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ABSTRACT: The serotonin receptor is an integral part of human biochemistry, especially in regard to neuropsychiatric illness, but 
is also found across animal species. There is a need for a deeper molecular understanding of the serotonin receptor in regard to novel 
treatments in psychiatry. The present review and subsequent analysis provide detailed insight regarding the function, composition, 
and molecular interactions of the 5HT2A receptor and its associated G-protein complex. A multiple sequence analysis of the 5HT2A 
and Gaq proteins among four vertebrate species was performed to elucidate protein conservation across taxa. The sequence alignment 
demonstrated regions of high conservation across the entire length of the Gaq protein sequences and in specific regions of the 5HT2A 
receptor, including five alpha helices that interact with the Gaq protein. Chimera was used to examine the location and molecular 
level interactions of key 5HT2A and Gaq residues in the cryoEM structure of 5HT2A with mini-Gaq and beta/gamma (PDB 6WHA). 
This analysis provided additional insight into interactions around residues known to be important for function and allowed the iden-
tification of additional residues predicted to lead to anomalous function if mutated.

1. Introduction 
Serotonin, formally called 5-hydroxytryptamine (5-HT), is 

colloquially termed “the happy molecule,” due to its relation to 
mood.1 The neurotransmitter molecule undergoes a complex 
signaling pathway through several G-protein coupled receptors 
(GPCRs), of which the 5-HT receptor family includes seven: 5-
HT1 through 5-HT7.2 Each receptor binds serotonin, which sub-
sequently triggers a signaling cascade throughout the cell. Each 
GPCR is composed of a transmembrane domain made of seven 
alpha helix proteins that interact with the G-protein, which con-
sists of three subunits: alpha, beta, and gamma (Figure 1). There 
are several different G-protein alpha subunits; the 5HT2A re-
ceptor in particular interacts with the Gaq isotype. In the sero-
tonin pathway, the G-protein complex is activated by the bind-
ing of the signaling hormone, serotonin (Figure 1). A confor-
mational change in structure induces binding of GTP in place 
of GDP in the alpha subunit and its separation from the adjacent 
beta and gamma units.3 Once activated, the single Gaq unit cou-
ples to phospholipase C, which catalyzes the formation of ino-
sitol triphosphate (IP3) and diacylglycerol (DAG) from phos-
pholipid phosphatidylinositol-4,5-bisphosphate (PIP2).3,4 IP3 
stimulates the release of Ca2+, while DAG stimulates protein ki-
nase C (PKC). Both PKC and Ca2+ aid with cellular neurotrans-
mitter release.3 Without regulation, the signaling molecules will 
continue to produce their downstream effects, so the cell con-
tains inherent elements that turn signaling off. One of these reg-
ulatory elements is arrestin, which binds the phosphorylated cy-
toplasmic tail of the receptor protein, thereby preventing further 
interaction with the G-protein. Other notable mechanisms of 
down-regulation include GTP hydrolysis into GDP in the Gaq 
subunit, dephosphorylation of IP3, deacylation of DAG, and the 
removal of Ca2+ from the cytoplasm.3  

Dysfunctions in these serotonin-triggered GPCR signaling 
pathways are theorized to lead to mood-related disorders.1 The 
various serotonin receptors modulate behaviors such as anxiety, 
aggression, risk assessment, cooperation, and depressive behav-
ior, as well as other functions like wakefulness, food appetence, 
memory, and motor function.5 There are several receptors 
linked to mood regulation within the serotonin family, which 
include 5HT1A, 5HT1B, 5HT2A, 5HT2B, and 5HT2C.1,6 The 

Figure	1:	The	GPCR	signaling	pathway	during	serotonin	signaling.	(1)	
Inactive	receptor	and	G	protein	complex	prior	to	signaling.	(2)	Seroto-
nin	binds	the	receptor	and	initiates	the	signaling	cascade.	(3)	Gaq	
binds	GTP	and	activates	PLC.	(4)	The	Gaq-PLC	complex	hydrolyzes	
PIP2	into	DAG	and	IP3;	IP3	stimulates	Ca2+	release.	(5)	Activated	PKC	
and	Ca2+	stimulate	cellular	effects,	including	neurotransmitter	release.	
(6)	The	complex	returns	to	the	inactive	conformation.	



