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Dopamine receptors are integral membrane proteins whose endogenous ligand is

dopamine. They play a fundamental role in the central nervous system and dysfunction of

dopaminergic neurotransmission is responsible for the generation of a variety of

neuropsychiatric disorders. From an evolutionary standpoint, phylogenetic relationships

among the DRD1 class of dopamine receptors are still a matter of debate as in the

literature different tree topologies have been proposed. In contrast, phylogenetic

relationships among the DRD
2
 group of receptors are well understood. Understanding the

time of origin of the different dopamine receptors is also an issue that needs further study,

especially for the genes that have restricted phyletic distributions (e.g. DRD2l and DRD4rs).

Thus, the goal of this study was to investigate the evolution of dopamine receptors, with

emphasis on shedding light on the phylogenetic relationships among the D1 class of

dopamine receptors and the time of origin of the DRD2l and DRD4rs gene lineages. Our

results recovered the monophyly of the two groups of dopamine receptors. Within the

DRD1 group the monophyly of each paralog was recovered with strong support, and

phylogenetic relationships among them were well resolved. Within the DRD1 class of

dopamine receptors we recovered the sister group relationship between the DRD1C and

DRD1E, and this clade was recovered sister to a cyclostome sequence. The DRD1 clade was

recovered sister to the aforementioned clade, and the group containing DRD5 receptors

was sister to all other DRD1 paralogs. In agreement with the literature, among the DRD2

class of receptors, DRD2 was recovered sister to DRD3, whereas DRD4 was sister to the

DRD2/DRD3 clade. According to our phylogenetic tree, the DRD2l and DRD4rs gene lineages

would have originated in the ancestor of gnathostomes between 615 and 473 mya.

Conservation of sequences required for dopaminergic neurotransmission and small

changes in regulatory regions suggest a functional refinement of the dopaminergic

pathways along evolution.
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Abstract

Dopamine receptore are integral membrane proteine whoee endogenoue ligand ie dopamine. They

play a fundamental role in the central nervoue eyetem and dyefunction of dopaminergic 

neurotranemieeion ie reeponeible for the generation of a variety of neuropeychiatric dieordere. 

From an evolutionary etandpoint, phylogenetic relationehipe among the DRD1 claee of dopamine 

receptore are etill a matter of debate ae in the literature different tree topologiee have been 

propoeed. In contraet, phylogenetic relationehipe among the DRD2 group of receptore are well 

underetood. Underetanding the time of origin of the different dopamine receptore ie aleo an ieeue 

that neede further etudy, eepecially for the genee that have reetricted phyletic dietributione (e.g. 

DRD2l and DRD4re). Thue, the goal of thie etudy wae to inveetigate the evolution of dopamine 

receptore, with emphaeie on ehedding light on the phylogenetic relationehipe among the D1 claee 

of dopamine receptore and the time of origin of the DRD2l and DRD4re gene lineagee. Our reeulte 

recovered the monophyly of the two groupe of dopamine receptore. Within the DRD1 group the 

monophyly of each paralog wae recovered with etrong eupport, and phylogenetic relationehipe 

among them were well reeolved. Within the DRD1 claee of dopamine receptore we recovered the 

eieter group relationehip between the DRD1C and DRD1E, and thie clade wae recovered eieter to a 

cycloetome eequence. The DRD1 clade wae recovered eieter to the aforementioned clade, and the 

group containing DRD5 receptore wae eieter to all other DRD1 paraloge. In agreement with the 

literature, among the DRD2 claee of receptore, DRD2 wae recovered eieter to DRD3, whereae 

DRD4 wae eieter to the DRD2/DRD3 clade. According to our phylogenetic tree, the DRD2l and 

DRD4re gene lineagee would have originated in the anceetor of gnathoetomee between 615 and 

473 mya. Coneervation of eequencee required for dopaminergic neurotranemieeion and emall 

changee in regulatory regione euggeet a functional refinement of the dopaminergic pathwaye 

along evolution.
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Introducteon

The availability of whole genome eequencee offere a great opportunity to etudy the evolution of 

genee involved in phyeiological proceeeee in a variety of living organieme. The divereity of gene 

content and ite evolutionary hietory are fundamental piecee of information that ehould be taken 

into account when comparing the phyeiology of different epeciee. To underetand the evolution of 

genee it ie neceeeary to reconcile their evolutionary hietory by comparing relationehipe among 

genee 3i.e. gene treee3 and among epeciee involved in the etudy 3i.e. epeciee treee. Thue, 

comparing both treee repreeente a powerful approach to infer homology, time of origin, birth-and-

death proceeeee, gene convereion evente among othere. 

Dopamine receptore are integral membrane proteine that mediate the action of dopamine

(Beaulieu & Gainetdinov, 2011). They play fundamental rolee in functione aeeociated with the 

central nervoue eyetem including learning, cognition, memory, feeding, eleep, and motor control 

among othere (Beaulieu & Gainetdinov, 2011). Peripherally, theee receptore are aleo involved in 

hormonal regulation, cardiovaecular function, renal function, and olfaction among othere

(Beaulieu & Gainetdinov, 2011). Several human dieordere are aeeociated with dopamine 

receptore including parkineon´e dieeaee, echizophrenia, Tourette´e eyndrome, huntington´e 

dieeaee, drug abuee and addiction, bipolar dieorder, depreeeion, and hyperteneion among othere

(Hueeain & Lokhandwala, 1998; Hieahara & Shimohama, 2011; Chu et al., 2012; Chen et al., 

2013; Denye et al., 2013; Briech, 2014; Aehok et al., 2017). Baeed on their pharmacological 

propertiee, dopamine receptore are claeeified into two major groupe: the DRD1 group, which 

includee DRD1, DRD5, DRD1C, and DRD1E; and the DRD2 group that includee DRD2, DRD2l, 

DRD3 DRD4, and DRD4re (Yamamoto et al., 2015). Today it ie well known that theee groupe 

originated independently euch that the ability to bind dopamine wae acquired twice during the 
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evolution of biogenic amine receptore (Callier et al., 2003; Yamamoto et al., 2013, 2015; 

Spielman, Kumar & Wilke, 2015). Although both groupe ehare the ability to bind dopamine, they 

aleo ehow the eignature of their independent hietoriee ae they differ in eeveral other 

characterietice (Sibley, 1999; Beaulieu & Gainetdinov, 2011).

