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Abstract: Mental disorders are strongly connected with several psychiatric conditions including 
depression, bipolar disorder, schizophrenia, eating disorder and suicides. There are many 
biological conditions and pathways that define these complicated illnesses. For example, eating 
disorders are complex mental health conditions that require the intervention of geneticists, 
psychiatrists and medical experts in order to alleviate their symptoms. A patient with suicidal 
ideation should first be identified and consequently monitored by a similar team of specialists. 
Both genetics and epigenetics can shed light on eating disorders and suicides as they are found in 
the main core of such investigations. In the present study, an analysis has been performed on two 
specific members of the GPCR family towards drawing conclusions regarding their functionality 
and implementation in mental disorders.  Specifically, evolutionary and structural studies on the 
adrenoceptor alpha 2b (ADRA2B) and the 5-hydroxytryptamine receptor 1A (HTR1A) have been 
carried out. Both receptors are classified in the biogenic amine receptors sub-cluster of the GPCRs 
and have been connected in many studies with mental diseases and malnutrition conditions. The 
major goal of this study is the investigation of conserved motifs among biogenic amine receptors 
that play an important role in this family signaling pathway, through an updated evolutionary 
analysis and the correlation of this information with the structural features of the HTR1A and 
ADRA2B. Furthermore, structural comparison of ADRA2B, HTR1A, and other members of 
GPCRs related with mental disorders is performed.  
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Introduction 

Eating disorders are characterized as mental disorders defined by abnormal eating habits that affect 
negatively patient’s physical or mental health. The most famous of them are anorexia nervosa and 
bulimia nervosa. In anorexia nervosa people avoid eating due to the fear of gaining weight even 
though they have below average body weight. In bulimia nervosa patients eat a lot and then they 
try to rid of the food consumed. Mental disorders like anxiety, depression and substance abuse are 
common among people dealing with eating disorders. Worldwide, anorexia nervosa affects about 
0.4% and bulimia nervosa affects about 1.3% of the population of young women per year (1). 
Eating disorders typically begin in adolescence or early adulthood. The causes of eating disorders 
are not clear. Both biological and epigenetic factors appear to be a primary cause. The idealization 
of thinness is believed to contribute to some eating disorders. Treatment involves psychological 
support, a proper diet and a normal amount of exercise and can be effective for many eating 
disorders (1). Hospitalization may be needed in more serious cases. Unfortunately, both anorexia 
nervosa and bulimia nervosa have a high risk of death. 
Emotional intelligence is a term referring to a group of non-cognitive abilities accounting for how 
people accommodate and adapt to intra - and interpersonal conditions by identifying emotions, 
incorporating emotions in thought processes, understanding emotional complexity, and 
manipulating emotions in self and others (2). Low emotional intelligence (EI) and emotional 
dysfunction may have an important role in the development and maintenance of maladaptive eating 
behavior than is currently emphasized within the biologically based to the forming idea that is 
often focused within the literature (3). Emotional difficulties have been observed in individuals 
with disordered eating patterns in a big number of studies, including poor consciousness, 
difficulties with emotional language and confusion of emotional states. These difficulties with 
emotional functioning are a significant factor related to the core etiology of eating disorders (4, 5). 
However, limited knowledge exists to how this impact on professional ability to engage patients 
within treatment as a result of such dysfunction (3). As Faye, Hazlett et al. found in their study, 
aspects of EI such as emotional regulation and lack of an emotional language are considered to be 
at the core of the onset and maintenance of these disorders. 
Many patients before the onset of the disorder report more social difficulties, fewer childhood 
friends, and engage in more solitary activities than healthy controls (6). During eating disorders, a 
variety of difficulties are seen, such as poorer social skills and social problem - solving abilities, 
high social anxiety, reduced social networks, and loss of interest in social activities. So, socio-
cognitive mechanisms have an important role in eating disorders. Furthermore, social appearance 
anxiety which is the fear when an individual perceives that his or her body is not meeting the ideal 
body type accepted by a particular culture, leads individuals to experience body shame and 
dissatisfaction, social appearance anxiety, and other negative effect, which may in turn lead to 
disordered eating patterns (7). Several studies suggest that lower emotional intelligence increases 
the likeliness of eating disorders (2, 8). According to the individuals interviewed in a study (3), 
patients use maladaptive eating patterns as a way to deal with difficult life situations and 
experiences. 
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On the other hand, suicidal behavior is considered as a paradoxical human behavior that arises as 
a product of complex mental and emotional processes. Suicidal behavior can be explained in a 
percentage of 43% by genetics and the remaining 57% by environmental factors. Suicide is a 
complex, multifactorial phenomenon, with specific biological, psychological and environmental 
risk factors, including: Psychiatric disorders (mainly depression), previous suicide attempt, 
psychosocial factors (stressful life events), personality traits (impulsivity and aggression), history 
of traumatic experiences and / or abuse, family history of psychiatric disorders and suicidal 
behavior, substance and alcohol abuse and general medical conditions (9). It is known that mental 
disorders account for the vast majority of suicides and suicide attempts. The numbers are at least 
10 times higher than the general population. The reported rate of completed suicides in this context 
varies between 60% and 98% of all suicides. Many of the other incidents are related to financial, 
relationship and related issues. However, other causes are discrimination, violence and war as well 
as eating disorders (10, 11). Suicide is a global phenomenon. According to the World Health 
Organization, in 2015, approximately 800,000 suicides were recorded worldwide, and worldwide 
78% of all suicides occur in low- and middle-income countries. Overall, suicides account for 1.4% 
of premature deaths worldwide, and it is noteworthy that the number of suicides in the world has 
risen sharply among young people. Indeed, suicide is the second leading cause of death for 
adolescents aged 15 to 19 years (10, 12). Regarding the rates between the two sexes, there is what 
is known as the gender paradox in suicide: women make more suicide attempts than men, as more 
women than men are diagnosed with depression, but success rates are higher in men (4: 1 in most 
developed countries). This may be due, at least in part, to differences in the gender roles that 
correspond to men and women which can lead to stress. A correlation has yet been found between 
the violence experienced by a woman by a familiar person (intimate partner violence, IPV) and 
suicidal ideation and efforts (13, 14). 
The past decade has been significant progress to understand the genetic and epigenetic effects of 
eating disorders and suicide. Eating disorders often occur in families with a history background 
and studies on twins have revealed that genetic factors account for about 40Po to 60a of the causes 
of anorexia nervosa, bulimia nervosa, and other eating disorders. Similarly, suicidal behavior 
accumulates in families. Twins and adoption studies suggest that heredity is 30 to 50%, although 
a more accurate estimate could be 17 to 36% if the heredity of comorbid psychiatric disorders is 
checked. Molecular genetic studies have also been performed to detect alterations in DNA 
sequence or in gene expression that may be involved in the pathogenesis of eating disorders and 
their symptoms on the one hand and suicidal behavior on the other. It has been suggested that there 
is a link between eating disorders, polymorphisms of the brain-derived neurotrophic factor 
(BDNF) and serotonin genes. In particular, the Val66Met polymorphism of the BDNF gene has 
been associated with anorexia nervosa and bulimia nervosa has anorexia as well as schizophrenia 
and depression (15, 16). In addition, significant correlations have been found between the allele A 
(and the homozygous A / A genotype) and the 102T/C polymorphism in 5-HT2A serotonine 
receptor with NA/N B and suicidal ideation in patients with major depression, respectively (17). 
Finally, a recent meta-analysis maintains that there is a link between the 5- HTTLPR gene 
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mutations and anorexia nervosa, as well as violent suicidal behavior ,but not with bulimia nervosa 
(18). Generally, there are many studies which suggest that there is a link between eating disorders 
and the pathway of the gene expression of serotonin, catecholamine, neuropeptide and feeding 
regulation (19, 20). Suicidal behavior and most of the eating disorders are highly connected with 
mental issues such as depression and hormone expression like serotonin and dopamine. This may 
be a reason why eating disorders and many mental disorders are affected by the biological 
pathways of hormones expression and neurotransmitters.  
 

 
Figure 1. Structural architecture of biogenic amine receptors family receptors based on the 
available 3D structures from the Protein Data Bank. A. Cartoon-like description of the main 
structural architecture of biogenic amine receptors. The seven transmembrane helices are 
numbered, the extracellular domains are colored red and the intracellular domains blue. B. 
Comparison of DRD2 (purple), HTR1B (blue), DRD4 (red) and ADRA2A (orange) 3D structures 
from the Protein Data Bank (PDB: 6CM4, 4IAR, 5WIV and 6KUY). The transmembrane area is 
colored grey, the extracellular domains are colored red and the intracellular domains blue.  
 