 

current literature agrees that 5HT2A is one of the receptors that 
plays a modulatory role in neuropsychiatric illnesses.7 Standard 
treatments for affective disorders include selective serotonin 
reuptake inhibitor (SSRI) therapy, though SSRIs do not target 
the receptor directly. SSRIs elicit their therapeutic effects by 
limiting the reuptake of serotonin at the synapse and thereby 
increasing the serotonin available to interact with the receptor.6 
However, clinical efficacy of SSRIs can vary between patients,8 
and some studies show that a sizeable portion of individuals still 
don’t achieve remission despite repeated treatments.9 Newer 
studies are focusing on psychedelic treatments for mental ill-
ness, including the use of compounds like LSD and psilocy-
bin.10,11 Most psychedelic compounds, including LSD and psil-
ocybin, rely on the 5HT2A receptor for their effects.12,13 A re-
cently published set of structures (Figure 2) illustrated the 
amino acid composition and interactions of the activated 
5HT2A receptor bound to the exogenous ligand 25CN-NBOH, 
a psychedelic compound analog, and endogenous serotonin.14  

The 5HTR2A gene is most highly expressed in the brain’s 
frontal cortex and anterior cingulate cortex.15 The anterior cin-
gulate cortex is known as the emotional center of the brain, so 
the receptors in that brain region are key components of mood 
regulation, albeit alongside other contributory regions in the 
limbic system.16 It’s worth noting that the receptor also shows 
relatively high expression in the aortic, coronary, and tibial ar-
teries, which suggests that serotonin is also involved in cardio-
vascular physiology. Interestingly, recent science shows that 
the 5HT2A receptor indeed may play a role in peripheral dis-
eases such as hypertension and atherosclerosis, necessitating an 
integrative approach to medical intervention for serotonin-
based ailments.17 Indeed, there must be more to 5HT2A than 
just a role in mood, and investigating 5HT2A in model organ-
isms could be helpful in further exploring its function and role. 

Despite much 5HT2A research centering on human mental 
illness, the serotonin molecule is known to modulate both ver-
tebrate and invertebrate nervous systems.5 5HT2A receptors di-
verged approximately 450-500 million years ago and are found 
across gnathostomata, a diverse group of vertebrates that in-
clude fish, amphibians, reptiles, and mammals.18,19 Likewise, 
the Gaq protein is part of both human and animal physiology 
through its presence in vertebrates and invertebrates.5,20 Given 
that protein sequence determines structure and function, pro-
teins that have similar sequences are likely to elicit the same 
function even in dissimilar species. In 2007, Raote, 
Bhattacharya, and Panicker performed a sequence analysis for 
the 5HT2A protein between humans, rats, and mice.7 They elu-
cidated extensive similarities between the species, with few mu-
tations in the protein sequence, most of which would have little 
to no effect on the receptor's function. However, comparing 
mammalian species is more likely to reveal similarities in se-
quence identity given the relatedness of the species. Therefore, 
it may be more useful to compare human 5HT2A and Gaq with 
more distant orthologs. 

A comparison of multiple vertebrate 5HT2A receptors and 
Gaq sequences will be helpful in assessing the conservation of 
these sequences, including where they interact with each other, 
across taxa. In general, sequence components with higher con-
servation are likely to be more important for structure and func-
tion of the protein. This paper compares 5HT2A and Gaq pro-
tein sequences from four different vertebrate species, including 
a fish, in order to identify amino acids conserved over evolu-
tionary time. This study integrates findings from this cross-

species analysis with the recent structure of the human 5HT2A 
receptor and its interaction with the human Gaq protein.14  
 
2. Materials & Methods 

 
2.1. BLAST & Alignments  

The FASTA-format protein sequences from human 5HT2A 
were entered into Basic Local Alignment Search Tool (BLAST) 
at NCBI to perform a thorough search of homologous protein 
species.21 The reference proteins database was employed with 
all other parameters on their respective default settings; the spe-
cies Homo sapiens (humans) was excluded from the organism 
search set. The BLAST search revealed numerous species for 
comparison, of which three evolutionarily diverse vertebrates 
were selected: Pelodiscus sinensis (Chinese softshell turtles), 
Corvus moneduloides (New Caledonian crows), and Carassius 
auratus (goldfish). The species were selected based on their 
wide range (54%-90%) in percent identity match with the H. 
sapiens sequence in order to analyze protein sequence conser-
vation broadly. The Gaq protein sequence underwent an iden-
tical BLAST search, and the same species were selected for 
comparison. The FASTA-format sequences for the homologs 
were then entered into Clustal Omega and MView to perform a 
sequence alignment comparison.22,23 For Clustal Omega, the de-
fault settings were used except for the “order” parameter was 
set to “input.” The results from Clustal Omega were then copied 
directly into MView and all default parameters applied.  
 