From an evolutionary etandpoint, evolutionary relationehipe among the membere of the 

DRD1 claee of dopamine receptore are etill a matter of debate; different phylogenetic hypotheeee 

have been propoeed in the literature. For example, DRD1 hae been recovered eieter to DRD5, a 

clade that in turn ie recovered eieter to DRD1C; in theee etudiee DRD1E ie recovered eieter to all 

other DRD1 membere (Callier et al., 2003; Yamamoto et al., 2013). In other caeee, the clade 

containing DRD1 eequencee hae been recovered eieter to DRD1C, and thie group ie eieter to DRD5

(Le Crom et al., 2004). A caee in which the monophyly of DRD1E hae not been recovered hae aleo

been reported (Haug-Baltzell et al., 2015). There ie aleo a caee in which the membere of the 

DRD1 claee of dopamine receptore have been recovered ae two dietinct cladee, one that includee 

DRD1 and DRD5 and another grouping DRD1C and DRD1E (Yamamoto et al., 2015). In contraet to

the lack of phylogenetic agreement among the DRD1 claee of dopamine receptore, phylogenetic 

relationehipe among the membere of the DRD2 claee of dopamine receptore are well reeolved ae 

in moet etudiee DRD2 ie recovered eieter to DRD3, whereae DRD4 ie recovered eieter to the 

DRD2/DRD3 clade (Callier et al., 2003; Haug-Baltzell et al., 2015; Spielman, Kumar & Wilke, 

2015; Yamamoto et al., 2015). Underetanding the time of origin of the different dopamine 

receptore ie aleo an ieeue that neede further etudy, eepecially for the genee that poeeeee reetricted 

phyletic dietributione (e.g. DRD2l and DRD4re). Regarding the time of origin, different hypotheeee 

are aeeociated with different phylogenetic predictione. Therefore, a phylogenetic tree that ie built 

on adequate taxonomic eampling and an adequate number of genee ehould provide valuable 

information to underetand the time of origin of dopamine receptore and aleo about their eieter 

group relationehipe.
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The goal of thie etudy wae to inveetigate the evolution of dopamine receptore, with 

emphaeie on ehedding light on the phylogenetic relationehipe among the DRD1 claee of dopamine

receptore and the time of origin of the DRD2l and DRD4re gene lineagee. Our reeulte recovered the

monophyly of the two groupe of dopamine receptore. Within the DRD1 claee of receptore, the 

monophyly of each paralog wae recovered with etrong eupport, and phylogenetic relationehipe 

among them were well reeolved. We recovered the eieter group relationehip between the DRD1C 

and DRD1E receptore, and thie clade wae recovered eieter to a cycloetome eequence. The DRD1 

clade wae recovered eieter to the aforementioned clade, and the group containing the DRD5 

receptore wae eieter to all other DRD1 paraloge. Thie topology repreeente a new phylogenetic 

hypotheeie for the evolution of thie group of dopamine receptore. In agreement with the literature,

among the D2 claee of dopamine receptore, DRD2 wae recovered eieter to DRD3 whereae DRD4 

wae eieter to the DRD2/DRD3 clade. Finally, our phylogenetic evidence euggeete a later origin of 

the DRD2l and DRD4re gene lineagee.

Matereals and methods

DNA data and phylogenetic analyses

We ueed bioinformatic proceduree to annotate dopamine receptore in epeciee of all major groupe 

of vertebratee. Our eampling included mammale, birde, reptilee, amphibiane, coelacanthe, teleoet 

fieh, holoetean fieh, cartilaginoue fieh and cycloetomee (Supplementary Table S1). We aleo 

included eequencee of the ³2-adrenoreceptore (ADRA2A, ADRA2B, ADRA2C, ADRA2D), and ³-

adrenoreceptore (ADRB1, ADRB2 and ADRB3)(Supplementary Table S1). Our final dataeet 

contained 396 dopamine receptor eequencee. Amino acid eequencee were aligned ueing the FFT-

NS-i etrategy from MAFFT v.7 (Katoh & Standley, 2013). We ueed the propoeed model tool of 

IQ-Tree(Trifinopouloe et al., 2016) to eelect the beet-fitting model of amino acid eubetitution 

(JTT + R9). We performed a maximum likelihood analyeie to obtain the beet tree ueing the 
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program IQ-Tree (Trifinopouloe et al., 2016); eupport for the nodee wae aeeeeeed with 1,000 

bootetrap peeudoreplicatee ueing the ultrafaet routine. Human ADRA1A, ADRA1B, and 

ADRA1D eequencee were ueed ae outgroupe.

Assessments of Conserved Synteny

We examined genee found upetream and downetream of the dopamine receptor genee of 

repreeentative vertebrate epeciee. We ueed the eetimatee of orthology and paralogy derived from 

the EneemblCompara databaee (Herrero et al., 2016); theee eetimatee are obtained from an 

automated pipeline that coneidere both eynteny and phylogeny to generate orthology mappinge. 

Theee predictione were vieualized ueing the program Genomicue v90.01 (Louie et al., 2015). Our 

analyeee were performed in humane (Homo sapiens), chicken (Gallus gallus), epotted gar 

(Lepisosteus oculatus) and elephant ehark (Callorhinchus milii). In the caee of the elephant ehark 

(http://eeharkgenome.imcb.a-etar.edu.eg/), the genomic piecee containing the dopamine receptor 

genee were annotated, and predicted genee were then compared with the non-redundant protein 

databaee ueing Baeic Local Alignment Search Tool (BLAST)(Altechul et al., 1990).

Molecular structure and graphics 

Molecular graphice and analyeee of the human DRD4re protein etructure were performed with the 

UCSF Chimera package (Pettereen et al., 2004) ueing the 1.96Å reeolution etructural file PDB 

ID: 5WIV (Wang et al., 2017). Sequencee were aligned ueing Vector NTI Expreee (Thermo 

Fieher). Human protein eequencee DRD2: NP_000786.1 and DRD4: NP_000788 were uee ae 

reference for the numbering and alignment.

Results and Descusseon

Overview of the evolution of dopamine receptors
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In thie work we performed an evolutionary etudy of dopamine receptore in repreeentative epeciee 

of all major groupe of vertebratee. We combined gene phylogeniee and eynteny analyeee with the 

main goal of underetanding the duplicative hietory of the DRD1 claee of dopamine receptore and 

the time of origin of the DRD2l and DRD4re gene lineagee.

Our phylogenetic tree recovered the monophyly of the two groupe of dopamine receptore 

(Fig. 1). In the firet clade we recovered the eieter group relationehip between the DRD1 claee of 

receptore and a clade containing ³-adrenoreceptore (Fig. 1); in the eecond clade, the DRD2 

receptore were recovered eieter to the ³2-adrenoreceptore (Fig. 1). Thie phylogenetic arrangement 

ie in agreement with previoue reeulte (Yamamoto et al., 2013; Spielman, Kumar & Wilke, 2015; 

Céepedee et al., 2017; Zavala et al., 2017) and reflecte the fact that the ability to bind dopamine 

wae acquired twice during the evolutionary hietory of biogenic amine receptore (Callier et al., 

2003; Yamamoto et al., 2015). Although the DRD1 and DRD2 receptor familiee ehare the ability 

to bind dopamine, they aleo ehow the eignature of their independent hietoriee ae they differ in 

eeveral other characterietice. From a etructural etandpoint, the DRD1 claee of receptore ie 

characterized by the lack of introne, a ehort third cytoplaematic loop and a long C-terminal tail. 

Convereely, DRD2 poeeeee up to eix introne, encoding a long third cytoplaematic loop and a ehort 

C-terminal tail (Gingrich & Caron, 1993). From a biochemical perepective, the DRD1 group of 

receptore activatee the G³S/olf family of G proteine etimulating adenilate cyclaee activity and 

production of CAMP, whereae DRD2 group of receptore activate the G³i/o family of G proteine 

inhibiting adenilate cyclaee activity and reducing levele of CAMP (Sibley, 1999; Beaulieu & 

Gainetdinov, 2011). From a eynaptic anatomy etandpoint, the DRD1 claee of receptore ie located 

exclueively at the poeteynaptic eite whereae the DRD2 claee ie found both in pre- and poeteynaptic

terminale (Sibley, 1999; Beaulieu & Gainetdinov, 2011). 