G protein-coupled receptors (GPCRs) regulate physiological functions to maintain homeostasis by 
mediating most of our physiological responses to hormones (mainly catecholamines), 
neurotransmitters and environmental stimulants and so have great potential as therapeutic targets 
for a broad spectrum of diseases. The family of G- protein-coupled receptors (GPCRs) is 
categorized in five main families, named glutamate, rhodopsin, adhesion, frizzled/taste2, and 
secretin, forming the GRAFS classification system (21). All GPCRs are characterized by the 
presence of seven membrane-spanning a-helical segments which are separated by alternating 
intracellular and extracellular loop region (Figure1) (22-24). The extracellular loops and N termini 
of GPCRs, together with the extracellular halves of the transmembrane helices, are believed to 
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define the ligand-binding site of each receptor. Therefore, the extracellular loops may play an 
important role in the overall pharmacology of any particular receptor (25).  
The main difference between the members of GPCRs is the domain which is out of the membrane 
and in case of both ADRA2B and HTR1A is an intracellular domain (Figure 1 and 2). During 
activation, the GPCR opens a cavity on its cytoplasmic side, between the fifth and the sixth helix 
and the remaining of the receptor, to interact with downstream effectors such as G-proteins 
andarrestins (26-28). Based on several phylogenetic analyses, G protein-coupled receptors have 
been categorized into several families on the basis of their sequence and structural similarity. The 
A-family or rhodopsin-like is the largest one including over 700 members from human genome 
alone, where both adrenergic and 5-hydroxytryptamine receptors are classified. This family 
possesses a number o1 highly conserved characteristic motifs which may play important structural 
and functional roles in signaling mechanisms which are shared by all members of their family (29-
34). 
 

Figure 2. Cartoon like architecture of selected types of biogenic amine receptors based on the 
Interpro. There are presented three different types and sub-types of biogenic amine receptors 
ADRA (colored green), HTR (colored blue) and DRD (colored orange). We compared the 
extracellular loops (lines colored red), the intracellular loops (lines colored blue), the 
transmembrane helices (barrels colored orange) and the intracellular domains (rectangles colored 
blue). From this comparison we found out that there are many differences mainly at the extra- and 
intra-cellular loops and the intracellular domains of all the members. 
 
One important group of neurotransmitters that belong to the GPCR family is biogenic amine 
receptors. These molecules interact with endogenous bioamine ligands, such as dopamine, 
serotonin, and epinephrine, are targeted by a wide array of pharmaceuticals. They exert significant 
influence on both behavior and physiology. The biogenic amine receptor family, which includes 
dopamine (DRD), histamine (HRH), trace (TAAR), adrenergic (ADR), muscarinic cholinergic 
(mAChR), and most serotonin (5HTR) receptors, primarily mediates biogenic amine activity (35). 
Like all GPCRs, biogenic amine receptors have a characteristic structure of seven transmembrane 
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domains separated by three extracellular and three intracellular loops (Figure 1 and 2). They 
propagate intracellular signaling through a G protein-mediated pathway. Furthermore, these 
receptors are well-known protein targets against myriad diseases such as migraines, hypertension, 
schizophrenia, asthma, allergies, and stomach ulcers. 
Adrenergic receptors (or adrenoceptors) are rhodopsin-like G protein-coupled receptors and also 
belong to the biogenic amine receptors family. They are classified in two groups, alpha (ADRA) 
and beta (ADRB), and there are several subtypes in each group. Within the alpha-type, the a2-
adrenoreceptors (ADRA2) are composed of three subtypes: ADRA2A, ADRA2B and ADRA2C 
(36). They respond to catecholamines’ line, especially norepinephrine (noradrenaline) and 
epinephrine (adrenaline) and couple to the Gi family of G proteins. Many cells possess these 
receptors, and the binding of a catecholamine to the receptor will generally stimulate the 
sympathetic nervous system, effect blood pressure, myocardial contractile rate and force, airway 
reactivity, and a variety of metabolic (for example insulin secretion and lipolysis) and central 
nervous system functions. The clinical uses of adrenergic compounds are varied.  
Adrenoceptor alpha 2b is an intron less gene that encodes a seven-pass transmembrane protein. 
This protein regulates neurotransmitter release from sympathetic nerves and from adrenergic 
neurons in the central nervous system. Alpha-2 adrenergic receptors mediate the catecholamine-
induced inhibition of adenylatecyclase through the action of G proteins (36).The whole 3D 
structure of ADRA2B has not been well predicted yet apart from some sections of it. Especially 
the intracellular domain of ADRA2B is still remaining unsolved. Recent studies have predicted 
the transmembranic domain of ADRA2B and its active-state by dexmedetomidine (37), but the 
other parts are still not being defined. This α2BAR—Go complex provides the first active-state 
structure of adrenoceptors coupled to the Gi/o family of G proteins and explains the molecular 
origins of subtype selectivity between a- and β- adrenergic agonists. From molecular dynamics 
simulations have been found that the binding status ofdexmedelomidine in the complex is stable 
for 2 ps. Dexmedetomidine occupies a position in the binding pocket in the transmembranic 
domains and interacts with the adrenoceptor alpha -2b primarily through aromatic and van der 
Waals interactions. The transmembranic domains in adrenergic receptors have some conserved 
domains that help with the agonist-binding affinity for catecholamines and the activation of the 
receptor. 
Many studies support that a functional deletion variant of the ADRA2B gene encoding the α2B-
adrenergic receptor has shown to increase emotional memory and neural activity in the amygdala 
(38). In particular, this deletion variant is characterized by a loss of three glutamic acids residues 
(301-303) in the third intracellular loop which encodes the alpha-2b subunit of the noradrenaline 
receptor (39). As a result, this variant increases noradrenaline availability and as it has been shown 
carriers have enhanced emotional memory (38). This may justify the reason that ADRA2B relates 
to mental and eating disorders. 
Serotonin receptors are a class of the superfamily GPCRs and ligand-dependent ion channels 
located in the central and peripheral nervous systems. They mediate both stimulatory and 
inhibitory neurotransmission. Serotonin receptors are activated by the neurotransmitter serotonin, 
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which acts as their natural ligand. Serotonin receptors regulate the release of many 
neurotransmitters including glutamate, GABA, dopamine, epinephrine / norepinephrine and 
acetylcholine, as well as many hormones, such as oxytocin, prolactin, angiopressin, cortisol, 
corticotropin and substance P, among others. They affect various biological and neurological 
processes such as aggression, anxiety, appetite, knowledge, learning, memory, mood, nausea, sleep 
and thermoregulation. They are the target of a variety of pharmaceutical and recreational drugs, 
including many antidepressants, antipsychotics, anti-obesity, antiemetics, gastro-prokinetic 
agents, anti-migraine agents, hallucinogens and empathogens. There are seven types of 5 HT 
receptors, 5 HT1- 7, which are further categorized into subtypes. Types I, II, IV, V, VI, and VII 
belong to the GPCRs except for 5 HT3, which is a ligand gated ion channel (LIC) or ionotropic 
receptor. Serotonin receptors bind to all three normal signaling pathways via Gai, Gαq / 11 and 
Gas (G proteins) thus forming various biochemical signaling pathways (40). 
The class of 5- HT1 receptors consists of five subtypes of receptors (5 HT1A, 5 HT1B, 5 HT1D, 
5 HT1E and 5 HT1F), which are structurally identical in humans at a rate of 40-63%. They bind 
mainly (but not exclusively) to Gi / G0 proteins. The 5 -HT1A receptor is the most widely 
distributed of all 5 HT receptors. It is encoded by the HTR1A gene. In addition to serotonin, it acts 
as a receptor for various drugs and psychoactive substances. Ligand binding causes a change in 
the configuration that activates signaling through G proteins and regulates the activity of cathodic 
operators, such as adenylate cyclase. In the brain, 5 HT1A receptors act as auto receptors as well 
as postsynaptic receptors (41). 5- HT1A is the best studied and is generally accepted to be involved 
in psychiatric disorders such as anxiety and depression. Both pre- and post-synaptic 5 HT1A 
receptors play an important role in shaping mood, cognitive function and motivation, functions 
that are impaired in patients with schizophrenia and are influenced by antipsychotic agents. The 
discovery of new ligands for the 5 HT1A receptor is the focus of active neurobiological research 
due to its involvement in psychiatric disorders and even memory loss (42). The 3D structure of 5- 
HT1A has not been estimated yet. Therefore, there is an urgent need for its structure to be found, 
as a map that will potentially lead to beneficial knowledge related with a specific structural-based 
drug design. 
 