2.2 3D Structure Analysis 

When researchers solve the structure of a protein using X-ray 
crystallography, nuclear magnetic resonance, or cryogenic elec-
tron microscopy (cryoEM), they place the structure coordinates 
in the protein data bank (PDB) so other researchers can use the 
structure and perform investigations and visualizations of the 
atomic level structure. In order to perform a thorough investi-
gation of the 5HT2A receptor’s biochemical structure, an anal-
ysis of the structure of the 5HT2A and mini-Gaq protein cou-
pled during in vitro binding conditions (PDB file 6WHA) was 
conducted using the UCSF Chimera Extensible Molecular 

Figure	2:	The	5HT2A	receptor	bound	to	the	Gaq-protein	complex	
(PDB	6WHA).	The	5HT2A	protein	is	highlighted	in	cyan,	the	Gaq	pro-
tein	in	yellow,	the	Gb	protein	in	green,	and	the	Gg	protein	in	orange.	
Agonist	25CN-NBOH	(gray)	is	bound	to	5HT2A	at	the	active	site.		



 

Modeling System.14,24 The mini-Gaq is an engineered Gaq that 
is shorter than, but reliably models, the wild-type Gaq.25,26 The 
three-dimensional viewing model allowed for visualization of 
key amino acid residues related to protein function. The amino 
acids were analyzed in terms of hydrogen bonding and hydro-
phobic interactions with their respective counterparts based on 
distances calculated in Chimera, and a fundamental understand-
ing of chemical interactions. Information about the structural 
and functional role of regions of the human 5HT2A receptor 
and G protein, including a mini-Gaq, was obtained from a re-
cent cryo-EM paper and subsequently related to the other ver-
tebrate sequences in a multiple sequence alignment.14 Regions 
with clear significance in the human structure were a priority in 
the analysis. 

 
3. Results & Discussion 
  The multiple sequence alignment shown in Figure 3 compares 
the 5HT2A receptor amino acid sequence between humans, 
Chinese softshell turtles, New Caledonian crows, and goldfish. 
The areas of lowest interspecies conservation are in the first 
~100 amino acids of the protein and the last ~40 residues in the 
C terminus, although the very last seven residues are well con-
served. Kim et. al determined several key residues in the 
5HT2A protein that are important in ligand activation of the G-
protein, including I181, L325, and N384.14 These three residues, 
all located in the cytosolic end that interacts directly with the 
Gaq-protein, are completely conserved across the species. 
 

Figure	3:	MView	alignment	of	5HT2A	amino	acid	sequences	for	human,	Chinese	softshell	turtles,	New	Caledonian	Crows,	and	goldfish.	“Cov”	indi-
cates	coverage	-	the	percent	that	a	species	matches	the	human	protein	in	terms	of	amino	acid	sequence	length.	“Pid”	indicates	the	percent	identity	
between	individual	amino	acids.	Dots	are	10	amino	acids	apart	from	one	another;	each	line	contains	80	amino	acids,	including	dashes	for	gaps	in	
the	alignment.		The	magenta	rectangles	denote	important	amino	acids	related	to	function	that	were	analyzed	in	this	study	using	human	sequence	
numbering.	The	blue	rectangles	indicate	the	area	of	low	conservation	in	the	receptor	protein.	The	green	rectangles	outline	the	five	regions	in	the	
alpha	helices	that	interact	with	the	Gaq	protein.	The	red	rectangle	outlines	the	transmembrane	region	that	is	completely	conserved.	See	Table	1	for	
an	explanation	of	the	amino	acid	color	schemes.	