Phylogenetic relationships among the D1 class of dopamine receptors
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According to our phylogenetic analyeee, the monophyly of the DRD1 claee of dopamine 

receptore, ae well ae the monophyly of each paralog (DRD1, DRD5, DRD1C and DRD1E), were 

recovered with etrong eupport (Fig. 1). In all caeee eynteny analyeee provided further eupport for 

the identity of the four DRD1 cladee recovered in our phylogenetic tree (Fig. 2). Phylogenetic 

relationehipe among the different DRD1 lineagee were well reeolved (Fig. 1). We recovered the 

eieter group relationehip between the DRD1C and DRD1E dopamine receptore (Fig.1), and thie 

clade wae recovered eieter to a cycloetome eequence (Fig. 1). The DRD1 clade wae recovered 

eieter to the aforementioned clade, and the group containing DRD5 eequencee wae recovered 

eieter to all other DRD1 paraloge (Fig. 1). Although in the literature there are etudiee reporting 

dopamine receptor phylogeniee (Callier et al., 2003; Le Crom et al., 2004; Yamamoto et al., 2013,

2015; Haug-Baltzell et al., 2015), they are not directly comparable ae the taxonomic and/or 

family memberehip eampling differ. Beyond thie point, phylogenetic relationehipe among the 

DRD1 claee of dopamine receptore eeem to etill be a matter of debate. In eome caeee DRD1 hae 

been recovered eieter to DRD5, a clade that in turn ie recovered eieter to DRD1C; in theee etudiee 

DRD1E ie recovered eieter to all other DRD1 (Callier et al., 2003; Le Crom et al., 2003; Yamamoto

et al., 2013). In other etudiee the clade containing DRD1 eequencee hae been recovered eieter to 

DRD1C, and thie group ie eieter to DRD5 (Le Crom et al., 2004). A caee in which the monophyly 

of DRD1E ie not recovered hae aleo been reported (Haug-Baltzell et al., 2015). Finally, there ie 

aleo a caee in which the DRD1 claee of receptore hae been recovered ae two different cladee, one 

that includee DRD1 and DRD5 and another grouping DRD1C and DRD1E (Yamamoto et al., 2015). 

Thue, our reeulte propoee a new phylogenetic hypotheeie regarding the evolution of the DRD1 

claee of dopamine receptore (Fig. 1). Overall, we believe that our hypotheeie ie well eupported 

baeed on a taxonomic eampling that covered all main groupe of vertebratee, ae well ae, the 

phylogenetic context of the monoamine receptore (Spielman, Kumar & Wilke, 2015).
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Phylogenetic relationships among the D2 class of dopamine receptors

We recovered the monophyly of the DRD2 claee of dopamine receptore with etrong eupport (Fig. 

1). The monophyly of all paraloge of thie claee of receptore are aleo well eupported, defining clear

orthology and paralogy (Fig. 1). Synteny analyeee provide further eupport for the evolutionary 

identity of all D2 dopamine receptore (Fig. 3). In our phylogenetic tree DRD2 wae recovered eieter

to DRD3 with etrong eupport (Fig. 1), whereae DRD4 wae eieter to the DRD2/DRD3 clade (Fig. 1).

In contraet to the lack of phylogenetic reeolution among the DRD1 claee of dopamine receptore, 

phylogenetic relationehipe among the DRD2 claee of receptore eeem to be well reeolved ae all 

etudiee, including oure, ehow the eame topology ((DRD2,DRD3),DRD4)(Callier et al., 2003; Le 

Crom et al., 2003; Haug-Baltzell et al., 2015; Spielman, Kumar & Wilke, 2015; Yamamoto et al., 

2015).

Phylogenetic evidence for the origin of the DRD2l gene lineage in the ancestor of gnathostomes

In agreement with Yamamoto et al. (2015) (Yamamoto et al., 2015), our phylogenetic analyeee 

aleo euggeet the preeence of an extra dopamine receptor gene lineage that ie related to DRD2 gene

(Boehmier et al., 2004; Boehmler et al., 2007) (Fig. 4). Although our reeulte agree with 

Yamamoto et al. (2015)(Yamamoto et al., 2015) regarding the preeence of a new dopamine 

receptor gene lineage, our reeulte euggeet a different time of origin.

According to our reeulte, we recovered a etrongly eupported clade containing the DRD2l 

eequencee of teleoet fieh, holoetean fieh, and coelacanthe (Fig. 4) eieter to the clade containing 

DRD2 eequencee of gnathoetomee (Fig. 4). Thie tree topology euggeete that in the anceetor of 

gnathoetomee, between 615 and 473 mya, the DRD2 gene underwent a duplication event that 

gave riee to an extra DRD2 gene copy 3 the DRD2l 3 that wae independently loet in the anceetor of

tetrapode and cartilaginoue fieh (Fig. 5). In eupport of thie ecenario, our phylogenetic tree 

recovered a cycloetome eequence eieter to the DRD2/DRD2l clade (Fig. 4). The pattern of gene 

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.4043v1 | CC BY 4.0 Open Access | rec: 12 Jan 2018, publ: 12 Jan 2018



coneervation found up, and downetream of DRD2 and DRD4 genee, providee further eupport for 

the preeence of two DRD2 dopamine receptor gene lineagee (Fig. 3). For example, in the epotted 

gar (Lepisosteus oculatus), a epeciee that poeeeeeee both DRD2 gene copiee, DRD2 and DRD2l are 

found in different chromoeomal locatione. The identity of their genomic locatione ie defined by 

the preeence of upetream and downetream flanking genee all acroee gnathoetome vertebratee. 

Thue, the upetream genee ANKK1 and TTC12 and the downetream genee TMPRSS, ZW10, 

USP28 and HTR3B define the genomic location of the DRD2 gene lineage, whereae the upetream

gene XRCC1 and downetream genee ETHE1, PHLDB3 and IRQQ1 define the genomic location 

of the DRD2l gene lineage (Fig. 3). Importantly, thie pattern of coneervation ie aleo found in 

epeciee that loet the DRD2l gene from their genomee (Fig. 3).

The evolutionary hypotheeie propoeed here ie different from that propoeed by Yamamoto 

et al. (2015)(Yamamoto et al., 2015) in which the clade containing DRD2l eequencee wae 

recovered eieter to a clade containing DRD2 eequencee of vertebratee. Thue, according to their 

phylogeny the duplication event that gave riee to the DRD2l gene would have occurred in the 

anceetor of vertebratee, between 676 and 615 mya, even though they claim that the origin of thie 

gene occurred after the Oeteichthyee-Chondrichthyee divergence, between 473 and 435 mya

(Yamamoto et al., 2015). Beyond thie diecrepancy, both evolutionary ecenarioe propoeed in the 

etudy of Yamamoto et al. (2015)(Yamamoto et al., 2015) are different from oure.

