conformation with an average RMSD of 0.22 A, while VSV and VGV
exhibited average RMSDs of 0.43 and 0.45 A (INI to VSV, p < 0.01, and INI to VGV,

p < 0.0001), respectively (Figure S6D). These results predict that the ENRY network is
important for stabilizing the active-state loop conformation for constitutive activity. We also
calculated the RMSF of the residues across the simulation and noticed that the end of TM3
and beginning of ICL2 varied between the isoforms, with INI showing the least flexibility
and VSV/VGYV displaying increased dynamics in this region (Figure 5A). To examine this
phenomenon further, we examined the local resolution of the INI, VSV, and VGV lorcaserin
structures (for the sake of continuity) (Figure 5C). The trend observed in the RMSF is

also exhibited in the local resolution, with INI exhibiting a higher relative resolution at

the end of TM3 and beginning of ICL2, indicating higher homogeneity or less flexibility,
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where VSV/VGV have a lower relative resolution across the TM3-ICL2-TM4 interface,
signifying less homogeneity or more flexibility (Figure 5C). This would corroborate with
our hypothesis that the ENRY network stabilizes this region of ICL2 so that important
hydrophobic contacts can be made with the a5 helix of Gg.

Interestingly, we noticed that the MXX isoforms did not follow the predicted pattern for
constitutive activity (i.e., MGV, MGI) (Figure 1B). To better understand this pattern, and as
an additional orthogonal method to test our hypothesis, we employed a protocol utilizing
untemplated AlphaFold predictions to examine predicted conformational states of receptors
and transporters (Del Alamo et al., 2022). Using this protocol, we generated 50 structures
for INI, VGV, MGV, and MGl isoforms, respectively (Figure S7). The INI exhibited little
variation on ICL2 and more closely resembled the active state (Figure S7), whereas the
VGV, MGV, and MGI showed a much more dispersed pattern compared with the active/
inactive state structures. These results further support the importance of ENRY stabilization
of ICL2 on Gaq coupling, as both MGV and MGI exhibit significantly reduced potency
(Table S1) (p < 0.0001), but this does not describe the elevated levels of constitutive activity.
However, upon examination of the structures, we noticed that the M in the MGV/MGI
isoforms points into the receptor pocket (Figure S7). More specifically, the M pushes
outward on TM5 and TM6, potentially opening the receptor pocket. With the increased
flexibility of ICL2 in these isoforms, this would improve the probability of Gaq interacting
with the receptor in an open/active state, serving as a model for explaining the elevated
levels of constitutive activity.

DISCUSSION

Here we provide the first molecular details that provide insight into how RNA editing
modulates GPCR signaling. It has long been known that the 5HT,¢ receptor has various
isoforms that arise from post-transcriptional RNA editing (Niswender et al., 1999, 2001,
Zhu et al., 2012). RNA editing effectively mutates residues 156, 158, and 160 located

in ICL2 to M/V at the first position, D/G/S at the second position, and V in the final
position. Here we present four active-state structures of the 5HT,¢ receptor and a model for
constitutive activity. These structures are the first that characterize the different isoforms that
are formed by RNA editing and provide an explanatory model for the constitutive activity of
the 5HT ¢ receptor centered around the formation of the ENRY network.

We also provide a model based on functional and structural data for spontaneous activation
of the receptor, which leads to basal activity (Figure 5C). When examining the transition
from inactive state to active state (Figure 5C), we noticed that R157 would have to make

a hydrogen-bonding contact with Y153 and stabilize the DRY motif into the active-state
position. Due to the positioning of these residues, they are only 4.3 A apart in the inactive
state, and natural movement of R157 would most likely create a hydrogen bond between
the two. Mutation of R1573-5% to A significantly increases the constitutive activity of the
5HT,c-INI receptor, allowing for further spontaneous activation of the ICL2 loop through
H-bonding between E1613452 and N1583-56, These interactions act in concert to stabilize
an active-state ICL2 conformation, optimally positioning 11603451 to interact with the a.5
helix of Gaq, forming a stabilizing network of interactions allowing for the correct position
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to couple with G protein without any ligand-induced conformational changes. The E161A
removes these stabilizing interactions, or raises the energy barrier, and disrupts the ENRY
network, drastically reducing basal activity. This is recapitulated through disruption of this
network due to RNA editing, as well as changing receptor/Gaq interactions, as seen in

the various isoforms, and explains the differences in basal activity. While it is still unclear
what has the greatest effect on constitutive activity, whether it is the receptor isomerization
constant (stabilization by the ENRY network) or changes in G-protein affinity (interactions
with Gaq), it is probable that both mechanisms play a significant role in modulating basal
activity.