 

Table 1. MSA Amino Acid Color Scheme 
BRIGHT GREEN Hydrophobic 
DARK GREEN Large hydrophobic 
DARK BLUE Negative charge 
LIGHT BLUE Small alcohol 
YELLOW Cysteine 
PURPLE Polar 
RED Positive charge 

This table shows the appropriate color coding for the amino acid residues 
in each multiple sequence alignment. Note that in the alignments, there are 
residues that are not colored due to their mismatch with the primary human 
sequence. 

 
   Kim et al. showed that the variations I181A or I181E led to 
weaker activation by the ligands 25CN-NBOH, LSD, or seroto-
nin.14 The mutations L325A and N384A reduced receptor-Gaq 
coupling.14 Given the weaker overall 5HT2A receptor interac-
tion with Gaq when I181, L325, and N384 were mutated in the 
Kim et. al study,14 along with their conservation across taxa, it’s 
reasonable to conclude that they’re important for 5HT2A recep-
tor function.  
   The 5HT2A alignment also shows high conservation in other 
regions that are important for binding of serotonin and other 
serotonergic molecules like LSD and 25CN-NBOH. Kim et al. 
identified residues N107 and R185 as having a crucial role in 
Gaq signaling. Both of those amino acids are also completely 
conserved across the analyzed species. There is a notable region 
of high conservation between T253 and Q262, with the only 
difference being in goldfish at positions K259 and S260. Within 
that region, L261 is of particular interest as it resides in a hy-
drophobic pocket that Kim et al. described as critical for bind-
ing Gaq (Figure 4).14 The high amount of conservation at criti-
cal amino acids between the aforementioned species indicates 
that the 5HT2A receptor is well-conserved protein that has re-
tained key aspects of structure and function over ~400 million 
years of evolutionary time. Analyzing residue composition us-
ing multiple sequence analyses provides a useful tool for 

predicting other potentially critical amino acids in the 5HT2A 
protein.  
   Another interesting region of complete conservation across all 
four species in the 5HT2A protein is in an alpha helix from 
W151 to Y174 (Figure 5A). This region is not discussed in the 
Kim et al. paper, but their cryo-EM structure allowed for visu-
alization of its 3D structure in the human protein and analysis 
of the biochemical interactions involved. Figure 5A was gener-
ated using Chimera and PDB 6WHA to highlight the intramem-
branous region that is completely conserved between species. 
The helix from W151 to Q178 is buried in the middle of five 
other membrane spanning helices. Residue S159 forms two hy-
drogen bonds with the ligand 25CN-NBOH (Figure 5B). This 
well-conserved helix ends in an intracellular loop with residues 
N179 through N187, which interact with Gaq, suggesting that 
the helix is important for linking ligand binding with Gaq acti-
vation.   
   The percent identity and coverage between sequences were 
higher when analyzing the Gaq-protein than the 5HT2A recep-
tor protein, suggesting even higher Gaq-protein conservation 
across taxa. Figure 6 shows the multiple sequence alignment for 
Gaq proteins in humans, Chinese softshell turtles, New Cale-
donian crows, and goldfish. There is greater than 90% overall 
identity from goldfish to humans in the Gaq (Figure 6), whereas 
the 5-HT2A protein only shows 54.2% overall identity between 
goldfish and humans (Figure 3). The Gaqs in all species contain 
359 amino acids, whereas the 5HT2A proteins differ in se-
quence length (471 amino acids in humans and crows, 490 in 
turtles, 491 in goldfish).    
   Gaq amino acid Q350 is completely conserved between all 
four species and corresponds to the mini-Gaq Q237 that lost its 
signaling capacity when experimentally mutated to alanine.14 
The Gaq protein interacts with the 5HT2A protein along its al-
pha unit amino acids K345-V359 (corresponding to K233-
V247 in the cryo-EM structure), which are all completely con-
served in the species investigated. It’s worth noting that the five 
alpha helical regions from the 5HT2A protein involved in the 
interaction with the Gaq unit are highly conserved between the 
four species but show more variation than seen in the Gaq pro-
tein (Figure 3). Higher variation in residue composition likely 
means fewer functional constraints.  

Figure	4:	Key	hydrophobic	region	between	5HT2A	(cyan)	and	Gaq	
(yellow).	All	four	highlighted	amino	acid	side	chains	are	completely	
conserved	residues	across	the	four	species	investigated	(L261	and	
A321	of	5HT2A,	L236	and	L240	of	the	mini-Gaq/L349	and	L353	in	
the	full	Gaq	sequence).		