Methods 

Database sequence search 

The protein sequences related to the biogenic amine receptors (adrenoceptors alpha, adrenoceptors 
beta, 5-hydroxytryptamine receptors, dopamine receptors, histamine receptors, trace amine 
associated receptor and muscarinic acetylcholine receptors) were extracted from the NCBI 
database. In total, 3259 protein sequences were downloaded and filtered for several species, from 
which noise data were removed including partial, hypothetical and non-relevant entries. 
Afterwards, two smaller datasets have consisted of the sub-families of adrenoceptors alpha and 5-
hydroxytryptamine receptors. 
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Genetic and evolutionary analyses 

Multiple sequence alignment (MSA) of biogenic amine receptors including adrenoceptors alpha 
and 5-hydroxytryptamine receptors were performed using Matlab bioinformatics toolbox (43) 
utilizing guide trees and the progressive MSA method as previously described in several studies 
(43-46). Pairwise distances among sequences of each datasets were estimated based on the 
pairwise alignment with the “Gonnet” method and followed by calculating the differences between 
each pair of sequences (46).The Neighbor-Joining method was used towards to estimating the 
guide trees by assuming equal variance and independence of evolutionary distance estimates (45). 
The phylogenetic analyses for the biogenic amine receptors and also for the adrenoceptors alpha 
and 5-hydroxytryptamine receptors were performed using the MATLAB Bioinformatics Toolbox 
utilizing the Unweighted Pair-Group Method (UPGMA) while the matrix of the pairwise distances 
was calculated using the protein –adapted Jukes-Cantor statistical method (44, 47). The 
phylogenetic analysis for the biogenic amine receptors was performed using the MATLAB 
Bioinformatics Toolbox utilizing the Neighbor-Joining method while the matrix of the pairwise 
distances was calculated using the protein –adapted Jukes-Cantor statistical method (48). 
The constructed phylogenetic trees were visualized using MEGA radiation option and the final 
protein clusters separated in different sub-datasets using a threshold. In total, four major sub-
clusters including ADRA1, ADRA2A, ADRA2C, ADRA2B were identified in the phylogenetic 
analysis of the adrenoceptorsalpha, seven in the phylogenetic analysis of the 5-hydroxytryptamine 
receptors and nineteen in the phylogenetic analysis of the biogenic amine receptors. 
 
Specific conserved motifs extraction 

The phylogenetic trees that derived from the phylogenetic analyses were separated in sub-trees, in 
order to extract the most highly related protein sequences of adrenoceptors alpha, 5-
hydroxytryptamine receptors and the biogenic amine receptors, respectively for the conserved 
motifs exploration. Finally, consensus sequences were calculated and visualized for each dataset 
through JalView platform using the multiple sequences alignment results and parameters include 
amino-acid conservation (43, 45, 49). The commentary section of JalView, which presents the 
amino-acid conservation using logos and histograms, was further observed to uncover innovative 
motifs. 
 
Molecular modeling of the 5-HTR1A intracellular domain 

The amino acid sequence of 5-HTR1A (UniProtKB/Swiss-Prot: P08908.3) with the aid of the 
blastp algorithm (http://blast.ncbi.nlm.nih.gov/Blast.cgi) was used to identify homologous 
structures by searching in the Protein Data Bank (PDB). The homology modeling of the 5-HTR1A 
intracellular domain was carried out using the Molecular Operating Environment version 2013.08 
software package developed by Chemical Computing (HPC) cluster (50). The selection of template 
crystal structure for homology modeling was based on the primary sequence identity and 
similarity, and the crystal resolution (44, 51). Structural superposition of the candidate template 
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3D structure has been performed using MOE towards analyzing all the possible conformations 
cases of the intracellular domain from the GPCRs related the 5-HTR1A. The optimal template has 
been selected based on the sequence and structural features of available templates and the 5-
HTR1A protein sequence. 
The crystal structure of the 5-hydroxytryptamine receptor 1B (5-HTR1B) (PDB: 4IAR_A) and the 
5-hydroxytryptamine receptor 1A (5-HTR1A) (PDB: 7E2X_R) were used as template structures 
(37, 52, 53). The MOE homology model method is separated into four main steps. Firstly, a 
primary fragment geometry specification is performed followed by the insertion and deletion tasks. 
Consequently, the loop selection and the side-chain packing are performed and the selected final 
model is refined in the last step. Subsequently, energy minimization was done in MOE initially 
using Amber99 (44, 54)force-field as implemented into the identical package. 
The produced model was initially evaluated within the MOE package by a residue packing quality 
function, which depends on the amount of buried non-polar side-chain groups and on hydrogen 
bonding. Moreover, the suite PROCHECK (55) was employed to further evaluate the produced 
model. Finally, MOE and its implement for protein check module were accustomed to evaluate 
whether the model of 5-HTR1A domains are similar to known protein structures of this family. 
The Molecular Dynamics simulations of the 5-HTR1A intracellular domain model was executed 
in a periodic cell, which was explicitly solvated with simple point charge. The truncated 
octahedron box was chosen for solvating the models, with a set distance of 7 Å clear of the protein. 
The molecular dynamic simulations were conducted at 300 K, 1 atm with a set 2 second step size 
for a total of fifty nanoseconds.  
 
Structural Comparison 

A thorough analysis of GPCRs structural comparisons was performed by superimposing the 
structures of the Biogenic amine GPCRs amino acids which were closer to the protein-target of 
the biogenic amine receptors phylogenetic analysis we performed before and the homologous 
structures the Protein Data Bank (PDB) gave us by searching each receptor. As concerns the 5-
hydroxytryptamine receptor 1A the closer amino acids from the phylogenetic tree were HTR1D, 
HTR5, HTR1B, HTR1E and HTR1F.  From the results PDB gave us we selected the crystal 
structure of the 5-HTR1B (4IAR_A) from Homo sapiens and the 5-hydroxytryptamine receptor 
1A (5-HTR1A) (PDB: 7E2X_R). 
 
Results 

Dataset and Multiple Sequence Alignment 

As previous mentioned, the members of the biogenic amine receptors family that we had in our 
dataset are the sub-families of adrenoceptors, serotonin receptors, dopamine receptors, histamine 
receptors, trace amine associated receptors and muscarinic acetylcholine receptors. As concerns 
the serotonin receptors sub-family, 5-hydroxytryptamine receptor 3 is not included in our dataset. 
The reason is that the receptor 5-HTR3 belongs to the e Cys-loop superfamily of ligand-gated ion 
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channels (LG ICs) and so, differs structurally and functionally from all other 5-HTR (serotonin) 
receptors which are in the GPCRs family. All the members we have in our dataset are presented 
in a table (Table 1) where each group is colored with the color we have it in our phylogenetic 
analysis (Figure 3). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Evolutionary study of the biogenic amine receptors family. The phylogenetic tree was 
constructed utilizing the Neighbor-Joining method in Matlab Bioinformatics Toolbox and 
visualized using the TreeExplorer tool of MEGA. In the tree representation there are clearly 
separated in six branches: HRH (colored pink), HTR (colored blue), mAChR (colored dark pink), 
ADRA and ADRB (colored green), DRD (colored orange) and TAAR (colored purple).  
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Table 1. Members of the biogenic amine receptors family. 
 

Super family (GPCRs) Βiogenic amine receptors 
Group Member 

NRNC Symbol Name Gene 
 
 
 
adrenoreceptor 

ADRA1A adrenoceptor alpha 1A ADRA1A 
ADRA1B adrenoceptor alpha 1B ADRA1B 
ADRA1D Adrenoceptor alpha 1D ADRA1D 
ADRA2A adrenoceptor alpha 2A ADRA2A 
ADRA2B adrenoceptor alpha 2B ADRA2B 
ADRA2C adrenoceptor alpha 2C ADRA2C 
ADRB1 adrenoceptor beta 1 ADRB1 
ADRB2 adrenoceptor  beta 2 ADRB2 
ADRB3 adrenoceptor  beta 3 ADRB3 

 
 
 
 
 
 

 
5-hydroxytryptamine 
(serotonin)receptor 

HTR1A 5-hydroxytryptamine receptor 1A HTR1A 
HTR1B 5-hydroxytryptamine receptor 1B HTR1B 
HTR1D 5-hydroxytryptamine receptor 1D HTR1D 
HTR1E 5-hydroxytryptamine receptor 1E HTR1E 
HTR1F 5-hydroxytryptamine receptor 1F HTR1F 
HTR2A 5-hydroxytryptamine receptor 2A HTR2A 
HTR2B 5-hydroxytryptamine receptor 2B HTR2B 
HTR2C 5-hydroxytryptamine receptor 2C HTR2C 
HTR4 5-hydroxytryptamine receptor 4 HTR4 
HTR5 5-hydroxytryptamine receptor 5 HTR5 
HTR6 5-hydroxytryptamine receptor 6 HTR6 
HTR7 5-hydroxytryptamine receptor 7 HTR7 