There is significant evidence that the SHT,¢ receptor and its isoforms are responsible for the
expression of various pathological phenotypes, which can be linked to differences in basal
activity (Kawahara et al., 2008; Morabito et al., 2010; Warhaftig et al., 2021). Since the
orthosteric site remains unchanged across the isoforms, and our structural findings suggest
that the differences in Gaq activation are due to the changes in interactions between the
receptor and G protein mediated by ICL2, one could imagine that an isoform-selective
allosteric modulator could be designed. We have also found a potential cholesterol binding
site between TM3/TM4 above ICL2, which could be exploited by small-molecule allosteric
modulators. The functional ramifications of altering basal activity in an isoform-dependent
manner remain to be explored. Finally, differences in G-protein selectivity/arrestin among
the differing isoforms, both ligand-dependent and independent activation, remain to be
explored in 5HT,¢ pharmacology.

Limitations of study

There are several potential limitations of this study, which could be adequately addressed
with follow-up experiments. First, the mechanistic underpinnings of constitutive activity
and isoform-specific G-protein coupling could be further revealed by additional active-state
structures with isoforms that contain an M or D. Also, transducer-free active-state structures
could be obtained to further validate the importance of the ENRY H-bonding motif. These
structures could be further supplemented with a kinetic (coupling to G proteins) and protein
dynamics study across the different isoforms. This would reveal whether the constitutive
activity is due to the kinetic effect of G-protein coupling or conformational selectivity
between the isoforms (or if a certain isoform favors the active versus the inactive state).

In this study, these important molecular underpinnings remain opaque. Finally, it is unclear
how these isoforms affect the constitutive activity as well as transducer coupling across other
Gas and B-arrestins and how an array of ligands/allosteric modulators affects the receptor in
an isoform-dependent manner. Future studies will be needed to address these possibilities.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

RESOURCE AVAILABILITY

Lead contact—All inquiries for further information regarding requests for reagents or
resources should be directed to the lead contact: Bryan L. Roth (bryan_roth@med.unc.edu).
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Materials Availability—All plasmids and/or resources generated by this study will be
available through the lead contact.

Data and code availability

. All the analyzed and/or generated data is available in this manuscript/
Supplementary information. All structural data has been deposited in the
Electron Microscopy Databank (EMDB) (cryo-EM maps) and Protein Databank
(PDB) (cryo-EM maps and models). They have been deposited under the
PDB: 8DPF/EMD-27633 for INI-lorcaserin, PDB: 8DPG/EMD-27634 for INI-
psilocin, BDPH/EMD-27635 for VGV-lorcaserin, and PDB: 8DPI/EMD-27636
for VSV-lorcaserin.

. This paper does not report original code.

. Any additional information required to reanalyze the data reported in this work
paper is available from the Lead Contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

For protein expression Spodoptera fugiperda (SF9, Expression Systems) cells were grown in
cell suspension using ESF-921 medium at 120 rpm and 27°C. For the /n vitro pharmacology
assays HEK293T cells were obtained from the American Type Culture Collection (ATCC,
CRL-11268). Cells were maintained at 37°C incubator with 5% CO, and DMEM medium
(VWR, #45000) supplemented with 10% (v/v) fetal bovine serum (FBS, VWR, #89510-186)
and 100 I.U./mL penicillin and 100 mg/mL streptomycin. For all assays the media was
replaced with DMEM supplemented with 1% (v/v) dialyzed FBS prior to plating.

METHODS DETAILS

Bioluminescence resonance energy transfer assays (TRUPATH BRET2)—In
order to measure G-protein activation by the receptor, we employed our previously
published TRUPATH system and all assays were carried out as previously described (Olsen
et al., 2020). In short, HEK293T cells were plated in 10cm dishes 20-24 hours prior to
transfection at ~2 million cells per dish. Two hours prior to transfection, the media was
replaced with DMEM containing 1% dialyzed FBS to prevent receptor internalization. Cells
were then transfected in a ratio of 1:1:1:1 of receptor:Ga:Gp:G+y with 1ug of each plasmid
using Transit 2020 (Mirus Biosciences) (using the manufacturer’s recommendation) at a
concentration of 3uLs per ug of plasmid and a volume of 10 ng/uL of Opti-MEM. 24

hours post transfection, cells were then plated into poly-1-lysine coated 96-well plates at a
concentration of 40-50Kk cells per well in DMEM containing 1% dialyzed FBS. The next
day, the media was aspirated and cells were immediately covered with 60uLs of buffer (1

