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Abstract

Dopamine D2 and D4 receptors partially codistribute in the dorsal striatum and appear to play a 

fundamental role in complex behaviors and motor function. The discovery of D2R–D4.xR (D4.2R, 

D4.4R or D4.7R) heteromers has been made in cellular models using co-immunoprecipitation, in 
situ Proximity Ligation Assays and BRET1 techniques with the D2R and D4.7R receptors being 

the least effective in forming heteromers. Allosteric receptor-receptor interactions in D2R–D4.2R 

and D2R–D4.4 R heteromers were observed using the MAPK assays indicating the existence of 

an enhancing allosteric receptor–receptor interaction in the corresponding heteromers between the 

two orthosteric binding sites. The bioinformatic predictions suggest the existence of a basic set 

of common triplets (ALQ and LRA) in the two participating receptors that may contribute to the 

receptor-receptor interaction interfaces.
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1. Introduction

Co-immunoprecipitation experiments suggest the existence of D2R–D3R heteromers in D2R 

and D3R cotransfected HEK293 cells [1]. Antiparkinsonian D2 agonists like ropinirole and 
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pramipexole appear to have a more potent effect at the D2R–D3R heteromer binding pockets 

thus the heteromer allows the D3R to become more strongly coupled to the adenylate cyclase 

resulting in increased inhibition of its activity. The D2R has also been found to form a 

phospholipase C-coupled heteromer with the dopamine D1R in D1R–D2R cotransfected 

cells and both receptors co-immunoprecipitate in rat striatal membrane preparation [2]. 

There is evidence that the D1R–D2R heteromer possesses a specific coupling to the Gq/

11-coupled pathway giving it a unique pharmacology with high PLC activation and low 

AC activation [2]. Upon coactivation of the two receptors in the D1R–D2R heteromer the 

allosteric receptor-receptor interactions may only allow the Gq/11 to couple to the D1R–D2R 

heteromer.

Dopamine D4 receptors appear to play a fundamental role in complex behaviors mediated by 

the limbic system including novelty seeking behaviors and in the control and coordination of 

movements involving the dorsal striatum and has been postulated to form heteromers with 

adenosine A2A receptors [3–5]. Furthermore, the D2 and D4 receptors partially codistribute 

in the dorsal striatum, especially in the matrix compartment and both of them are associated 

with post-synaptic elements mainly involving dendrite shafts and dendritic spines [6]. In this 

paper we show, for the first time, that D2 receptors can also form heteromers with three 

more common human dopamine D4.xR polymorphism variants (D4.2R, D4.4R or D4.7R) to 

different degrees in HEK293T cells cotransfected with human D2LR receptors and with any 

of these D4.xR isoforms by means of BRET1 and in situ Proximity Ligation Assays (in situ 
PLA). Allosteric receptor-receptor interactions in these types of D2R–D4.xR heteromers in 

cellular models have also been investigated using the MAPK assays.

2. Materials and methods

2.1. Plasmid constructs

The constructs presented herein (D4.xR and D2LR tagged receptor) were made using 

standard molecular biology techniques employing PCR and fragment replacement strategies 

(see Supplementary data). The other constructs used (Flag-D2SR, HA-D4.xR) are described 

previously [7].

2.2. Cell culture and transfection

HEK293T cells (American Type Culture Collection, USA) were grown in Dulbecco’s 

modified Eagle’s medium supplemented with 2 mM L-glutamine, 100 units/ml penicillin/

streptomycin, and 10% (v/v) fetal bovine serum (FBS) at 37 °C and in an atmosphere of 

5% CO2. Cells were transiently transfected using linear PolyEthyleneImine reagent (PEI) 

(Polysciences Inc., USA).