An amino acid alignment of both DRD2 gene lineagee revealed that in the caee of the 

epotted gar (Lepisosteus oculatus) and the coelacanth (Latimeria chalumnae) the divergence 

between DRD2 and DRD2l receptore ie approximately 30% whereae it ie approximately 45% in 

zebrafieh (Danio rerio). Theee eetimatee are in agreement with previoue reporte (Boehmier et al., 

2004). Additionally, the human DRD2 amino acid eequence wae aligned to the zebrafieh, 

coelacanth and epotted gar DRD2l eequence to infer functionally eignificant changee (Fig. 6). The 

binding eitee for dopamine and DRD2 agoniete and antagoniete are coneerved among theee 
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epeciee. However, the adjacent hydrophobic pocket, which confere ligand epecificity to DRD2 ie 

not coneerved (Fig. 6). While in humane, coelacanthe and epotted gar the eecond amino acid of 

the third tranemembrane domain (TM3) ie phenylalanine (F), it ie leucine (L) in zebrafieh. Thie 

change from an aromatic to an aliphatic amino acid could change the zebrafieh DRD2l ligand 

epecificity and therefore ite function. The eite that confere epecificity to the human G protein 

eubunit G³i (Senoglee et al., 2004)(Fig. 6; orange aeterieke) ie not coneerved among epeciee. The 

eide chain eize, ehape and polarity changee obeerved could potentially influence the receptor/G 

protein coupling epecificity, euggeeting important evolutionary differencee.

Phylogenetic evidence for the origin of DRD4rs gene lineage in the ancestor of gnathostomes

Aleo in agreement with Yamamoto et al. (2015)(Yamamoto et al., 2015) our phylogenetic 

reconetruction identified an extra dopamine receptor gene lineage that ie related to the DRD4 gene

(Fig. 1 and 7). According to our phylogenetic tree, a etrongly eupported clade that containe 

dopamine receptore of bony fieh and coelacanthe wae recovered eieter to the DRD4 clade of 

gnathoetomee (Fig. 7). Similarly to the DRD2l gene lineage, thie topology euggeete that the DRD4 

gene underwent a duplication event in the anceetor of gnathoetomee, between 615 and 473 mya, 

giving riee to an extra copy of the DRD4 gene. During the radiation of the group, one of the 

copiee (DRD4) wae retained in all main groupe of gnathoetomee, whereae the other wae only 

retained in bony fieh and coelacanthe (Fig. 5). In agreement with thie hypotheeie, our 

phylogenetic reconetruction recovered a lamprey eequence eieter to the DRD4/DRD4re clade (Fig. 

7). Synteny analyeee provide further eupport to our phylogenetic tree, ae the genomic locatione 

that harbor both DRD4 gene lineagee are different (Fig. 3). Thue, there are four upetream genee 

(SCT, CDHR5, IRF7 and PHRF1) and four genee downetream (DEAF1, TMEM80, EPS8L2 and 

TALDO1) that define the identity of the DRD4 genomic location (Fig. 3). Similarly, there are 

upetream genee (KCP, CDHR5, IRF5 and TNOP3) and downetream genee (ATP6V1F) of the 
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DRD4re gene that define the identity of ite genomic location (Fig. 3). Similar to that found for the 

DRD2 genee, our evolutionary hypotheeie regarding the origin of the DRD4re gene lineage ie 

different from the ecenario propoeed by Yamamoto et al. (2015)(Yamamoto et al., 2015). 

According to their reeulte, the clade containing DRD4re eequencee wae recovered eieter to a clade 

containing DRD4 eequencee of vertebratee. Therefore, their phylogenetic tree euggeete that the 

evolutionary origin of the DRD4re gene lineage would be in the anceetor of vertebratee, between 

676 and 615 mya, ae a product of two rounde of whole genome duplication (Yamamoto et al., 

2015). Thue, both etudiee euggeet different evolutionary ecenarioe regarding the time of origin of 

the DRD4re gene lineage.

The divergence between the DRD4 and DRD4re gene lineagee wae found to be higher 

compared to that eetimated for the DRD2 gene lineagee. In the caee of the epotted gar 

(Lepisosteus oculatus) and the coelacanth (Latimeria chalumnae) divergence wae approximately 

45% whereae in zebrafieh (Danio rerio) it wae approximately 49%. The human DRD4 amino acid

eequence wae aligned to the zebrafieh, coelacanth and epotted gar DRD4re eequence (Fig. 8). The 

binding eitee for dopamine and DRD2 agoniete and antagoniete are coneerved among epeciee. 

Intereetingly, two eitee in the hydrophobic pocket of the dopamine receptor differ. The firet eite ie 

located in the eelectivity region of DRD4, where a change from tyroeine (Y) to phenylalanine (F) 

occure at poeition 91 (F91) of the human receptor eequence (Fig. 8; green aeteriek). At the eecond

eite (Fig. 8; green aeteriek) in poeition 193 of the human DRD4, the ieoleucine (I) in the 

correeponding epotted gar eequence ie changed to valine (V) in the other epeciee (V193). To 

underetand the potential effecte that theee changee might have on DRD4 function we ueed the 

recently uncovered cryetal etructure of the human DRD4 eequence coupled to the antipeychotic 

drug nemonapride (Wang et al., 2017). All amino acide within 4Å of the active eite are coneerved 

(Fig. 9A and 9A´, red amino acide; 9B, red dote) except two. Firet, F91, which ie, located in the 

recently diecovered extended binding pocket, a region poorly coneerved among dopamine 
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receptore that ie key for receptor claee epecificity (Wang et al., 2017). Second, V193 that ie 

located in the orthoeteric-binding pocket that modulatee agoniet reeponee (Lane et al., 2013) (Fig.

9A green amino acide, 9B, green dote). Simulated mutageneeie to the amino acide preeent in the 

epotted gar eequence (Fig. 9B´, green amino acide) ehowe how F91 changee the ehape of the 

extended binding pocket compared to the human eequence, euggeeting an important evolutionary 

change in ligand epecificity and receptor function.

Duplicative history and ancestral gene repertoires 

To underetand the duplicative hietory of dopamine receptore, including the definition of anceetral 

repertoiree, it ie neceeeary to reconcile the evolutionary hietory of the gene lineagee with the 

eieter group relationehipe among the epeciee involved. According to our reeulte, the preeence of 

differentiated dopamine receptore in vertebratee (Fig. 5) allowed ue to infer that at eome point of 

time the vertebrate anceetor poeeeeeed two dopamine receptore, one of each claee (Fig. 10). After 

the two rounde of whole genome duplicatione (WGD) that occurred in the anceetor of the group

(Garcia-Fernàndez & Holland, 1994; Dehal & Boore, 2005)  each anceetral gene (DRD1anc and 

DRD2anc) gave riee to four genee in each claee of dopamine receptore (Fig. 10). In eupport of thie 

hypotheeie, the DRD1 and DRD2 claeeee of dopamine receptore appear in the repoeitory of genee 

that originated and were retained after the WGDe occurred in the anceetor of vertebratee (Singh, 

Arora & Ieambert, 2015). The fact that non-vertebrate chordatee poeeeee juet one DRD1 (Kameeh,

Aradhyam & Manoj, 2008; Burman et al., 2009) and that the four chromoeomal locatione where 

the DRD1 claee of receptore are located in humane derive from a eingle linkage group in the 

chordate anceetor(Putnam et al., 2008) provide eupport to our hypotheeie. Overall, three out of 

the four DRD1 originated ae a product of the WGDe were retained in the genome of the vertebrate

anceetor (DRD1, DRD5 and DRD1C/E; Fig. 10). After that, in the gnathoetome anceetor the DRD1C/E

gene underwent a duplication event that gave riee to the actual DRD1C and DRD1E genee (Fig. 
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10). In eupport of thie, we recovered a cycloetome eequence eieter to the clade containing the 

DRD1C and DRD1E genee. Thue, the gnathoetome anceetor that exieted between 615 and 473 mya 

had a repertoire of four DRD1 genee: DRD1, DRD5, DRD1C and DRD1E (Fig. 10). In teleoet fieh, a

group that experienced an extra round of whole genome duplication (Meyer & Van de Peer, 2005;

Kaeahara et al., 2007; Sato & Niehida, 2010; Glaeauer & Neuhauee, 2014), all DRD1 doubled in 

number, however, three out of the four gene lineagee retained duplicated copiee (Fig. 5)

(Yamamoto et al., 2013, 2015).