x HBSS, 20 mM HEPES pH 7.4) and allowed to incubate at 37°C for 10 minutes. 30uLs
of a 3x drug binding buffer (1 x HBSS, 20 mM HEPES pH 7.4, 0.3% (w/v) BSA, 0.03%
(w/v) Ascorbic Acid, plus concentration of ligand to be tested) were added and allowed to
incubate for additional 10 minutes at RT. Finally, 10uLs of coelenterazine 400a was added
to each well and allowed to incubate for an additional 10 minutes prior to reading the
BRET ratio (395nm/510nm) on a PHERAstar FSX. Each plate was read a total of 5 times
for a total of 1 second per well. The fifth read was taken for each plate for a total of 30
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minutes of incubation time with the appropriate agonist and data was normalized to a %WT
using. All 24 isoforms were generated via site-directed mutagenesis using the 5SHT¢-INI
as the backbone and PrimeSTAR Max DNA Polymerase according to the manufacturer’s
protocols.

Constitutive activity assay (Pl-hydrolysis)—PI-hydrolysis at several different plasmid
concentrations was done to determine the constitutive activity of the different isoforms/
mutations. Transfections were carried out similarly to the TRUPATH assays, except in
12-well plates. Concentrations of 10ng, 30ng, 100ng, and 300ng of receptor were transfected
for each isoform and pcDNA3.1 was added to keep the transfection efficiency (total DNA
added 300 ng) the same across all receptors in DMEM containing 1% dialyzed FBS. The
next day cells were plated in poly-I-lysine coated 96-well plates at a concentration of 50k
cells per well in myo-inositol deficient DMEM containing 1% dialyzed FBS. Tritiated
inositol was added at 0.1uci per well and allowed to incubate overnight. The next day the
media was removed and 50pLs of fresh assay buffer (1xHBSS, 24mM NaHCO3, 11mM
Glucose, 15mM LiCl) was added per well and allowed to incubate for 60 minutes at 37°C.
The assay buffer was then carefully removed and 50uLs of 50mM formic acid was added to
each well and was allowed to incubate for 30 minutes at 4°C. Following the cell lysis, the
formic acid solution was removed and added to a 96-well sample plate (MicroBeta Sample
Plates) and 75uLs of RNA binding beads (1.2 mg/mL) were added to each well and allowed
to incubate for 30 minutes at 4°C. The plates were then counted using a MicroBeta reader as
a Counts per Minute (CPM). For quantification of constitutive activity, the 30ng point was
used and all counts were normalized to the INI isoform of 100% and pcDNA3.1 control as
0% using GraphPad Prism software v9.0.

Cell surface expression—The cell surface expression of each isoform and mutant
presented in the work was measured by ELISA chemiluminescence. In 6 well plates 200

ng of the respective construct, (mock was pcDNAS3.1) was transfected like the BRET

based assays. 24hrs post transfection cells were plated in white 384 well plates. 48hrs
post-transfection the cells were fixed using 20 puLs of 4% paraformaldehyde for 10 minutes.
The wells were then washed twice with 40 pLs of PBS and subsequently incubated with

20 pLs of 5% BSA (in PBS) for one hour. The cells were then incubated with 20 L of an
anti-Flag-horseradish peroxidase conjugated antibody (1:10,000 dilution in 5% BSA in PBS)
for an additional hour. The wells were then washed four times with 100 pL of PBS and then
20 pL of Super Signal Enzyme-Linked Immunosorbent Assay Pico Substrate was added per
well. Luminesence was measured using a PHERAstar FSX and the data was analyzed using
GraphPad Prism v9. ANOVA and Dunnett’s multiple comparison test was then carried out
for statistical significance. Data is available in Figure S2.

G-protein activation upon cholesterol depletion and replenishment—G-protein
activation was measured using the TRUPATH platform in the same manner as described
above, but with a cholesterol depletion or replenishment step as previously described (Bari
et al., 2005a; 2005b). To achieve cholesterol depletion, the day after plating cells in 96-well
plates a solution of DMEM+@-methyl-cyclodextrin (MCD) (either 0.5mM, 1mM, 2.5mM,
5mM, or 10 mM MCD) were allowed to incubate for 1hr. After 1hr, the process of
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drug incubation and plate reading was then carried out as normal. To achieve cholesterol
replenishment, after the 1hr of MCD incubation, the cells were treated with varying
concentration of MCD + cholesterol complexes (either 0.5mM, 1mM, 2.5mM, 5mM, or
10mM MCD + cholesterol) and allowed to incubate for L1hr.