 
Dopamine receptor 

DRD1 dopamine receptor D1 DRD1 
DRD2 dopamine receptor D2 DRD2 
DRD3 dopamine receptor D3 DRD3 
DRD4 dopamine receptor D4 DRD4 

 
Histamine receptor 

HRH1 Histamine receptor 1 HRH1 
HRH2 Histamine receptor 2 HRH2 
HRH3 Histamine receptor 3 HRH3 
HRH4 Histamine receptor 4 HRH4 

 
Trace amine 
associated receptor 

TAAR1 trace amine associated receptor 1 TAAR1 
TAAR2 trace amine associated receptor2 TAAR2 
TAAR3 Trace amine associated receptor 3 TAAR3 
TAAR4 Trace amine associated receptor 4 TAAR4 
TAAR5 Trace amine associated receptor 5 TAAR5 
TAAR6 Trace amine associated receptor 6 TAAR6 

 
Muscarinic 

Acetylcholine receptor 

mAChR-A muscarinic acetylcholine receptor A-
type 

mAChR-A 

MAChR-B muscarinic acetylcholine receptor B-
type 

MAChR-B 

MAChR-C muscarinic acetylcholine receptor C-
type 

MAChR-C 
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The multiple sequence analysis was performed in all available genomes of the biogenic amine 
receptors family with putative full-length protein sequences. Based on results, the biogenic 
receptors members were identified in mammals and most of them in birds, fishes, lizards, 
amphibians and reptiles. Only few of the members were identified in plants (HTR2C, HTR4, 
HRH1, and HRH2) and in insects (ADRA2C, HTR1b, HTR2a, HTR2b, HRH1, H RH2, HRH3, 
mAChR, TAAR1, and TAAR6). We have to mention that adrenoceptors alpha- 1were identified 
only in Homo sapiens and Mus musculus species, since their sequences were recently uploaded. 
By contrast, 5- ht1A receptors were identified in mammals, birds, reptiles, fishes, amphibians and 
turtles (Table 2). 
 
Table 2. Categorization of the biogenic amine receptors members per cluster and phylum. In the 

last column are the representative organisms that correspond to the more distant species.  

Protein  M
am

m
al

s 
 Bi

rd
s 

 R
ep

til
es

 
 Fi

sh
es

 

Pl
an

ts
  

In
se

ct
s 

A
m

ph
ib

ia
n 

Tu
rt

le
s 

>Species 

ADRA1A ν - - - - - - - Mus musculus 
ADRA1B v - - - - - - - Mus musculus 
ADRA1D v - - - - - - - Mus musculus 
ADRA2A ν v v ν - - v v Stylophora pistillata (anthozoa,coral) 
ADRA2B v v v v - - v v Toxocara canis (nematodes) 
ADRA2C v v v v - v v v Armadilium vulgare (Arthropoda) 
ADRB1 v v v v - - v v Trichoplax (placozoans) 
ADRB2 v v v v - - v v Hypsibius dujardini (animalia, tardigrada) 
ADRB3 v v v v - - v v Hydra vulgaris (Cnidaria, Cnidaria) 
HTR1a v v v v - - v v Exaiptasia pallida (anthozoa) & Hydra vulgaris (Cnidaria) 
HTR1b v v v v - v v v Trichoplax (placozoans) 
HTR1d v v v v - - v v Trichoplax (placozoans), Trichinella pseudospiralis 

(nematodes) 
HTR1e v v v v - - v v Latimeria chalumnae (chordate, fish) 
HTR1f v v v v - - v v Trichoplax (placozoans) 
HTR2a v v v v - v v v Trichoplax (placozoans), Toxocara canis (nematodes) 
HTR2b v v v v - v v v Exaiptasia pallida (anthozoa) 
HTR2c v v v  v - v v Trichinella spiralis (nematodes) 

HTR4 v v v - v - - v Trichoplax (placozoans) 
HTR5 v v v - - - v v [green plants & animals] 
HTR6 v v v v - - v v Exaiptasia pallida 
HTR7 v v v v - - v v Exaiptasia pallida 
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HRH1 v v v v v v v v Exaiptasia pallida (anthozoa) 
HRH2 v v v v v v v v Trichoplax (placozoans), Ancylostoma ceylanicum 

(parasitic roundworm)  
HRH3 v v v v - v v v Lepeophtheirus salmonis (Arthropoda) 
HRH4 v v - v - - - v Stylophora pistillata (anthozoa, Stony corals) 
mAChR v v v v - v v v Acanthaster planci (animalia, asteroidea),Pomace 

canaliculata(animalia,mollusca) 
TAAR1 v v v v - v v v Exaiptasia pallida (anthozoa), Trichoplax (placozoans),  
TAAR2 v v v - - - v v Exaiptasia pallida (anthozoa), Trichoplax (placozoans) 
TAAR3 v - - - - - - - Exaiptasia pallida (anthozoa) 
TAAR4 v - - - - - -  Trichoplax (placozoans) 

TAAR5 v v v v - - - v Trichoplax (placozoans), Exaiptasia pallida (anthozoa) 
TAAR6 v - - v - v - - Trichoplax (placozoans), Exaiptasia pallida (anthozoa) 
DRD1 v v v v - v v v Trichoplax (placozoans), Lytechinus variegatus 

(echinodermata) 
DRD2 v v v v - - v v Schistosoma bovis (animalia) 
DRD3 v v v v - - v v Callorhinchus milli (ghostshark, chodate) 
DRD4 v v v v - - v v Latimeria chalumnae (chordate, fish) 

 

The GPCRs and biogenic amine receptors have a characteristic existence of seven membrane- 
spanning a-helical segments which are separated by alternating intracellular and extracellular loop 
regions (Figure 1 and 2). As seen in the 3D structure of bioamine receptors, the intracellular 
domain is arranged after the fifth a-helix, followed by the remaining two extracellular a-helices VI 
and VII. The main differences between these members, apart from the distribution of amino acids, 
are the intracellular domain and the loops that contain the transmembrane helices, especially at the 
edges and after the fifth a-helix (Figure 1 and 2). 
 
The conserved signaling motifs of the GPCRs 

Multiple sequence alignment of the adrenoceptors, the 5-hydroxytryptamine receptors and in 
general, the biogenic amine receptor family’s protein sequences from a variety of several species 
were included in the first sub-tree, highlights important conserved functional domains. There is 
evidence indicating highly conserved domains throughout the length of the sequence which 
belongs to the transmembrane domain (helices 1-7), especially among species that belong to the 
same taxonomic division (Figure 4). An effort has been done in this study towards characterizing 
conserved motifs that play a key role in the biogenic amine receptor family. 
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Figure 4. Highly conserved motifs in the biogenic amine receptors. Motifs 1 to 7 have been 
highlighted (colored green) in the intracellular domain, based on the consensus sequence from the 
MSA. All the motifs have been found in the transmembrane helices (colored red). The conserved 
motifs were identified through the consensus sequence and logo graph where generated using 
Jalview software. 
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Finally, the consensus sequence of the multiple sequence alignment highlights eleven conserved 
motifs between adrenoceptors, ten between 5-hydroxytryptamine receptors and seven which are 
conserved between all species of the biogenic amine receptor family (Figure 4). All of the 
conserved motifs identified have not been reported previously, apart from those which are located 
in helix 6 and helix 7 (intracellular domain), and indisputably deserve further study.  It should be 
mentioned that the conserved motifs among species that belong to adrenoceptors are mainly at the 
edges of each intracellular helix, but among all the GPCR members of the biogenic amine family 
the key patterns in each intracellular helix have been identified in smaller patterns. The highly 
conserved motifs identified in the protein family are directly related to their active site (which is 
claimed to be a groove between helices III, IV, and V) and their protein function, since specific 
chemical compounds activate those GPCRs receptors towards transmitting biological messages 
between cells. 
Regarding serotonin receptors, ten conserved patterns are identified. Note that HTR3 receptors 
were not included in the alignment as they do not belong to the GPCRs. It should be noted that the 
conserved motifs between members belonging to the serotonin receptors are located mainly within 
each a-helix, and extend between the transmembrane and intracellular domains. In this way they 
participate. In this way they are involved in both the formation of the ligand binding site and the 
binding of G proteins. All conserved patterns identified here have been previously mentioned, with 
the exception of helix 7 in which a more extensive pattern than the NPXXY of the literature was 
observed. 
 