Figure	 5:	 A)	 The	 region	 highlighted	 in	 purple	 corresponds	 to	 the	
highly	 conserved	 transmembrane	 helix	 in	 the	 5HT2A	 protein	 se-
quence.	Residues	W151	(top)	and	Y174	(bottom)	are	also	shown.	Res-
idue	W151	is	closer	to	the	extracellular	side.	B)	This	figure	provides	a	
focused	view	of	the	highly	conserved	transmembrane	helix	at	the	S159	
position,	which	is	a	residue	that	is	also	highly	conserved.	S159	forms	
two	hydrogen	bonds	with	the	ligand	25CN-NBOH.	

	



 

   One region in Gaq that has variation is human, turtle and 
crow residue N352 (corresponding to N239 in the mini-Gaq), 
which is a threonine in goldfish. Figure 7 shows that N239 of 
the mini-Gaq is in proximity to H183 of the 5HT2A protein, 
though not within range to contribute a meaningful electrostatic 
interaction. A threonine at the same position would likely ex-
hibit similar biochemical behavior, so the difference between 
goldfish and the other species is predicted to be minimal at this 
location. Goldfish are not typically used as model organisms, 
but a similar species, zebrafish, are. The zebrafish 5HT2A re-
ceptor shares 92% sequence identity with the goldfish receptor. 
Zebrafish may be a viable candidate for future studies focused 
on the 5HT2A receptor. For example, there is current research 
using zebrafish as a model for human 5HT2A-mediated dis-
eases such as rhabdomyolysis.27 A cursory analysis of zebrafish 
compared with humans demonstrates 55.7% sequence identity 
(Supplementary Figure 1). Given the findings of the present 
study, identifying regions of high conservation between 

zebrafish and humans may point to viable candidates for func-
tional studies. 
   The conservation of 5HT2A and Gaq across multiple species 
underscores their involvement in essential biological processes. 
It’s worth noting that a mutation in the Gaq would affect more 
than just mood dysregulation. As previously mentioned, new 
studies show concomitant somatic illness with psychiatric dis-
turbances.17 The Gaq is also involved in the epinephrine and 
glucagon signaling pathways, albeit via slightly different mech-
anisms. Epinephrine acts on adrenergic receptors throughout 
the body, inducing vascular smooth muscle contraction, pupil 
dilation, heart rate elevation, and other physiologic effects.28 
Glucagon is involved in hepatic gluconeogenesis and fat metab-
olism, among others.29 Given the importance of those two hor-
mones in the body, and their mediation by GPCRs, it’s reason-
able to propose that mutations in the Gaq would lead to other 
negative somatic effects. 

Figure	7:	N239	(left)	of	the	mini-Gaq	(yellow)	protein	is	shown	next	to	H183	(right)	of	the	5HT2A	
(cyan)	protein.	The	measured	distance	of	4.207	Å	between	the	sidechains	is	outside	of	the	range	
for	hydrogen-bonding.	Altering	the	structure	via	conformational	change	could	place	the	amino	ac-
ids	in	hydrogen-bonding	proximity.		

Figure 8:  MView alignment for 5HT2A protein of zebrafish and humans. “Cov” indicates coverage - the 
percent that a species matches the human protein in terms of amino acid sequence length. “Pid” indicates 
the percent identity between individual amino acids. See Table 1 for an explanation of the color schemes. 
Dots are 10 amino acids apart from one another; each line contains 80 amino acids, including dashes for 
gaps in the alignment. 

Figure	6:	MView	alignment	for	Gaq	amino	sequences	in	human,	Chinese	softshell	turtles,	New	Caledonian	Crows,	and	goldfish.	“Cov”	indicates	cov-
erage	-	the	percent	that	a	species	matches	the	human	protein	in	terms	of	amino	acid	sequence	length.	“Pid”	indicates	the	percent	identity	between	
individual	amino	acids.	Dots	are	10	amino	acids	apart	from	one	another;	each	line	contains	80	amino	acids.	The	magenta	rectangles	denote	the	
crucial	glutamine	that	is	involved	in	a	critical	interaction	with	the	5HT2A	receptor	protein	and	the	N352	that	is	not	conserved	compared	with	gold-
fish.	The	blue	rectangle	outlines	the	general	Gaq	domain	that	interacts	with	the	5HT2A	receptor.	The	green	rectangle	outlines	the	region	of	the	Gaq	
that	interacts	with	the	Gb	domain.	See	Table	1	for	an	explanation	of	the	color	schemes.		