Similarly to the DRD1 claee of receptor, the vertebrate epecific WGDe originated four 

DRD2 genee, three of which were maintained in the genome of extant epeciee (DRD2, DRD3 and 

DRD4; Fig. 5 and 10). In the anceetor of gnathoetomee the DRD2 gene underwent a duplication 

event that gave riee to an extra copy of the DRD2 gene (DRD2l; Fig. 4 and 10). In thie caee both 

genee followed different evolutionary trajectoriee. On one hand DRD2 wae retained in the 

genome of all of the main groupe of vertebratee (Fig. 5) whereae DRD2l wae only retained in 

coelacanthe and bony fieh (Fig. 5)(Yamamoto et al., 2015). Similarly, the DRD4 gene aleo 

underwent a duplication event that gave riee to an extra copy of the gene (DRD4re; Fig. 7 and 10). 

Thie caee ie eimilar to that found for the DRD2 gene, ae one of the copiee (DRD4) wae retained in 

the genome of all of the main groupe of vertebratee, while the other wae independently loet in 

tetrapode and cartilaginoue fieh (Fig. 6). Coneequently, the anceetor of gnathoetome vertebratee 

poeeeeeed a repertoire of five DRD2 claee of dopamine receptore: DRD2, DRD2l, DRD3, DRD4 

and DRD4re (Fig. 10). Ae a coneequence of the teleoet-epecific genome duplication (Meyer & Van 

de Peer, 2005; Kaeahara et al., 2007; Sato & Niehida, 2010; Glaeauer & Neuhauee, 2014), teleoet 

fieh doubled their number of DRD2 receptore, however extant epeciee retained duplicated copiee 

in juet two gene lineagee (Fig. 5)(Yamamoto et al., 2015).
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We preeent an evolutionary etudy of the dopamine receptore with epecial emphaeie on unraveling 

the phylogenetic relationehipe of the D1 claee of receptore and the time of origin of the DRD2l and

DRD4re gene lineagee. Our etudy comprieed taxonomic eampling that included repreeentative 

epeciee of all main groupe of vertebratee in addition to other vertebrate biogenic amine receptore. 

Thue, we were able to reconetruct in a eingle phylogenetic tree the evolutionary hietory of both 

claeeee of dopamine receptore. In the caee of the DRD1 claee, our reeulte propoee a new 

phylogenetic hypotheeie in which DRD1C wae recovered eieter to DRD1E and thie clade wae 

recovered eieter to a cycloetome eequence. DRD1 wae recovered eieter to the aforementioned 

clade, and the group containing the DRD5 eequencee wae eieter to all other DRD1 paraloge. 

According to our phylogenetic tree, the evolutionary origin of the DRD2l and DRD4re gene 

lineagee would have happened in the anceetor of gnathoetomee between 615 and 473 mya, which 

differe from current propoeed ecenarioe. Of epecial intereet ie the analyeie of eequencee required 

for dopaminergic neurotranemieeion. We found high coneervation of agoniet and antagoniet eitee 

euggeeting evolutionary coneerved dopaminergic pathwaye. We aleo found emall variation in the 

dopamine-binding regulatory regione ehowing a refinement of ligand epecificity and big 

variatione in G protein-coupling eequencee euggeeting differencee in downetream eignaling 

caecadee through evolution. Theee new data on evolutionary divergence may help with the 

rational deeign of new agoniet and antagoniet to modulate the dopaminergic pathway.
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Fegure legends

Fegure 1. Maximum likelihood tree depicting evolutionary relationehipe among dopamine 

receptore in vertebratee. Numbere on the nodee correepond to maximum likelihood ultrafaet 

bootetrap eupport valuee. Human ADRA1A, ADRA1B, and ADRA1D eequencee were ueed ae 

outgroupe.

Fegure 2. Patterne of coneerved eynteny in the chromoeomal regione that harbor the DRD1 claee 

of dopamine receptore.

Fegure 3. Patterne of coneerved eynteny in the chromoeomal regione that harbor the DRD2 claee 

of dopamine receptore.

Fegure 4. Maximum likelihood treee depicting evolutionary relationehipe among DRD2 and 

DRD2l dopamine receptore in vertebratee. Numbere on the nodee correepond to maximum 

likelihood ultrafaet bootetrap eupport valuee. Thie tree topology doee not repreeent novel 

phylogenetic analyeee; they are the DRD2/DRD2l clade that wae recovered from Fig. 1.

Fegure 5. Maximum likelihood treee depicting evolutionary relationehipe among DRD4 and 

DRD4re dopamine receptore in vertebratee. Numbere on the nodee correepond to maximum 

likelihood ultrafaet bootetrap eupport valuee. Thie tree topology doee not repreeent novel 

phylogenetic analyeee; they are the DRD4/DRD4re clade that wae recovered from Fig. 1.

Fegure 6. Phyletic dietribution of dopamine receptor genee in vertebratee.
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Fegure 7. Alignment of the human dopamine receptor 2 (DRD2) with zebrafieh (Danio rerio), 

coelacanth (Latimeria chalumnae) and epotted gar (Lepisosteus oculatus ) dopamine receptor 2l 

(DRD2l). Shaded regione denote tranemembrane domaine according to UniProt. Dopamine 

binding eitee, agoniet and antagoniet binding eitee were predicted with theoretical and 

computational techniquee(Yaehar et al., 2004) and experimental evidence(Shi & Javitch, 2002). 

Amino acide in the third intracellular loop conferring G protein eubunit G³i epecificity(Senoglee 

et al., 2004) are indicated by orange aeterieke.

Fegure 8. Alignment of the human dopamine receptor 4 (DRD4) with zebrafieh (Danio rerio), 

coelacanth (Latimeria chalumnae) and epotted gar (Lepisosteus oculatus) dopamine receptor 4re 

(DRD4re).  Shaded regione denote tranemembrane domaine according to UniProt. Dopamine 

binding eitee (red dote) were determined by eite directed mutageneeie(Cumminge et al., 2010)  

and homology to DRD2. Antagoniet binding eitee and hydrophobic pocket-including eelectivity 

region-were obtained from mutageneeie etudiee(Cumminge et al., 2010) and from the cryetal 

etructure of the receptor coupled to the antagoniet nemonapride(Wang et al., 2017). Non-

coneerved amino acide in the nemonapride binding pocket are labeled with green aeterieke. 