2.3. Co-immunoprecipitation

Co-immunoprecipitation studies were performed as previously described (for more details 

see Supplementary data) [7].
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2.4. Proximity ligation in situ assay (Duolink)

To investigate whether dopamine D2R has the capability to interact with different isoforms 

of dopamine D4.xR we used in situ proximity ligation assay (PLA) [8]. In situ PLA was 

performed according to manufacturer’s instructions (Duolink in situ PLA detection kit 

(Olink, Sweden)). The primary antibodies of different species directed to D2LR (polyclonal 

rabbit-anti dopamine D2LR, Milipore) and to D4.xR (goat anti-dopamine D4.xR, VitoTag 

Biosciences) was used. Control experiments employed only one primary antibody or cells 

transfected with cDNAs encoding only one type of receptor. The products were visualized 

using a Leica confocal microscope.

2.5. Quantitative BRET1 assays

Quantitative BRET1 experiments have been done as previously described (see 

Supplementary data) [9].

2.6. ERK1/2 phosphorylation assay

HEK293T cells transiently co-expressing D2LR and D4.xRs were treated with the indicated 

concentration and times of each D2R and D4R agonist or antagonist and then fixed in a 

final concentration of 4% paraformaldehyde. After fixing, the cells were permeabilised by 

washing 5 times (0.1% triton-X100 in PBS), blocked for 90 min at room temperature in 

LI-COR Odyssey Blocking Buffer® and then incubated overnight at 4 °C with primary 

monoclonal mouse anti-phospho-ERK1/2 antibody (Sigma-Aldrich, Stockholm, Sweden) 

(diluted 1/10000). Then, after extensive wash, cells were incubated in the dark with 

secondary infrared probe-labeled rabbit-anti-mouse antibodies (diluted 1/1500) for 1 h 

at room temperature, washed and scanned by the Odyssey infrared scanner (LI-COR 

Biosciences).

2.7. Bioinformatic analysis of the receptor-receptor interface

Based on a bioinformatic approach, a set of amino acid triplet homologies have been 

deduced that may be responsible for receptor-receptor interactions among receptor 

heterodimers [10]. Since a significant component of the interaction interfaces leading to 

the assemblage of GPCR receptor dimers are intrinsically disordered domains [11], the 

sequences of D4.xRs were also analyzed by estimating the Disorder Index as the weighted 

average of the results of seven disorder predictors for each isoform (DI, see [12]); main 

characteristics of which are summarized in Supplementary Tables 2–4.

2.8. Statistical analysis

The number of samples (n) in each experimental condition is indicated in figure legends. For 

statistical evaluation of the biochemical data, unless otherwise specified, statistical analysis 

was performed by one-way analysis of variance (ANOVA) followed by Tukey’s Multiple 

Comparison post-test. The P value 0.05 and lower was considered significant.
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3. Results

3.1. D2LR and D4.xR form constitutive heteromers in HEK293T cells

It has been demonstrated that dopamine D2R form homo and heterodimers even in 

the absence of agonist. In order to analyze if dopamine D2R and the most common 

polymorphic variants of dopamine D4.xR in the human population, namely D4.2R, D4.4R 

and D4.7R, can interact resulting in a heterodimeric complex, we used three different 

approaches, co-immunoprecipitation, in situ PLA and the BRET technology. Classic co-

immunoprecipitation performed on extracts of transiently cotransfected HEK293T cells was 

conducted with different combinations of the three polymorphic variants of D4.xR and 

with D2SR. As seen in Fig. 1A, the upper panel displays the immunoblot obtained with 

anti-HA antibodies revealing the presence and position of the HA tagged D4.2R, D4.4R and 

D4.7R immunoreactive bands after immunoprecipitation of the FLAG tagged D2SR receptors 

by means of antibodies against the FLAG. The differential position of the D4.2R, D4.4R 

and D4.7R immunoreactive bands is clearly seen, demonstrating co-immunoprecipitation of 

the D4.2R, D4.4R and D4.7R with the D2SR. In the lower panel the immunoblot obtained 

with the anti-FLAG antibodies also shows the presence of the FLAG tagged D2SR in the 

four lanes after the anti-FLAG immunoprecipitation. Proper expression of the constructs 

was confirmed by Western blots with their respective anti-HA and anti-FLAG antibodies 

performed on total cell lysates (left panel of Fig. 1A).