 

   Beyond its interaction with multiple receptors, another likely 
reason for high sequence conservation in Gaq is its interaction 
with the adjacent Gb subunit. The amino acids closest to the N-
terminus on the mini-Gaq interact with its b domain; the alpha-
helix produced by residues V5-R32 of the mini-Gaq subunit 
(corresponding to L11-R38 of the Gaq human protein) interacts 
with the beta-sheet formed by residues K78-L95 of the Gb unit 
(Figure 8A). Specifically, D20 and R15 of the mini-Gaq (cor-
responding to E26 and I21 of the human Gaq) form hydrogen 
bonds with K89 and the backbone at V90 of the Gb domain, 
respectively (Figure 8B). The regions in the Gaq protein inter-
acting with the Gb subunit also have high interspecies conser-
vation, as illustrated in Figure 6. Given that the Gaq unit inter-
acts with both the 5HT2A and the Gb domain, it makes sense 
that the protein is well-conserved across homologous taxa.  
   Regions of low conservation may not play an essential role in 
function. Harvey et al. analyzed human genetic variations in the 
5HT2A protein sequence and their respective differences in re-
sponding to antipsychotics and endogenous serotonin signal-
ing.30 The researchers found that the mutations T25N, A447V, 
and H452Y in the 5HT2A receptor did not significantly alter 
serotonin's signaling potential. T25 is near the N-terminus of 

the 5HT2A sequence (Figure 3), in a very poorly conserved re-
gion across the four species investigated. Likewise, A447 and 
H452 are in a poorly conserved region near the C-terminus (Fig-
ure 3). While in this example mutational evidence preceded the 
analysis, it highlights the potential benefit of using multiple se-
quence analyses to determine regions that likely need to be con-
served for function or that lack conservation and may be less 
critical for function.  
   As demonstrated here, regions that are highly conserved be-
tween distant homologs tend to be associated with regions that 
are important in function. Although not definitive, these predic-
tions can help identify amino acids in which missense mutations 
would be deleterious. Future molecular and genetic studies 
would benefit from first inspecting a protein of interest using 
multiple sequence analysis to perform a better-guided structural 
investigation. A diverse range of organisms, such as goldfish, 
turtles, and crows here, provided useful insight into homolo-
gous 5HT2A and Gaq proteins, including identification of a 
highly conserved helix in 5HT2A that may link ligand binding 
with a change in interaction with the Gaq. 
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Figure	8:		A)	mini-Gaq	(yellow)	alpha	helix	is	shown	with	hydrogen	
bonds	interacting	with	the	beta-sheet	of	the	Gb	subunit	(green).	B)	
The	two	key	interactions	between	the	beta	strand	and	the	alpha-helix	
are	the	hydrogen	bonds	between	mini-Gaq	D20/Gb	K89	(top	blue	
lines	between	strand	and	helix)	and	mini-Gaq	R15/Gb	V90	backbone	
(bottom	blue	lines	between	strand	and	helix).	

 

Figure	7:	N239	(left)	of	the	mini-Gaq	(yellow)	protein	is	shown	next	
to	H183	(right)	of	the	5HT2A	(cyan)	protein.	The	measured	distance	
of	4.207	Å	between	the	sidechains	is	outside	of	the	range	for	hydro-
gen-bonding.	Altering	the	structure	via	conformational	change	could	
place	the	amino	acids	in	hydrogen-bonding	proximity.		
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Supplemental	Figure	1:		MView	alignment	for	5HT2A	protein	of	zebrafish	and	humans.	“Cov”	indicates	coverage	-	the	percent	that	a	species	matches	
the	human	protein	in	terms	of	amino	acid	sequence	length.	“Pid”	indicates	the	percent	identity	between	individual	amino	acids.	See	Table	1	for	an	
explanation	of	the	color	schemes.	Dots	are	10	amino	acids	apart	from	one	another;	each	line	contains	80	amino	acids,	including	dashes	for	gaps	in	the	
alignment.	