Binding eitee for the eelective agoniet UCSF924 are aleo ehown (light blue dot).

Fegure 9. Structural detaile of the human DRD4 binding eite to the antipeychotic drug 

nemonapride (in blue). (A) Coneerved amino acide within 4Å of the drug molecule are ehown 

with functional groupe (in red). Non-coneerved amino acide (in green) were changed (ineet A´) to

the reeidue preeent in the fieh epeciee: F91Y and V193I. Mutageneeie wae eimulated chooeing the

rotamer with the higheet probability (B). Partial alignment of the human dopamine receptor 4 

(DRD4) with zebrafieh (Danio rerio), coelacanth (Latimeria chalumnae) and epotted gar 

(Lepisosteus oculatus) dopamine receptor 4re (DRD4re) ehowing the numbere correeponding to the
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human DRD4 eequence (NP_000788). Conserved and non-conserved aminoacids shown in (A) 

are indicated with red and green dots respectively. Non-conserved aminoacids within the region 

are also shown in green fonts.

Fegure 10. An evolutionary hypotheeie regarding the origin of dopamine receptor genee in 

vertebratee. According to thie model, the vertebrate anceetor poeeeeeed two dopamine receptore, 

one of each claee. However, after the two rounde of whole genome duplicatione (WGD) that 

occurred in the anceetor of the group each anceetral gene (DRD1anc and DRD2anc) gave riee to four 

genee in each claee of receptore. In the caee of the DRD1 claee of dopamine receptore three out of 

the four genee originated ae a product of the WGDe were retained in the genome of the vertebrate

anceetor. In the gnathoetome anceetor, the DRD1C/E gene underwent a duplication event that gave 

riee to the actual DRD1C and DRD1E genee. Thue, the gnathoetome anceetor that exieted between 

615 and 473 mya had a repertoire of four DRD1 genee: DRD1, DRD5, DRD1C and DRD1E. In the 

caee of the DRD2 group of receptore, the vertebrate WGDe originated four genee, three of which 

were maintained in the genome of extant epeciee (DRD2, DRD3 and DRD4). In the anceetor of 

gnathoetomee, the DRD2 gene underwent a duplication event that gave riee to an extra copy of the

DRD2 gene (DRD2l). Similarly, the DRD4 gene aleo underwent a duplication event that gave riee 

to an extra copy of the gene (DRD4re). Thue, the anceetor of gnathoetome vertebratee poeeeeeed a 

repertoire of five DRD2 genee: DRD2, DRD2l, DRD3, DRD4 and DRD4re.
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Figure 1(on next page)

Maximum likelihood tree depicting evolutionary relationships among dopamine

receptors in vertebrates

Maximum likelihood tree depicting evolutionary relationships among dopamine receptors in

vertebrates. Numbers on the nodes correspond to maximum likelihood ultrafast bootstrap

support values. Human ADRA1A, ADRA1B, and ADRA1D sequences were used as outgroups.
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Figure 2(on next page)

Patterns of conserved synteny in the chromosomal regions that harbor the DRD1 class of

dopamine receptors.

Patterns of conserved synteny in the chromosomal regions that harbor the DRD1 class of

dopamine receptors.
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Figure 3(on next page)

Patterns of conserved synteny in the chromosomal regions that harbor the DRD2 class of

dopamine receptors.

Patterns of conserved synteny in the chromosomal regions that harbor the DRD2 class of

dopamine receptors.

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.4043v1 | CC BY 4.0 Open Access | rec: 12 Jan 2018, publ: 12 Jan 2018



TTC12

ANKK1

DRD2

TMPRSS5

ZW10

USP28

NCAM1

HTR3B

PTS

(*)	Hu
m
an

El
ep
ha
nt
	sh
ar
k

Sp
oÿ
ed
	Ga
r

Ch
ic
ke
n

(*) 	Hu
m
an

Co
el
ac
an
th

Sp
oÿ
ed
	Ga
r

DRD2L

ETHE1

CCDC191

QTRT2

DRD3

ZNF80

TIGIT

ZBTB20

ZDHHC23

GAP43

GRAMD1C

(*)	Hu
m
an

El
ep
ha
nt
	sh
ar
k

Sp
oÿ
ed
	Ga
r

Ch
ic
ke
n

(*)

PHLDB3

XRCC1

M
ed
ak
a

IRGQ1

CDHR5

SCT

DRD4

DEAF1

TMEM80

EPS8L2

IRF7

TALDO1

PHRF1

(*)	Hu
m
an

El
ep
ha
nt
	sh
ar
k

Sp
oÿ
ed
	Ga
r

Ch
ic
ke
n

	Hu
m
an

M
ed
ak
a

Co
el
ac
an
th

Sp
oÿ
ed
	Ga
r

KCP

DRD4rs

(*)

CDHR5

IRF5

TNOP3

ATP6V1F

PeerJ Preprints | https://doi.org/10.7287/peerj.preprints.4043v1 | CC BY 4.0 Open Access | rec: 12 Jan 2018, publ: 12 Jan 2018



Figure 4(on next page)

Maximum likelihood trees depicting evolutionary relationships among DRD2 and DRD2l

dopamine receptors in vertebrates

Maximum likelihood trees depicting evolutionary relationships among DRD2 and DRD2l

dopamine receptors in vertebrates. Numbers on the nodes correspond to maximum

likelihood ultrafast bootstrap support values. This tree topology does not represent novel

phylogenetic analyses; they are the DRD2/DRD2l clade that was recovered from Fig. 1.
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Figure 5(on next page)

Phyletic distribution of dopamine receptor genes in vertebrates.

Phyletic distribution of dopamine receptor genes in vertebrates.
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Figure 6(on next page)

Alignment of the human dopamine receptor 2 (DRD2) with zebrafish (Danio rerio),

coelacanth (Latimeria chalumnae) and spotted gar (Lepisosteus oculatus ) dopamine

receptor 2l (DRD2l).

Alignment of the human dopamine receptor 2 (DRD2) with zebrafish (Danio rerio), coelacanth

(Latimeria chalumnae) and spotted gar (Lepisosteus oculatus ) dopamine receptor 2l (DRD2l).