5HT,¢ receptor expression and purification—Using the Bac-to-Bac Baculovirus
expression system (Invitrogen) to generate recombinant baculovirus, a A23N-terminal
truncation and A414C-terminal truncation construct was made. Viral titer was then
determined by flow cytometry using the gp64-PE to ascertain the % of cells stained. Sf9
cells were then infected at a concentration of 2 million cells/mL and an MOI of 3. The cells
were then harvested after 48hrs by centrifugation at 3000 g for 15 minutes. After the initial
cell pellet the cells were then washed and centrifuged again with buffer (20 mM Tris pH 7.4,
100 mM NaCl) and either purified immediately or stored at —80°C for future use.

The 5HT ¢ receptor was purified using the same method as previously (Kim et al., 2020).
In short, the cell membranes were disrupted using a hypotonic buffer (10 mM HEPES pH
7.5, 10 mM MgCl,, 20mM KCI, protease inhibitors (500 upM AEBSF, 1 uM E-64, 1 yM
Leupeptin, and 0.15 pM Aprotinin), 20 uM Ligand (Lorcaserin/Psilocin)) with douncing.
Soluble proteins were then removed with a high-osmotic wash (10 mM HEPES pH 7.5,
1000 mM NacCl, 10 mM MgCl,, 20mM KClI, protease inhibitors, and 20 uM Ligand) for 2
hours at 4°C. 2.0 mg/mL of iodoaceamide (Sigma) was then added for 30 minutes prior to
addition of of 5mM B-mercaptoethanol. The membranes were then solubilized in 50 mM
HEPES pH 7.5, 1% (w/v) n-dodecyl-beta-D-maltopyranoside (DDM, Anatrace), 0.2% (w/v)
cholesterol hemisuccinate (CHS, Sigma), 150 mM NaCl, and 20uM of ligand at 4°C for 2
hrs. The solubilized receptor was then isolated by ultra-centrifugation at 60,000 rpm at 4°C
for 1 hr. The supernatant was then collected and TALON IMAC resin, final concentration
of NaCl 500 mM, a final concentration of 20 mM Imidazole, and 20uM of ligand was
added and allowed to incubate overnight at 4°C with gentle agitation. The next day, the
resin was then washed with 10 column volumes (cv) of 50 mM HEPES pH 7.5, 0.1%

(w/v) DDM, 0.02% (w/v) CHS, 800 mM NacCl, 10% (v/v) glycerol, 20 mM imidazole, and
20uM of desired ligand. A subsequent was was then done with 10 cv of 50 mM HEPES
pH 7.5, 0.05% (w/v) DDM, 0.01% (w/v) CHS, 500 mM NaCl, 10% (v/v) glycerol, 20 mM
imidazole, and 20uM of desired ligand. The protein was then eluted in 3 cv of 50 mM
HEPES pH 7.5, 0.05% (w/v) DDM, 0.01% (w/v) CHS, 500 mM NacCl, 10% (v/v) glycerol,
250 mM imidazole, and 20uM of desired ligand. Immediately following elution, the protein
is then buffer exchanged into 20 mM HEPES pH 7.5, 100 mM NacCl, 0.5% (w/v) LMNG,
0.05% CHS, 0.00025% (w/v) GDN, 100 uM TCEP, and 20 uM of desired ligand.

scFv16 and mini-Gagjy expression—ScFv16 was expressed and purified as previously
reported (Koehl et al., 2018). Purified scFv16 from media was concentrated and subjected to
size-exclusion chromatography on a S200 10/300 column equilibrated with 20 mM HEPES
pH 7.5, 0.001% (w/v) LMNG, 0.0001% CHS, 0.00025% GDN, 100 uM TCEP. Fraction
containing pure protein were collected and stored either at 4°C or at —80°C for complex
formation. The mini-Gagjy was expressed and purified as was previously reported and was
also subjected to size exclusion on a S200 10/300 column equilibrated with 20 mM HEPES
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pH 7.5, 0.001% (w/v) LMNG, 0.0001% CHS, 0.00025% GDN, 100 uM TCEP (Kim et al.,
2020).