Phylogenetic analysis 

In the present study, we performed three representative phylogenetic analyses, related to the 
biogenic amine receptors family (GPCRs), the adrenoceptors sub-family and the 5-ht receptors 
sub-family, respectively. The phylogenetic reconstructions of the biogenic amine receptors and the 
adrenoceptors protein sequences indicate unambiguous clustering between the GPCR members as 
shown in Table 1 (Figure 3). Phylogenetic analyses topology and sub-clusters have been found to 
share similar organization based on the result from other studies (21, 56). Phylogenetic analyses 
executed by Henry Lin et al. and by Fredriksson et al. using a ligand- and sequence-based 
dendrograms show that we are corresponding at a high level (21, 56). In particular, our sub-clusters 
and GPCRs closely related the adrenoceptors and 5-ht receptors are conformed to these analyses. 
The biogenic amine receptors family’s phylogenetic tree contributed towards identifying which 
members are directly related with both ADRA2B and HTR1A during evolutionary progression. 
This correlation will help us to combine knowledge from other closely related GPCRs in order to 
study in more detail the mental disorders and in general the eating disorders as well as suicidal 
behavior. Based on results, adrenoceptors are closely related to the DRD2, DRD3, DRD4, TAAR, 
HTR5 and HTR1 receptors. Subsequently, 5-ht1 (HTR1) receptors are closely related to HTR5, 
DRD4, DRD3, DRD2 and ADRA receptors.  
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Molecular modeling of the HTR1A intracellular domain 

The structural comparisons between different 3D structures have been shown significant 
differences in the intracellular domain of each ADRA2B receptor and other members of biogenic 
amine receptors. In this study, there have been done many estimates of both secondary and third 
structure of this certain protein domain. Unfortunately, the results we got were not adequate, 
because information about the intracellular domain of the ADRA2B receptor is lacking. Up to now 
the more decent and detailed protein crystal of ADRA2B protein is the one with the accession 
number 6K41R which is from the Bos taurus organism, member of mammals.  
Homologous solved 3D structures from the Protein Data Bank (PDB) have been identified from 
the Protein Data Bank (PDB) using the NCBI/BLASTp algorithm. The final choice of the template 
structure referring to HTR1A was not only based on the Percent Identity of the sequence and the 
analysis of the structure, but also on the results of the phylogenetic trees that were designed. Thus, 
in order to design the appropriate model for the 5 HTR1A, the following model templates were 
selected, PDB: 4IAR and 7E2X that meet specific criteria: Query Cover ≥ 90%, Percent Identity 
30-80%, and after analysis the best cases were the complete crystal structure of the human receptor 
5-HT1B (PDB: 4IAR) and the fragment structure of the 5-HT1A extracellular and transmembrane 
domains (PDB: 7E2X). 
 
Discussion 
 
Structural and functional description of ADRA2B and HTR1A 

As predicted, from the sequence alignment of ADRA2B and its secondary structure data we 
investigated, the transmembrane and extracellular domains follow the structural features of known 
biogenic amine receptors (Figure 1 and 2). From the knowledge we have till now, the structure of 
ADRA2B receptor there are located four distinct domains, two of them are extracellular and the 
other two intracellular. The extracellular domains are the transmembrane helices and the 
extracellular loops (37), which are in a large extent maintained among biogenic amine receptors. 
On the other hand, the intracellular loops (ICL) and the intracellular domains are located into the 
cell and have many differences compared to the other members of the family. The intracellular 
domains of ADRA2B receptor are not analyzed enough in order to have a starkly secondary 
structure prediction. We guess that they have a combination of a-helices, beta sheets and some 
parts have not a certain conformation.  
The transmembrane a-helices are seven in number and are a characteristic domain of all GPCRs 
(Figure 5 and 6). They are separated by alternating intracellular and extracellular loop regions with 
the first one being an ICL. As described by Cherezov 2007 helices II, V, VI, and VII each have a 
proline-induced twist at conserved positions along the span of the transmembrane segments (22). 
These twists are thought to enable the structural rearrangements required for activation of G protein 
effectors. The extracellular loops and N-termini of GPCRs, together with the extracellular halves 
of the transmembrane helices, are believed to define the ligand-binding site of each receptor. 
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During activation, like all GPCRs, ADRA2B and HTR1A open a cavity on its cytoplasmic side, 
between the fifth and the sixth helix and the remaining of the receptor, to interact with downstream 
effectors. 
 

 
Figure 5. Homology model of the human 5-HT1A. (A-Top and B-Front) Ribbon representation 
of the produced human 5-HTR1A model (colored purple) superposed with the corresponding 
human HTR1B (in orange). (C - Top and D - Front) The ten suggested conserved motifs of the 
human 5-HTR1A. Electrostatic surface potential for the human 5-HTR1A. Represented with blue 
is the area of negative charge. Red is the area of positive charge and white is the un-charged region. 
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Figure 6. Structural superpositions of representative biogenic amine receptors in different poses. 
In the ribbon representation are shown the HTR1B (colored blue, 4IAR_A), the 5-
hydroxytryptamine receptor 1A (5-HTR1A) (colored red | 7E2X_R), the DRD2 (colored purple | 
6CM4_A) and the ADRA2A (colored orange | 6KUY_A).  
 
Several studies have been shown that the dexmedetomidine binding pocket has similar positions 
in the formed orthosteric binding pockets for their agonist, but they differ in the actual types of 
interactions (ADRA2B is bound to dexmedetomidine and ADRB2 is bound to adrenaline) (57). In 
the case of β2AR, adrenaline binds primarily through an ionic interaction and hydrogen bonds with 
D113, S203, S207, N293 and N312. On the other hand, dexmedetomidine occupies a slightly 
deeper position in the binding pocket and interacts with the α2BAR primarily through aromatic 
and van der Waals interactions, besides the conserved ionic interaction to D92. As regards the 
structural basis of ADRA2B selectivity, it is claimed that of the 13 amino acids that construct the 
binding pocket of adrenaline in ADRB2, 4 of them are different in ADRA2B, which are C96, 
L1664, Y391 and F412. From previous studies it is revealed that F412 in ADRA2B is essential for 
binding a2-selective imidazoles like dexmedetomidine. The resolved structure of α2BAR revealed 
that F412 is responsible for the formation of an enclosed sub-pocket that binds the positively 
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charged imidazole ring of dexmedetomidine (57). When adrenaline is attached to ADRA2B 
addresses the same pocket with its methylamino group. Although, this does not happen in case for 
isoprenaline group but it leads to repulsive interactions. That is why the selectivity of ADRB 
agonist is oprenaline over ADRA2B. From sequence alignment of all adrenoceptors it is revealed 
that the amino acids which take place to the dexmedetomidine binding pocket in ADRA2B are 
conserved in all α2-adrenergic receptors subtypes. The only difference is that ADRA2A has I45 
in ECL2 but both ADRA2B and ADRA2C have L45. A definite characteristic of all subtypes of 
ADRA2 pockets is Y391 that can’t be found in any other adrenergic receptor. In the active structure 
of ADRA2B, Y391 interacts with the phenyl ring of dexmedetomidine and forms a hydrogen bond 
with S176 in TM5. 
Even though there is no predicted inactive state of ADRA2B available, Daopeng Yuan et al. 
performed molecular dynamics simulations of ADRA2B after removing Go and dexmedetomidine 
from the complex (57). As they found out, TM5 is displaced inward and there is a right-handed 
rotation of TM6 and TM7. So, maybe interactions between the four aromatic residues on TM6 and 
the phenyl and imidazole rings of dexmedetomidine lead to a rotation of TM6, rearrangement of 
the PI F motif and outward displacement of the cytoplasmic end of TM6.The interactions between 
ADRA2B and Go proteins are almost 17 in number and located mainly at ICL1, ICL2, TM5, TM4, 
TM3 and TM6 (52). 
The conserved motifs located in the transmembrane helices play an important role in the agonist-
binding affinity and the activation of the receptor (Figure 5 and 6). It should be mentioned that 
among biogenic amine receptors we detected the existence of cysteines that are preserved among 
all members of the family. These cysteines are located at the extracellular loops before the third 
and the fifth helices accordingly (58). In general, these cysteines exist because they can be 
connected together by a disulfide bond that helps to stabilize the structure of a molecule; in this 
case, they stabilize the exposed extracellular domains.  
Another notable comment is that there is a poly-E domain in the sequence of ADRA2B that 
belongs to the intracellular domain of the protein (298-309), especially at the third intracellular 
loop. Since a deletion variant of three of these glutamic acid residues (301-303) increases 
noradrenaline availability, this poly-glutamic acid domain may be important for the noradrenaline 
expression and the function of ADRA2B (38, 39). Glutamic acid is an acidic amino acid found in 
proteins that have a prominent role in enzyme active centers and in maintaining the solubility and 
ionic character of proteins (59). Glutamic acids are mainly located to the protein surfaces so they 
have access to the solvent and is more likely to be found in helices (59). The carboxylate anions 
and salts of glutamic acid are known as glutamates. Glutamate is known to follow up on a few 
distinct sorts of receptors and has excitatory impacts at ionotropic receptors and modulatory 
impacts at metabotropic receptors [which are G protein-coupled glutamate receptors (mGluR) that 
adjust neuronal and glial sensitivity through G protein subunits acting on membrane ion channels 
and second messengers such as diacylglycerol and cAMP (59). Glutamate plays an important role 
in synaptic plasticity in the brain and is involved in various cognitive functions, such as learning 
and memory. As Haber-Pohlmeier et al. describe at their article, glutamic acid-rich proteins in 
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vertebrate rod photoreceptors may be loose coils with low-affinity but high-capacity Ca2+ binding 
(60). 
 