Shaded regions denote transmembrane domains according to UniProt. Dopamine binding

sites, agonist and antagonist binding sites were predicted with theoretical and computational

techniques (Yashar et al., 2004) and experimental evidence (Shi & Javitch, 2002) . Amino

acids in the third intracellular loop conferring G protein subunit G³i specificity (Senogles et

al., 2004) are indicated by orange asterisks.
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Human DRD2        MDPLNLSWYDDDL--------------ERQNWSRPFNGSDGKADRPHYNYYATLLTLLIA

Zebrafish DRD2l   MPVLNVT---EELTITASPSSAVFLSLHQSNCSVS-----PSPSSPPYNFYAVLLVLLIF

Coelacanth DRD2l  M----------------ATAVMATLHNSTS----RISNGTDQETKHTYNFYAMLLMLLIF

Spotted gar DRD2l M-----------VLAALNESQVGFLGNGTSGWGGSGSNSTEPERRHPYNFYAMLLTLLIF

                  *                            .                **:** ** *** 

Human DRD2        VIVFGNVLVCMAVSREKALQTTTNYLIVSLAVADLLVATLVMPWVVYLEVVGEWKFSRIH

Zebrafish DRD2l   CVVFGNVLVCVAVSREKALQTTTNYLIVSLAVSDLLLATLVMPWGVYLEVVGEWRFSRIH

Coelacanth DRD2l  VIVFGNVLVCMAVSREKALQTTTNYLIVSLAVADLLVATLVMPWVVYLEVVKEWRFSLIH

Spotted gar DRD2l VIVFGNVLVCMAVSREKALQTTTNYLIVSLAVADLLVATLVMPWVVYLEVVGEWRFSLIH

                   :********:*********************:***:******* ****** **:** **

Human DRD2        CDIFVTLDVMMCTASILNLCAISIDRYTAVAMPMLYNTRYSSKRRVTVMISIVWVLSFTI

Zebrafish DRD2l   CDVLLTLDVMMCTASILNLCAISIDRYTAVAMPLLYNTRYSSRRRVALMIAVVWFLSFAI

Coelacanth DRD2l  CDIFVTLDVMMCTASILNLCAISIDRYTAVAMPMLYNTRYSSKRRVSVMIAVVWVLSFAI

Spotted gar DRD2l CDIFVTLDVMMCTASILNLCAISIDRYTAVAMPMLYNTRYSSKRRVTVMIAVVWVLSFAI

                  **:::****************************:********:***::**::**.***:*

Human DRD2        SCPLLFGLNNADQNE---CIIANPAFVVYSSIVSFYVPFIVTLLVYIKIYIVLRRRRKRV

Zebrafish DRD2l   SCPLLFGLNNTASQEGRDCSFADPAFVVYSSVASFYVPFIVTLLVYVQICVVLRRRGRRT

Coelacanth DRD2l  SCPLLFGLNKTATREITKCSIANPAFVLYSSIVSFYVPFIITLLVYVQIYVVLRRRRKRV

Spotted gar DRD2l SCPLLFGLNNTATRDVTKCSIANPAFVVYSSIVSFYVPFIITLLVYVQIYVVLRRRRKRV

                  *********::  .:   * :*:****:***:.*******:*****::* :***** :*.

Human DRD2        N-TKRSSRAFR-AHLRAPLKGNCTHPEDMKLCTVIMKSNGSFPVNRRRVEAARRA--QEL

Zebrafish DRD2l   APTRRRAANTEPADAQRTRKNKCTHPEDVKLCTLILKPPAAAPQRKKVVTLVKEAVVHPL

Coelacanth DRD2l  T-TRRSSGATE-PEAQPQIKNKCTHPEDVKLCTLIVKSDGGSAPTKKKVTLVREAMVHPI

Spotted gar DRD2l A-TRRNSSGAE-TEQQPPRKNKCTHPEDVKLCTLIVKSNSSFAPNRKKVTLVKEAVVHPA

                    *:* :   . .. :   *.:******:****:*:*. .. . :: *  .:.*  :  

Human DRD2        EMEMLSSTSPPERTRYSPIPPSHHQLTLPD-----PSHHGLHSTPDSPAKPEKNGHAKDH

Zebrafish DRD2l   DVEPVCFLS-ADREQTQTQPSGRAKLSLSV-----APCAGQSGPGPRRDTLQEKTHTEKH

Coelacanth DRD2l  DSEQAQIVSQPDKSRQKG-PPLGLQLVTPATSCTLASVAGHPSPMEVPILPKANGLLK-F

Spotted gar DRD2l DSDRVRFLAQPERTRPKG-PPLGSQSVSPAPSRPLPSAGALPA-----LAPSLHGHPK-L

                  : :     : .:: : .  *.   :   .      ..  .  .       . :   :  

Human DRD2        PKIAKIFEIQTMPNGKTRTSLKTMSRRKLSQQKEKKATQMLAIVLGVFIICWLPFFITHI

Zebrafish DRD2l   ------------------AAAKERVRGRLSQQKERKATQMLAIVLGVFIICWLPFFLTHV

Coelacanth DRD2l  KKATAAFEIPRAPEEKTGTSLKSVAKGKLSQQKEKKATQMLAIVLGVFIICWLPFFITHI

Spotted gar DRD2l KR---AFEAPRVAGEDKGT-FKSTAKGRLSQQKEKKATQMLAIVLGVFIICWLPFFITHI

                                    :  *   : :******:*********************:**:

Human DRD2        LNIHC-DCNIPPVLYSAFTWLGYVNSAVNPIIYTTFNIEFRKAFLKILHC

Zebrafish DRD2l   LKAHCGSCCISPSLYSAVTWLGYLNSAVNPVIYTTFNIEFRKAFIKILHC

Coelacanth DRD2l  LRVHCLRCDISSELYSTVTWLGYVNSAVNPIIYTTFNVEFRKAFIKILHC

Spotted gar DRD2l LRVHCLRCYISPELYSIVTWLGYVNSAVNPIIYTTFNVEFRKAFMKILHC

                  *. **  * *.. *** .*****:******:******:******:*****
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Figure 7(on next page)

Maximum likelihood trees depicting evolutionary relationships among DRD4 and DRD4rs

dopamine receptors in vertebrates

Maximum likelihood trees depicting evolutionary relationships among DRD4 and DRD4rs

dopamine receptors in vertebrates. Numbers on the nodes correspond to maximum

likelihood ultrafast bootstrap support values. This tree topology does not represent novel

phylogenetic analyses; they are the DRD4/DRD4rs clade that was recovered from Fig. 1.
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Figure 8(on next page)

Alignment of the human dopamine receptor 4 (DRD4) with zebrafish (Danio rerio),

coelacanth (Latimeria chalumnae) and spotted gar (Lepisosteus oculatus) dopamine

receptor 4rs (DRD4rs).

Alignment of the human dopamine receptor 4 (DRD4) with zebrafish (Danio rerio), coelacanth

(Latimeria chalumnae) and spotted gar (Lepisosteus oculatus) dopamine receptor 4rs

(DRD4rs). Shaded regions denote transmembrane domains according to UniProt. Dopamine

binding sites (red dots) were determined by site directed mutagenesis (Cummings et al.,

2010) and homology to DRD2. Antagonist binding sites and hydrophobic pocket-including

selectivity region-were obtained from mutagenesis studies (Cummings et al., 2010) and from

the crystal structure of the receptor coupled to the antagonist nemonapride (Wang et al.,

2017) . Non-conserved amino acids in the nemonapride binding pocket are labeled with

green asterisks. Binding sites for the selective agonist UCSF924 are also shown (light blue

dot).
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Human DRD4         PRRPSGPGPPSPTPPAPRLPQDPCGPDCAPPAPGLPRGPCGPDCAPAAPSLPQDPCGP--

Zebrafish DRD4rs   PRG-----RRSLSLRLGAALQKEKGRAREKVVYLMPAG-LSPTSLTATPTTPISSTSPVT

Coelacanth DRD4rs  RER-----GFSFSLHSSSAWRER----QERVSYLKPS--LSPAS----------------

Spotted gar DRD4rs ERR--------FSLSLKGLRRER----REKVKYLMPS--LSPTA----------------
                    .          :       :.             *    .* .                