Generation of the 5HT,¢, mini-Gagjy heterotrimer, and scFv16 complex—
Purified receptor, mini-Gaq;y heterotrimer, and scFv16 were mixed in a 2:1 molar ratio of
mini-Gagjn-heterotrimer:receptor and scFv16:receptor. Apyrase (to catalyze the hydrolysis
of unbound GDP), PNGase F (to cleave any glycosylation on the receptor), and HRV3C

(to cleave all the His-tags on the proteins) were added to the mixture and allowed to
incubate overnight 4°C. The complex was then subjected to a final round of size exclusion
chromatography on a Superdex 200 10/300 column equilibrated in 20 mM HEPES pH

7.5, 100 mM NacCl, 0.001% (w/v) LMNG, 0.0001% (w/v) CHS, 0.000025% GDN, 100
UM TCEP, and 20 uM of the desired ligand. The peak fractions were then collected and
concentrated to ~2mg/mL for cryo-EM studies.

Single particle cryo-EM data collection and processing—Using a Vitrobot mark
IV (FEI) glow discharged Quantifoil R 1.2/1.3 Au 300 holey carbon film grids were
individually frozen in an ethane/propane mixture (60/40). The Vitrobot was set to 95%
humidity at 4°C with a blot time ranging from 2.5-5 seconds. Images were collected on a
200keV G3 Talos Arctica equipped with a Gatan K3 direct electron detector at a physical
pixel size of 0.91 A. Images were recorded for ~2.7 seconds yielding 60 subframes to

give a total exposure of ~50 electrons/AZ. The movies were recorded automatically using
SerialEM and a multi-shot array (Mastronarde, 2005). After manual curation and inspection,
the micrographs were processed using cryoSPARC v3.1 (Punjani et al., 2017, 2020). An
example processing tree can be found in Figure S2 and S3. In brief, a subset of micrographs
were used as a training set in the TOPAZ particle picking software (Bepler et al., 2019,
2020). After removal of duplicate particle picks, multiple rounds of reference free 2D
classification and multi-reference 3D refinement led to a final stack of particles that was then
subjected to Non-Uniform 3D refinement (Punjani et al., 2020). Resolution was determined
by using the gold-standard Fourier shell correlation (GFSC) 0.143A cut-off (Rosenthal and
Henderson, 2003; Scheres and Chen, 2012). Map and model validations were performed
using the half-maps and post-processed B-factor sharpened maps using Mtriage branch of
the Phenix Software package (Afonine et al., 2018; Punjani et al., 2017). Alternative map
sharpening was performed on the half-maps using deepEMhancer (Sanchez-Garcia et al.,
2020) to assist in visualization and model building.

Model building and refinement—For the initial model, the receptor portion of 6BQG
was aligned with the coordinates of 6WHA (5HT>x active state complex). The BRIL
domain was then removed from the structure and the position of the receptor was used to
place it on the mini-Gagjy heterotrimer/scFv16 complex. Initial placement of the model
was done using fit to map in ChimeraX and further automated docking was done using
“Dock in map” in Phenix. Once the model was docked to the map, the structure was

then subjected to Phenix Real-space refinement with Rigid Body, Morphing, and Simulated
Annealing turned on for a single round (Liebschner et al., 2019). Further modelling and
structure validation was done using COOT and restraints were generated for both lorcaserin
and psilocin using Phenix Elbow (Emsley et al., 2010; Liebschner et al., 2019). Final model
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validation used Phenix Mtriage to assess map-to-model quality and model statistics were
validated using MolProbity (Williams et al., 2018). The final ligand poses were further
validated by GlideEM following the previously published protocols (Robertson et al., 2020)
(Figure S5). All structural figures were prepared either in PyMol or ChimeraX (DeLano,
2002; Pettersen et al., 2021).

Sequence alignment and visualization—The 5HT2 family (5HT2A, 5HT2B, 5HT2C)
were aligned for TM3 and ICL2 using GPCRdb (Kooistra et al., 2020; Pandy-Szekeres et al.,
2018). The aligned sequence was downloaded, and the sequence logo was made using the
python library Logomaker (Tareen and Kinney, 2020).

Rosetta Backrub simulations—The final receptor models generated from the INI, VSV,
and VGV lorcaserin structures were used in the Rosetta Backrub simulations. As previously
mentioned, Rosetta backrub can be used to explore conformational space which may be
inaccessible to MD simulations except at long time points or high temperatures (Smith and
Kortemme, 2008). The Rosetta backrub implementation was used from Rosetta v3.1.2 and
the receptor was placed in a membrane using RosettaMP. All atom Backrub simulations
were kicked off on receptor residues 147-168 which includes part of TM3 and all ICL2,

to explore the entire conformational space of ICL2. Each simulation was run for 2,000,000
monte-carlo steps with a temperature of 0.3 and a trajectory was written every 200 steps.
The Backrub trajectories were then analysed with the MDAnalysis package to calculate the
Ca RMSD of the loop per step, the average RMSD, and the all atom RMSF (Gowers et al.,
2016). The average RMSD per simulation was then plotted in the GraphPad Prism v9.0. For
the worm plots the average RMSF was calculated over the 5 runs with MDAanalysis and
was written as the B-factor in the starting PDB. The graphics were then rendered by UCSF
Chimera v1.14 (Pettersen et al., 2004).