Description of the 5-hydroxytryptamine receptor 1A intracellular domain model 

From the information obtained about the crystal structure of the human 5 HT1B receptor in 
complex with ergotamine, a migraine-fighting drug, a large ligand-binding cavity was revealed, 
defined by residues of helices III, V, VI, VII and ECL2, comprising an orthosteric pocket 
embedded deep in the 7TM core and an extended binding pocket near the extracellular entrance 
(61). The same formation also found in the crystal structure of the 5-hydroxytryptamine receptor 
1A (5-HTR1A) (PDB: 7E2X_R) extracellular and transmembrane domains (53) (Figure 6). 
Helix movements during receptor activation are accompanied by a common set of local 
“microswitches” in the intracellular domain of GPCRs. The microswitches are characterized by 
configuration changes in highly conserved side chains, creating rotamers, which stabilize the helix 
movements and help prepare the intracellular side of the GPCR for G protein binding(62). GPCR 
activation is an allosteric process that links agonist binding and G protein uptake to the 
characteristic external movement of transmembrane helix 6 (TM6). This movement is a common 
feature of receptor activation; however, changes in the level of residues that cause the movement 
of TM6 remain less understood. One of the most prominent examples of ligand - dependent 
rearrangement at the binding pocket involves a shift of the Trp6.48 residue. Although this side 
chain was previously classified as a microswitch (or “rotamer toggle switch”), the crystal 
structures of the active GPCR states revealed no changes in this residue upon activation. 
Nevertheless, the crystal structures suggest a prominent role for Trp6.48 as a significant ligand-
dependent 'trigger' in some GPCRs (62, 63). The conserved motifs are located in the helices of the 
transmembrane regions and play an important role in the activation of the receptor and in the 
binding of the agonist molecules that interact with these proteins (Figure 5 and 6). 
The D[E]RY motif at the cytoplasmic terminus of helix III and intracellular loop 2 (ICL2) 
represents one of the most conserved motifs of GPCR class A, rich in Arg3.50 residues (96% 
conservation among GPCR A) (64). It forms a salt bridge with the adjacent acidic side chain Asp 
(Glu) 3.49 (Asp 68%, Glu 20%) and with TM6, known as the ionic lock that limits the receptor to 
an inactive configuration. Once the ligand binds, the ionic lock breaks and DRY forms new 
interactions with TM5, stabilizing the receptor in an active configuration (62, 65). The NPxxY 
motif is located near the intracellular end of helix VII and contains a highly (92%) conserved 
Tyr7.53 residue that serves as an important activation microswitch in GPCRs. In inactive GPCR 
structures, the side chain of Tyr7.53 turns towards helices I, II or VIII. In contrast, in all GPCR 
active state crystal structures, the Tyr7.53 side chain changes its configuration (rotamer) and 
rotates toward the middle axis of the 7TM beam, forming interactions with the side chains of 
helices VI and III (62). The CWxP pattern in TM6 (6.47 6.50) is largely maintained in non-
olfactory GPCR class A, with C6.47, W6.48 and P6.50 present in 71%, 78% and 98% of 
sequences, respectively. P6.50 creates a huge twist on the TM6 helix (causing a helix rotation of 
about 35°), much larger than an ordinary proline in a transmembrane helix (about 20°). 
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Various amino acid substitutions in the transmembrane regions Asp-82 to Asn-82, Asp-116 to 
Asn-116 and Ser-198 to Ala-198 have resulted in a decrease in affinity for 5-HT by 100 fold. 
Mutant Thr-199 to Ala-199 showed virtually no binding. Further mutation studies revealed that 
Ser-392 and Asn-395 on may also be crucial for ligand binding (66). Amino acid Asp-82 is found 
in TM-2 and specifically within the motif 2A, Asp-116is found in TM-3 and specifically within 
the motif 3A. Both Ala-198 and Thr-199 are placed in motif 5A of TM-5. Amino acids Ser-392 
and Asn-395 of TM-7 are located in motif 7. 
The initial breakthrough concerning the 5-HTR1A ligands were the identification of 8-OH-DPAT, 
a selective 5-HT1A receptor agonist, during the 80s. It’s application provided the first 
pharmacological profile of the 5-HT1A binding site. It was also shown that buspirone and a series 
of structurally related 5-HT1A ligands were anxiolytic and antidepressant in the clinic. Following 
these discoveries, several tryptamine derivatives have followed. Carboxamidotryptamine (5-CT) 
have demonstrated affinity for 5-HT1A receptors similar to that of serotonin. It also seemed that 
the conformational restricted tryptamine analogue RU28253 has a good affinity for the 5-HT1A 
receptor and indicated greater affinity for the 5-HT1B sites. Gepirone is a structural analogue of 
the non-benzodiazepine anxiolytic buspirone and belongs to the long-chain arylpiperazine (LCAP) 
5-HT1A receptor ligands. Gepirone possesses a much greater selectivity for the 5-HT1A receptor 
over the 5-HT2A and dopamine D2 sites. At this point, the issue of non-selective binding arises. 
Well utilized 5-HT1A receptor agonists, such as buspirone, tandospirone and ipsapirone show poor 
selectivity for 5-HT1A receptor. Buspirone and tandospirone exhibit affinity for the dopamine D2 
receptor and ipsapirone shows affinity for the α1-adrenergic receptor. Non-selective 5-HT1A 
receptor drugs can act as dopamine D2 antagonists and may cause side effects such as prolactin 
stimulation. The selectivity of the 5-HT1A receptor over the dopamine D2 and α1-adrenergic 
receptors seem to be due to structural differences and it is highly probable that these differences 
are the key to developing alternative therapies. The 5-HT1A receptor agonists are valuable tools 
to develop treatments for anxiety and depression (66, 67). 
 
Conclusion 
Despite the enormous scientific interest in GPCRs, and biogenic amine receptors family, current 
knowledge of their evolutionary analyses and their function is still quite limited. The highly 
conserved motifs for these proteins could be used as promising targets for a more specialized 
characterization of this huge protein family. These motifs could be used as innovative 
identification targets, through the development of new technologies concerning the numerous 
critical pathways, affected by this protein family. Considering the phylogenetic trees in the present 
study, useful beneficial insights are provided for the biogenic amine receptors family’s evolution. 
As concerns the ADRA2B receptor we gathered much information in order to characterize its 
structure and function, even though the data for this receptor is limited. The comparison between 
the HTR1A and ADRA2B 3D models the pathways of these receptors and in an effort to discover 
more clues about the structure-function relationship.  
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Matlab Matrix Laboratory 
MEGA Molecular Evolutionary Genetics Analysis 
NCBI National Center for Biotechnology Information 
 

Acknowledgments 
Not applicable. 
 
Funding 
The authors would like to acknowledge funding from the following organizations: i) 
AdjustEBOVGP-Dx (RIA2018EF-2081): Biochemical Adjustments of native EBOV 
Glycoprotein in Patient Sample to Unmask target Epitopes for Rapid Diagnostic Testing. A 
European and Developing Countries Clinical Trials Partnership (EDCTP2) under the Horizon 
2020 ‘Research and Innovation Actions’ DESCA; ii) ‘MilkSafe: A novel pipeline to enrich 
formula milk using omics technologies’, a research co-financed by the European Regional 
Development Fund of the European Union and Greek national funds through the Operational 
Program Competitiveness, Entrepreneurship and Innovation, under the call RESEARCH – 
CREATE – INNOVATE (project code: T2EDK-02222); iii) “INSPIRED-The National Research 
Infrastructures on Integrated Structural Biology, Drug Screening Efforts and Drug Target 
Functional Characterization” (Grant MIS 5002550) implemented under the Action 
“Reinforcement of the Research and Innovation Infrastructure”, funded by the Operational 
Program “Competitiveness, Entrepreneurship and Innovation” (NSRF 2014-2020) and co-
financed by Greece and the European Union (European Regional Development Fund), and iv) 
“OPENSCREENGR An Open-Access Research Infrastructure of Chemical Biology and Target-
Based Screening Technologies for Human and Animal Health, Agriculture and the Environment” 
(Grant MIS 5002691), implemented under the Action “Reinforcement of the Research and 
Innovation Infrastructure”, funded by the Operational Program “Competitiveness, 
Entrepreneurship and Innovation” (NSRF 2014-2020) and co-financed by Greece and the 
European Union (European Regional Development Fund). 
 