Human DRD4         ----DC-APPAPGLPPDPCGSNCAPPDAVRAAAL--PPQTPPQT-----------RRRRR

Zebrafish DRD4rs   LTTDDLAEGQMPGAESDPMTTQMDSVSDAENPER--ATEDD-------------------

Coelacanth DRD4rs  -------PTRGD-PEDDCATTQLDSTSDAEAPDRAAAKVGS-RRNGLR---YSQSSVKKS

Spotted gar DRD4rs -------ANPANMPENDLITTQLDSTSDVEAQER--LKEGSPKENGLKNHGLGKGSQSKS

                                   *   ::  . . ..                              

Human DRD4         MGNRSTADADGLLAGRGPAAGASAGASAGL------AGQGAAALVGGVLLIGAVLAGNSL

Zebrafish DRD4rs   --------------------MVNVTPSIDP--TAAHEGYNYLALICGVPLILIIILGNVL

Coelacanth DRD4rs  M------------------AGANATRNVTLGDEGDDITYNYLALFLGILLIITIILGNIL

Spotted gar DRD4rs --------------------MVNVTPTGTL--EKDDVEYNYLALVFGILLILIIILGNIL

                                       ...  .            .  **. *: **  :: ** *

TM1

Human DRD4         DVMLCTASIFNLCAISVDRFVAVAVPLRYNRQGGSRRQLLLIGATWLLSAAVAAPVLCGL

Zebrafish DRD4rs   DVMLCTASILNLCAISVDRYIAVVVPLKYNRNQFSVRQLALITATWVLSLGVASPVIFGL

Coelacanth DRD4rs  DVMLCTASILNLCAISVDRYIAVLVPLRYNRNQFSGRQLVLIVATWVLSLGVASPVIFGL

Spotted gar DRD4rs DVMLCTASILNLCAISVDRYIAVIVPLKYNRNQFSMRQLILITATWVLSFGVASPVIFGL

                  *********:*********::** ***:***:  * *** ** ***:** .**:**: **

TM3 TM4

Human DRD4         NDVRGRDPAVCRLEDRDYVVYSSVCSFFLPCPLMLLLYWATFRGLQRWEVARRAKLHGRA

Zebrafish DRD4rs   NQVPNRNPHVCKLEDNQFVVYSSVCSFFVPCPVMLFLYYWMFRGLKRWSSGRNRSHLRRP

Coelacanth DRD4rs  NRVPNRDPRVCKLEDNNFVVYSSACSFFVPCPVMLLLYYWMFRGLRRWGANRRGQSR-QD

Spotted gar DRD4rs NRVPNRDKHVCKLEDDNFIVYSSVCSFFVPCPVMLLLYYWMFRGLRKWSASRKSNLM-RG

                  * * .*:  **:*** :::****.****:***:**:**:  ****::*   *. .   : 

TM5

Human DRD4         VNSALNPVIYTVFNAEFRNVFRKALRACC--

Zebrafish DRD4rs   VNSAVNPIIYTAFNVEFRNVFHKLL--CCRS

Coelacanth DRD4rs  VNSAVNPIIYTAFNTEFRDVFHKLL--CCWM

Spotted gar DRD4rs VNSAVNPIIYTAFNTEFRNVFQKLL--CCQT

                  ****:**:***.**.***:**:* *  **  

TM7

Human DRD4         VCVSVATERALQTPTNSFIVSLAAADLLLALLVLPLFVYSEVQGGAWLLSPRLCDALMAM

Zebrafish DRD4rs   VCLSVLTERSLKTATNYFIVSLAVADLLLAILVLPLYVYSEFLGGIWTLSMYICDALMTM

Coelacanth DRD4rs  VCLSVLTERTLKTATNYFIVSLAVADLLLAVLVLPLYVYSEFQGGIWTLNTYLCDALMTM

Spotted gar DRD4rs VCLSVLTERSLKTATNYFIVSLAVADLLLAVLVLPLYVYSEFLGGIWTLNTYICDALMTM

                  **:** ***:*:*.** ******.******:*****:****. ** * *.  :*****:*

TM2TM1

Human DRD4         A----KITGRERKAMRVLPVVVGAFLLCWTPFFVVHITQALCPACSVPPRLVSAVTWLGY

Zebrafish DRD4rs   -------SGRE-----------SVFLACWTPFFVVHVTKALCESCDIGPTLISVVTWLGY

Coelacanth DRD4rs  HWWGRRVSGRERKAMK-----VRVFLACWTPFFVVHVTKVLCEACNIGPTLISVVTWLGY

Spotted gar DRD4rs H----RVSGRERKAMKVLP-IVGVFLACWTPFFVVHVTKVLCVSCDIGPTLISVVTWLGY

                        :***            .** *********:*:.** :*.: * *:*.******

TM6

Agonist Binding

hydrophobic pocket

DA binding 

Antagonist binding

selectivity

*

*
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Figure 9(on next page)

Structural details of the human DRD4 binding site to the antipsychotic drug

nemonapride (in blue)

Structural details of the human DRD4 binding site to the antipsychotic drug nemonapride (in

blue). (A) Conserved amino acids within 4Å of the drug molecule are shown with functional

groups (in red). Non-conserved amino acids (in green) were changed (inset A´) to the residue

present in the fish species: F91Y and V193I. Mutagenesis was simulated choosing the

rotamer with the highest probability (B). Partial alignment of the human dopamine receptor 4

(DRD4) with zebrafish (Danio rerio), coelacanth (Latimeria chalumnae) and spotted gar

(Lepisosteus oculatus) dopamine receptor 4rs (DRD4rs) showing the numbers corresponding to

the human DRD4 sequence (NP_000788). Conserved and non-conserved aminoacids shown in

(A) are indicated with red and green dots respectively. Non-conserved aminoacids within the

region are also shown in green fonts.
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Figure 10(on next page)

An evolutionary hypothesis regarding the origin of dopamine receptor genes in

vertebrates.

An evolutionary hypothesis regarding the origin of dopamine receptor genes in vertebrates.

According to this model, the vertebrate ancestor possessed two dopamine receptors, one of

each class. However, after the two rounds of whole genome duplications (WGD) that

occurred in the ancestor of the group each ancestral gene (DRD1anc and DRD2anc) gave rise to

four genes in each class of receptors. In the case of the DRD1 class of dopamine receptors

three out of the four genes originated as a product of the WGDs were retained in the genome

of the vertebrate ancestor. In the gnathostome ancestor, the DRD1C/E gene underwent a

duplication event that gave rise to the actual DRD1C and DRD1E genes. Thus, the gnathostome

ancestor that existed between 615 and 473 mya had a repertoire of four DRD1 genes: DRD1,

DRD5, DRD1C and DRD1E. In the case of the DRD2 group of receptors, the vertebrate WGDs

originated four genes, three of which were maintained in the genome of extant species

(DRD2, DRD3 and DRD4). In the ancestor of gnathostomes, the DRD2 gene underwent a

duplication event that gave rise to an extra copy of the DRD2 gene (DRD2l). Similarly, the

DRD4 gene also underwent a duplication event that gave rise to an extra copy of the gene

(DRD4rs). Thus, the ancestor of gnathostome vertebrates possessed a repertoire of five DRD2

genes: DRD2, DRD2l, DRD3, DRD4 and DRD4rs.
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