Generation of AlphaFold structures—The code and protocol used was run in

the Google Colab notebook found in https://github.com/delalamo/af2_conformations and
described in (Del Alamo et al., 2022). In short, this protocol uses different MSA depths

as input for the AlphaFold predictions. At the request of the authors, we sampled various
sequence depths (128, 64, 32, 16, and 8). Levels 32, 64, and 128 yields a majority of
conformationally uniform structures. However, at depth 8, it led to many misfolded proteins.
Thus, we used an MSA depth of 16 which created a structurally diverse set of models while
keeping proper folding. We created 50 structures for the isoforms INI, VGV, MGV, and
MGI. To focus the structural alignment on the receptor core, the N-terminus, ICL3, and
C-terminus were removed due to the unstructured nature of these regions. Each structure
was then aligned to either the active (our INI lorcaserin structure) or the inactive state
(PDB 6BQH) and the Ca RMSD was calculated of ICL2 (residues 150-177) using the
MDAnalysis package.

QUANTIFICATION AND STATISTICAL ANALYSIS

In all figures/tables the data is reported as the mean + standard error of the mean (SEM). The
biological replicates and technical replicates are available in the figure/table legends, where
“N” is the number of biological replicates. For the BRET based TRUPATH assays, the
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net-BRET ratio was plotted as a function of drug concentration and subsequently normalized
to %5HT or reference agonist. The grouped data was then fit using nonlinear regression and
the three-parameter “log-agonist vs response” function in GraphPad Prism v9. Subsequent
EC50, Emax, and Transduction Coefficients were analyzed individually by analysis of
variance (ANOVA) and significance was reported by using Dunnett’s multiple comparison
test. p values are reported as ****p < 0.0001, ***p < 0.001, **p < 0.01,*p < 0.05, and ns
(not significant or p > 0.05).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

5HT ¢ receptor RNA editing modulates constitutive activity through
interactions on ICL2

Structural evidence reveals that RNA editing modulates a hydrogen-bonding
network on ICL2

Evidence of ICL2 isomerization and changes in G-protein affinity that alter
basal activity
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Figure 1. RNA editing of the 5HToc receptor leads to isoforms with differing constitutive activity
and potencies

(A) Schematic of the RNA editing that 5SHT,¢c undergoes to produce the 24 possible
isoforms taken from GPCRdB (Pandy-Szekeres et al., 2018).

(B) PI-hydrolysis assay done in HEK293 cells to test the basal activity of the 24 different
isoforms. Data represent mean values + SEM of n = 3 biological replicates, with each
technical replicate being plotted (n = 9-12) and from a single point on the titration curve (30
ng of plasmid DNA).

(C) Heatmap of different isoforms displaying the transduction coefficient (—log(ECs0/Emax))
from n = 3 biological replicates. Complete data are shown in Figure S1 and Table S1.

(D) TRUPATH assays comparing the unedited INI isoform and VGV/VSV isoforms
normalized to the %5HT response for each isoform. As one notices, these curves exhibit
different potencies for 5HT, lorcaserin (studied in this work), and psilocin (studied in this
work) across the different isoforms. Data represent means = SEM of n = 3 biological
replicates.
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5HT2C-VSV (3.4 A)

mini-Gaqy

Figure 2. Structure of 5HToc-mini-Gagiy isoforms
(A) Colored maps are DEEPemHancer-sharpened maps of the different isoforms of 5HT -

miniGagjy structures. From left to right, INI-lorcaserin shown in blue, INI-psilocin shown
in orange, VGV-lorcaserin shown in cyan, and VSV-lorcaserin shown in magenta. Structures
are colored by chain, and a low-pass filtered map is shown in transparent white.

(B) Models built into the maps with their respective colors and labeled as in (A). Ligand
density for each model is shown in the upper right of each image.

(C) Density for a cholesterol molecule present between TM3 and TM4 just above ICL2 in
each structure (gray).
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Figure 3. The orthosteric binding pocket reveals ligand interactions
(A) Lorcaserin bound to the INI (cornflower blue), VSV (magenta), and VGV (dark

cyan). Yellow lines are indicative of either hydrogen-bonding interactions or m-stacking
interactions.