Conflict of Interest 
The authors declare that they have no conflict of interest. 
 
 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 25, 2022. ; https://doi.org/10.1101/2022.09.16.508280doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.16.508280
http://creativecommons.org/licenses/by-nc-nd/4.0/


References 
1. Galmiche M, Dechelotte P, Lambert G and Tavolacci MP: Prevalence of eating disorders 
over the 2000-2018 period: a systematic literature review. Am J Clin Nutr 109: 1402-1413, 2019. 
2. Leehu Zysberg P and Anna Rubanov B, RN: Emotional Intelligence and Emotional Eating 
Patterns: A New Insight into the Antecedents of Eating Disorders? Journal 2010. 
3. Foye U, Hazlett DE and Irving P: 'The body is a battleground for unwanted and 
unexpressed emotions': exploring eating disorders and the role of emotional intelligence. Eat 
Disord 27: 321-342, 2019. 
4. Treasure J, Corfield F and Cardi V: A three-phase model of the social emotional 
functioning in eating disorders. Eur Eat Disord Rev 20: 431-438, 2012. 
5. Oldershaw A, DeJong H, Hambrook D, Broadbent H, Tchanturia K, Treasure J and 
Schmidt U: Emotional processing following recovery from anorexia nervosa. Eur Eat Disord Rev 
20: 502-509, 2012. 
6. Jess Kerr-Gaffney LM, Emily Jones, Hannah Hayward, Jumana Ahmad, Amy Harrison, 
Eva Loth, Declan Murphy, and Kate Tchanturia: Emotion Recognition Abilities in Adults with 
Anorexia Nervosa are Associated with Autistic Traits. Journal 2020. 
7. Li Y: Linking body esteem to eating disorders among adolescents: A moderated mediation 
model. J Health Psychol 25: 1755-1770, 2020. 
8. Abdollahi A and Abu Talib M: Self-esteem, body-esteem, emotional intelligence, and 
social anxiety in a college sample: the moderating role of weight. Psychol Health Med 21: 221-
225, 2016. 
9. Bondy B, Buettner A and Zill P: Genetics of suicide. Mol Psychiatry 11: 336-351, 2006. 
10. Bachmann S: Epidemiology of Suicide and the Psychiatric Perspective. Int J Environ Res 
Public Health 15: 2018. 
11. Lutz PE, Mechawar N and Turecki G: Neuropathology of suicide: recent findings and 
future directions. Mol Psychiatry 22: 1395-1412, 2017. 
12. Calear AL, Christensen H, Freeman A, Fenton K, Busby Grant J, van Spijker B and Donker 
T: A systematic review of psychosocial suicide prevention interventions for youth. Eur Child 
Adolesc Psychiatry 25: 467-482, 2016. 
13. Moore F, Taylor S, Beaumont J, Gibson R and Starkey C: The gender suicide paradox 
under gender role reversal during industrialisation. PLoS One 13: e0202487, 2018. 
14. MacIsaac MB, Bugeja LC and Jelinek GA: The association between exposure to 
interpersonal violence and suicide among women: a systematic review. Aust N Z J Public Health 
41: 61-69, 2017. 
15. Turecki G, Brent DA, Gunnell D, O'Connor RC, Oquendo MA, Pirkis J and Stanley BH: 
Suicide and suicide risk. Nat Rev Dis Primers 5: 74, 2019. 
16. Ai M, Wang J, Chen J, Wang W, Xu X, Gan Y, Li X, Gou X, Cao J, et al.: Plasma brain-
derived neurotrophic factor (BDNF) concentration and the BDNF Val66Met polymorphism in 
suicide: a prospective study in patients with depressive disorder. Pharmgenomics Pers Med 12: 
97-106, 2019. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 25, 2022. ; https://doi.org/10.1101/2022.09.16.508280doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.16.508280
http://creativecommons.org/licenses/by-nc-nd/4.0/


17. Yin H, Pantazatos SP, Galfalvy H, Huang YY, Rosoklija GB, Dwork AJ, Burke A, Arango 
V, Oquendo MA, et al.: A pilot integrative genomics study of GABA and glutamate 
neurotransmitter systems in suicide, suicidal behavior, and major depressive disorder. Am J Med 
Genet B Neuropsychiatr Genet 171B: 414-426, 2016. 
18. Fanelli G and Serretti A: The influence of the serotonin transporter gene 5-HTTLPR 
polymorphism on suicidal behaviors: a meta-analysis. Prog Neuropsychopharmacol Biol 
Psychiatry 88: 375-387, 2019. 
19. Kaye WH, Bulik CM, Plotnicov K, Thornton L, Devlin B, Fichter MM, Treasure J, Kaplan 
A, Woodside DB, et al.: The genetics of anorexia nervosa collaborative study: methods and sample 
description. Int J Eat Disord 41: 289-300, 2008. 
20. Bulik CM, Slof-Op't Landt MC, van Furth EF and Sullivan PF: The genetics of anorexia 
nervosa. Annu Rev Nutr 27: 263-275, 2007. 
21. Fredriksson R, Lagerstrom MC, Lundin LG and Schioth HB: The G-protein-coupled 
receptors in the human genome form five main families. Phylogenetic analysis, paralogon groups, 
and fingerprints. Mol Pharmacol 63: 1256-1272, 2003. 
22. Vadim Cherezov DMR, Michael A. Hanson, Søren G. F. Rasmussen, Foon Sun Thian et 
al.: High-Resolution Crystal Structureof an Engineered Human b2-Adrenergic G Protein–Coupled 
Receptor. Journal 2007. 
23. Trzaskowski B, Latek D, Yuan S, Ghoshdastider U, Debinski A and Filipek S: Action of 
molecular switches in GPCRs--theoretical and experimental studies. Current medicinal chemistry 
19: 1090-1109, 2012. 
24. Alexander V. Fonin1 ALD, Irina M. Kuznetsova, Konstantin K. Turoverov, Vladimir N. 
Uversky: Multi‑functionality of proteins involved in GPCR and G protein signaling: making sense 
of structure–function continuum with intrinsic disorder‑based proteoforms. Journal 2019. 
25. De Lean A, Stadel JM and Lefkowitz RJ: A ternary complex model explains the agonist-
specific binding properties of the adenylate cyclase-coupled beta-adrenergic receptor. The Journal 
of biological chemistry 255: 7108-7117, 1980. 
26. Daniel M. Rosenbaum SGFR, and Brian K. Kobilka: The structure and function of G-
protein-coupled receptors. Journal 2009. 
27. Rasmussen SG, DeVree BT, Zou Y, Kruse AC, Chung KY, Kobilka TS, Thian FS, Chae 
PS, Pardon E, et al.: Crystal structure of the beta2 adrenergic receptor-Gs protein complex. Nature 
477: 549-555, 2011. 
28. Kang Y, Zhou XE, Gao X, He Y, Liu W, Ishchenko A, Barty A, White TA, Yefanov O, et 
al.: Crystal structure of rhodopsin bound to arrestin by femtosecond X-ray laser. Nature 523: 561-
567, 2015. 
29. Findlay JB, Eliopoulos EE and Attwood TK: The structure of G-protein-linked receptors. 
Biochem Soc Symp 56: 1-8, 1990. 
30. Findlay JB, Eliopoulos EE and Finbow M: Molecular modelling of integral membrane 
proteins. Biochem Soc Trans 18: 838-840, 1990. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 25, 2022. ; https://doi.org/10.1101/2022.09.16.508280doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.16.508280
http://creativecommons.org/licenses/by-nc-nd/4.0/