(B) Psilocin bound to the INI (orange) isoform. The yellow lines are indicative of either
hydrogen-bonding interactions or r-stacking interactions.

(C) Lorcaserin shown as VDW spheres and A222/S242 from the 5HT,c/5HT 4 receptor
(PDB: 6WHA is used for the 5SHT,a receptor). It is shown that the bulky nature of the
chlorine sits in a hydrophobic pocket close to TM5. The presence of a serine in position 5.46
effects the selectivity of lorcaserin for the 5HT,¢ receptor.

(D) (i-iii) Mutation of the binding pocket for the INI isoform (other isoforms are shown
in Figure S4A and Table S2), as well as ICL2 for both lorcaserin and psilocin. All binding
pocket mutations affect ligand potency and/or Epqx. (iv) Mutations that reflect the slight
changes in potencies when mutating A222S (5HT,¢) and S242A (5HT»4). Data represent
means + SEM and n = 3 biological replicates.
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Figure 4. Structural comparison of the 5HT ¢ isoforms
The middle shows the receptor alignment of all the isoforms, showing the global similarity

between all of the structures. INI-lorcaserin is shown in cornflower blue, INI-psilocin in
goldenrod orange, VGV-lorcaserin in cyan, and VVSV-lorcaserin in magenta.

(A) (Top) Plot of Eqpnax for the various 5HTocs, SHT,, and CB1R (control) as a function of
methyl-p-cyclodextrin (MCD) and MCD + cholesterol complexes. Full dose-response curves
can be seen in Figure S4. All data are representative of the mean values + SEM and n = 3
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biological replicates. (Bottom) The cholesterol present in all of the isoforms above ICL2 and
sandwiched in between TM3/4.

(B) Sequence logos of the 5HT,a, 5HT,g, and 5HT, receptors of TM3 and the ICL2

loop. Residues shaded in red get RNA edited to form 5HT,¢ isoforms, residues shaded in
blue partake in the ENRY H-bond network, and residues highlighted in gold represent the
canonical DRY motif. This is to note that R157 and E161 are non-conserved residues across
the 5HT, family.

(C) (Top) The inactive-to-active state transition of ICL2. The pink is PDB: 6BQH and

the cornflower blue is the INI-lorcaserin structure from this work. (Middle) The ENRY
H-bond network stretching from Y153 (Y of the DRY motif) to E161 on ICL2 for the INI
isoform structures. Also present is the disruption of the H-bond network for the VSV and
VGV isoforms. (Bottom) PI hydrolysis for basal activity of the ICL2 mutants performed the
same as in Figure 1B. Data are representative of mean values + SEM and n = 3 biological
replicates. For statistical significance ANOVA was done on the constitutive activity and
Dunnett’s multiple comparison test was done to compare each mutant with the WT (****p <
0.0001).

(D) Hydrophobic interactions (shown as dashed lines) of 1/V160 with F228 (Gaq) and

1235 (Gaq) shown in the INI-lorcaserin, INI-psilocin, VGV-lorcaserin, and VVSV-lorcaserin
structures. These interactions are important for modulating potency and constitutive activity.
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Figure 5. Rosetta Backrub simulations show that ICL2 stability is isoform dependent and R157
is important for transitioning to the active state

(A) Worm structures of the RMSF values from the Backrub simulations across the three
different isoforms.

(B) Local resolution of the cryo-EM structures across the INI, VSV, and VGV isoforms
bound with lorcaserin for continuity. The local resolution ranges for the displayed region are
3.2-4.5 A for VGV, 3.1-4.6 A for VSV, and 2.5-3.8 A for INI.

(C) Proposed model of the inactive (PDB: 6BQH)-to-active state (INI-lorcaserin) transition.
Significant movement of ICL2 must occur for the receptor to become constitutively active.
Based on the active-state structure, R157 is most likely to make H-bonding contacts with
Y153 of the DRY motif. This would switch on the active state of ICL2, and the rest of the
hydrogen-bonding network would fall into place waiting for Ga.g.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

gp64-PE antibody Expression Systems Cat#97-201
Bacterial and virus strains

Bac-to-Bac Baculovirus Expression System Invitrogen Cat#A11100
Chemicals, peptides, and recombinant proteins

AEBSF GoldBio Cat#A-540-5
Leupeptin Sigma Cat#L2884
n-dodecyl-beta-D-Maltopyranoside (DDM) Anatrace Cat#D310
Lauryl maltose neopentyl glycol (LMNG) Anatrace Cat#NG310
Glyco-Diosgenin (GDN) Anatrace Cat#GDN101
Cholestryl Hemisuccinate tris salt Anatrace Cat#CH210-25GM
His-tagged Precission protease GenScript Cat#20392-500
Tris HCI VWR Cat#0497
HEPES Fisher Scientific Cat#BP310
Glycerol Fisher Scientific Cat#BP229
Imidazole Sigma Cat#10250
Sodium Chloride Fisher Cat#BP358
Potassium Chloride Sigma Cat#793590
Magnesium Chloride Sigma Cat#M0250
Talon IMAC resin Clontech Cat#635507
Coelenterazine Promega Cat#S2001
Poly-L-lysine Sigma Cat#P2636
Penicillin/Streptomycin Invitrogen Cat#15140-122
Sf-900 Il SFM Invitrogen Cat#10902096
ESF921 Expression Systems Cat#96-001-01
DMEM Sigma Cat#D6429-6X50
USDA FBS Omega Scientific Cat#3463 FB-01
Dialyzed FBS Omega Scientific Cat#2459 FB-03
10xHBSS Invitrogen Cat#14065-056
BSA, Fatty Acid Free Akron Cat#AK8909
Ascorbic Acid Sigma Cat#A5960
Cellfectin 11 Invitrogen Cat#10363-100
TransIT-2020 Mirus Cat#MIR5400
Serotonin (5HT) hydrochloride Tocris Cat#3547
Psilocin Analytical Standard Sigma Cat#P-098-1ML
Lorcaserin (hydrochloride) Caymen Cat#1521
3H-inositol Perkin Elmer Cat#NET115005MC
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REAGENT or RESOURCE

RNA binding YSi SPA beads

Monoclonal ANTI-FLAG M2-peroxidase antibody
Paraformaldehyde Powder

SuperSignal Elisa Pico Chemiluminesence

SOURCE
Perkin Elmer
Sigma
Sigma

ThermoFisher

IDENTIFIER
Cat#RPNQO0013
Cat#A8592-0.2MG
Cat#158127
Cat#37069

Methyl-B-cyclodextrin Sigma Cat#C4555-10G
Deposited data

5HT,c-(INI)-Lorcaserin This paper PDB: 8DPF
5HT,c-(INI)-Psilocin This paper PDB: 8DPG
5HT,c-(VGV)-Lorcaserin This paper PDB: 8DPH
5HT,c-(VSV)-Lorcaserin This paper PDB: 8DPI

Experimental models: Cell lines

Spodoptera frugiperda Sf9 cells
HEK293T

Expression Systems
ATCC

Cat#94-001S
Cat#CRL-11268

Recombinant DNA

pcDNA 3.1

Human-5HT2C gene

Mini-Gag;y chimera

scFv16

TRUPATH (G-alpa, G-beta, G-gamma)
pFastBac dual expression vector

pFastBac 1 expression vector

ThermoFisher
IDT

IDT

IDT

Addgene
Invitrogen

Invitrogen

Cat#V79020
N/A

N/A

N/A
Kit#1000000163
Cat#10712024
Cat#10359016

Software and algorithms

SerialEM Mastronarde, 2005 https://bio3d.colorado.edu/

cryoSPARC Punjani et al., 2017 https://cryosparc.com/

cooT Emsley et al., 2010 Elt)tgtsl://wwwz.mrc—lmb.cam.ac.uk/personal/pemsley/
Chimera Pettersen et al., 2004 https://www.cgl.ucsf.edu/chimera/

ChimeraX Pettersen et al., 2021 https://www.rbvi.ucsf.edu/chimerax/

Phenix Liebschner et al., 2019 https://www.phenix-online.org

PyMOL Schrodinger www.pymol.org

Prism v9.0 GraphPad Software Inc. N/A

Python v3.9.5 Python Software Foundation www.python.org

Other

100kDa Concentrator (20) Vivaspin
100kDA Concentrator (500) Vivaspin
Superdex 200 Increase 10/300 column
96-well black plates

Sartorius Stedim
Sartorius Stedim
GE Healthcare

Greiner Bio-one GmbH

Cat#VvS2042
Cat#VvS0142
Cat#289909944
Cat#655090
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REAGENT or RESOURCE
96-well white plates

384-well white plates

Amicon Ultra-4 10K filter Unit
Amicon Ultra-4 30K filter Unit
Quantifoil, Au300-R1.2/1.3

SOURCE

Greiner Bio-one GmbH
Greiner Bio-one GmbH
Merk Millipore

Merk Millipore

Electron Microscopy Sciences

IDENTIFIER
Cat#655098
Cat#781073
Cat#UFC801024
Cat#UFC803024
Cat#Q350AR13A
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