31. Zhang XC, Cao C, Zhou Y and Zhao Y: Proton transfer-mediated GPCR activation. Protein 
Cell 6: 12-17, 2015. 
32. Attwood TK, Eliopoulos EE and Findlay JB: Multiple sequence alignment of protein 
families showing low sequence homology: a methodological approach using database pattern-
matching discriminators for G-protein-linked receptors. Gene 98: 153-159, 1991. 
33. Findlay J and Eliopoulos E: Three-dimensional modelling of G protein-linked receptors. 
Trends Pharmacol Sci 11: 492-499, 1990. 
34. Thanasis Mitsis LP, Aspasia Efthimiadou, Flora Bacopoulou,Dimitrios Vlachakis George 
P. Chrousos Elias Eliopoulos: A comprehensive structural and functional analysis of the ligand 
binding domain of the nuclear receptor superfamily reveals highly conserved signaling motifs and 
two distinct canonical forms through evolution. Journal 264-274, 2020. 
35. Spielman SJ, Kumar K and Wilke CO: Comprehensive, structurally-informed alignment 
and phylogeny of vertebrate biogenic amine receptors. PeerJ 3: e773, 2015. 
36. Cespedes HA, Zavala K, Vandewege MW and Opazo JC: Evolution of the alpha2-
adrenoreceptors in vertebrates: ADRA2D is absent in mammals and crocodiles. Gen Comp 
Endocrinol 250: 85-94, 2017. 
37. Yuan D, Liu Z, Kaindl J, Maeda S, Zhao J, Sun X, Xu J, Gmeiner P, Wang HW, et al.: 
Activation of the alpha2B adrenoceptor by the sedative sympatholytic dexmedetomidine. Nat 
Chem Biol 16: 507-512, 2020. 
38. Li S, Weerda R, Guenzel F, Wolf OT and Thiel CM: ADRA2B genotype modulates effects 
of acute psychosocial stress on emotional memory retrieval in healthy young men. Neurobiol 
Learn Mem 103: 11-18, 2013. 
39. Cousijn H, Rijpkema M, Qin S, van Marle HJ, Franke B, Hermans EJ, van Wingen G and 
Fernandez G: Acute stress modulates genotype effects on amygdala processing in humans. Proc 
Natl Acad Sci U S A 107: 9867-9872, 2010. 
40. Turner JN, Coaxum SD, Gelasco AK, Garnovskaya MN and Raymond JR: Calmodulin Is 
a 5-HT Receptor-Interacting and Regulatory Protein. In: Serotonin Receptors in Neurobiology. 
Chattopadhyay A (ed). Boca Raton (FL), 2007. 
41. Pytliak M, Vargova V, Mechirova V and Felsoci M: Serotonin receptors - from molecular 
biology to clinical applications. Physiol Res 60: 15-25, 2011. 
42. Caliendo G, Santagada V, Perissutti E and Fiorino F: Derivatives as 5HT1A receptor 
ligands--past and present. Curr Med Chem 12: 1721-1753, 2005. 
43. Papageorgiou L, Loukatou S, Sofia K, Maroulis D and Vlachakis D: An updated 
evolutionary study of Flaviviridae NS3 helicase and NS5 RNA-dependent RNA polymerase 
reveals novel invariable motifs as potential pharmacological targets. Mol Biosyst 12: 2080-2093, 
2016. 
44. Papageorgiou L, Megalooikonomou V and Vlachakis D: Genetic and structural study of 
DNA-directed RNA polymerase II of Trypanosoma brucei, towards the designing of novel 
antiparasitic agents. PeerJ 5: e3061, 2017. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 25, 2022. ; https://doi.org/10.1101/2022.09.16.508280doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.16.508280
http://creativecommons.org/licenses/by-nc-nd/4.0/


45. Vlachakis D, Papageorgiou L, Papadaki A, Georga M, Kossida S and Eliopoulos E: An 
updated evolutionary study of the Notch family reveals a new ancient origin and novel invariable 
motifs as potential pharmacological targets. PeerJ 8: e10334, 2020. 
46. Eliopoulos TMLPAEFBDVGPCE: A comprehensive structural and functional analysis of 
the ligand binding domain of the nuclear receptor superfamily reveals highly conserved signaling 
motifs and two distinct canonical forms through evolution. World Academy of Sciences Journal 
1: 264-274, 2020. 
47. Papageorgiou L, Loukatou S, Koumandou VL, Makalowski W, Megalooikonomou V, 
Vlachakis D and Kossida S: Structural models for the design of novel antiviral agents against 
Greek Goat Encephalitis. PeerJ 2: e664, 2014. 
48. Steel MA and Fu YX: Classifying and counting linear phylogenetic invariants for the 
Jukes-Cantor model. Journal of computational biology : a journal of computational molecular cell 
biology 2: 39-47, 1995. 
49. Waterhouse AM, Procter JB, Martin DM, Clamp M and Barton GJ: Jalview Version 2--a 
multiple sequence alignment editor and analysis workbench. Bioinformatics 25: 1189-1191, 2009. 
50. Loukatou S, Papageorgiou L, Fakourelis P, Filntisi A, Polychronidou E, Bassis I, 
Megalooikonomou V, Makalowski W, Vlachakis D, et al.: Molecular dynamics simulations 
through GPU video games technologies. J Mol Biochem 3: 64-71, 2014. 
51. Nayeem A, Sitkoff D and Krystek S, Jr.: A comparative study of available software for 
high-accuracy homology modeling: from sequence alignments to structural models. Protein Sci 
15: 808-824, 2006. 
52. Wang S, Che T, Levit A, Shoichet BK, Wacker D and Roth BL: Structure of the D2 
dopamine receptor bound to the atypical antipsychotic drug risperidone. Nature 555: 269-273, 
2018. 
53. Xu P, Huang S, Zhang H, Mao C, Zhou XE, Cheng X, Simon IA, Shen DD, Yen HY, et 
al.: Structural insights into the lipid and ligand regulation of serotonin receptors. Nature 592: 469-
473, 2021. 
54. Junmei Wang PC, Peter A. Kollman: How Well Does a Restrained Electrostatic Potential 
(RESP) Model Perform in Calculating Conformational Energies of Organic and Biological 
Molecules? Journal of Computational Chemistry 21: 21:1049-1071, 2000. 
55. Laskowski RA, MacArthur MW, Moss DS and Thornton JM: PROCHECK: a program to 
check the stereochemical quality of protein structures. Journal of Applied Crystallography 26: 283-
291, 1993. 
56. Lin H, Sassano MF, Roth BL and Shoichet BK: A pharmacological organization of G 
protein-coupled receptors. Nat Methods 10: 140-146, 2013. 
57. Daopeng Yuan ZL, Jonas Kaindl, Shoji Maeda, Jiawei Zhao, Xiaoou Sun , Jun Xu, Peter 
Gmeiner, Hong-Wei Wang and Brian K. Kobilka: Activation of the α2B adrenoceptor by the 
sedative sympatholytic dexmedetomidine. Journal 2020. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 25, 2022. ; https://doi.org/10.1101/2022.09.16.508280doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.16.508280
http://creativecommons.org/licenses/by-nc-nd/4.0/


58. Cherezov V, Rosenbaum DM, Hanson MA, Rasmussen SG, Thian FS, Kobilka TS, Choi 
HJ, Kuhn P, Weis WI, et al.: High-resolution crystal structure of an engineered human beta2-
adrenergic G protein-coupled receptor. Science 318: 1258-1265, 2007. 
59. Uversky VN: The alphabet of intrinsic disorder: II. Various roles of glutamic acid in 
ordered and intrinsically disordered proteins. Intrinsically Disord Proteins 1: e24684, 2013. 
60. Haber-Pohlmeier S, Abarca-Heidemann K, Korschen HG, Dhiman HK, Heberle J, 
Schwalbe H, Klein-Seetharaman J, Kaupp UB and Pohlmeier A: Binding of Ca2+ to glutamic 
acid-rich polypeptides from the rod outer segment. Biophys J 92: 3207-3214, 2007. 
61. Wang C, Jiang Y, Ma J, Wu H, Wacker D, Katritch V, Han GW, Liu W, Huang XP, et al.: 
Structural basis for molecular recognition at serotonin receptors. Science 340: 610-614, 2013. 
62. Katritch V, Cherezov V and Stevens RC: Structure-function of the G protein-coupled 
receptor superfamily. Annu Rev Pharmacol Toxicol 53: 531-556, 2013. 
63. Olivella M, Caltabiano G and Cordomi A: The role of Cysteine 6.47 in class A GPCRs. 
BMC Struct Biol 13: 3, 2013. 
64. Weis WI and Kobilka BK: The Molecular Basis of G Protein-Coupled Receptor Activation. 
Annual review of biochemistry 87: 897-919, 2018. 
65. Huang H and Tao YX: Functions of the DRY motif and intracellular loop 2 of human 
melanocortin 3 receptor. J Mol Endocrinol 53: 319-330, 2014. 
66. Kitson SL: 5-hydroxytryptamine (5-HT) receptor ligands. Curr Pharm Des 13: 2621-2637, 
2007. 
67. Barnes NM and Sharp T: A review of central 5-HT receptors and their function. 
Neuropharmacology 38: 1083-1152, 1999. 
 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 25, 2022. ; https://doi.org/10.1101/2022.09.16.508280doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.16.508280
http://creativecommons.org/licenses/by-nc-nd/4.0/