3.2. In situ PLA detection of D2LR and D4.xR physical interaction in HEK293T cells

For in situ detection of D2LR and D4.xR (D4.2R, D4.4R or D4.7R) heteromers, a version 

of the PLA technique was applied using unconjugated primary antibodies from different 

species, one recognizing D2R (rabbit anti-D2R) and the other recognizing D4R (goat anti-

D4R), which are detected by secondary antibodies covalently coupled to oligonucleotides, 

the so-called proximity MINUS and PLUS probes. Only when both primary and secondary 

antibodies are bound to their respective target molecules can proximity-dependent ligation 

and rolling circle amplification of a circular DNA reporter molecule occur (Fig. 1B). 

Subsequent hybridization of complementary red fluorescence-labeled oligonucleotides to 

the rolling circle amplification visualized the PLA-detected D2LR–D4.xR interactions as red 

clusters (blobs) (Fig. 1C). Specificity was demonstrated by the failure of seeing red clusters 

over the nuclei and their absence after omitting either one of the antibodies. Furthermore, 

the fluorescent labelled oligonucleotides did not cause the appearance of red clusters unless 

the amplification procedure had been performed (data not shown). PLA positive red clusters 

are found mainly located along the surface membrane of the cells following all combinations 

of receptor co-expression (D2LR–D4.xR). The lowest number of red clusters (blobs) was 

found after cotransfection with D2LR and D4.7R. The low number of PLA signals detected 

for D2LR–D4.7R in these cell lines was not due to a variable receptor expression level as 

receptor level expression was almost equal for each receptor pair co-expressed. In summary, 

these results are consistent with our co-immunoprecipitation results and indicated that D2R–

D4.xR form heteromers.
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3.3. Study of D2LR and D4.xR heteromerization in HEK293T cells by BRET1 assays

To further characterize the heterodimeric interactions of dopamine D4.xR polymorphic 

variants and dopamine D2R we examined the possibility of direct receptor-receptor 

interactions by constructing quantitative BRET saturation curves in cells transiently co-

transfected with a constant amount of D4.2R-Rluc, D4.4-Rluc or D4.7-Rluc construct 

and increasing concentrations of the D2LR-YFP plasmids. Although BRET isotherm 

curves generated by fluorescence- and luminescence-directed measurements provide the 

theoretical behavior sufficient to predict receptor heterodimers, this analysis does not take in 

account the receptor expression level required for a proper quantitative analysis of receptor-

receptor interactions. In view of which, we conducted saturation experiments in which the 

amount of each receptor effectively expressed in transfected cells was monitored for each 

individual experiment by correlating both total luminescence and total fluorescence with 

the receptor densities (fmol/mg total protein, Supplementary M&M and Fig. 1). The linear 

regression equations derived from “Supplementary material” were thus used to transform the 

luminescence and fluorescence values into receptor number. BRET signals were plotted as a 

function of the ratio between the receptor-YFP/receptor-Rluc numbers.

As shown in Fig. 2A and B, significant quantitative BRET signals were found for the D2LR–

D4.2R and D2LR–D4.4R pairs, giving also the highest maximum BRET values (BRETmax). 

A substantially lower BRETmax signal was obtained with the D2LR–D4.7R pair which 

was also shown to possess a significantly higher BRET50 value (Fig. 2B). In all cases, 

BRET increased as a hyperbolic function of the increasing concentration of the YFP fusion 

construct, reaching an asymptote at the highest concentrations used. To test that the BRET 

signal was indeed a result of a specific protein–protein interaction, we performed two 

essential control experiments. First, we co-expressed the D2LR-Rluc with soluble YFP 

which indeed led to marginal signals that increased linearly with increasing amounts of 

YFP expressed (Fig. 2A and B). Secondly, we over-expressed increasing concentrations of 

WT receptor (Supplementary Fig. 2) in combination with the protomers of the BRET pair 

(constant ratio 1:1) and investigated whether the WT receptor could reduce the BRET signal. 

Over-expression of the WT receptor significantly reduced the BRET ratio, as shown in the 

BRET competition curves in Supplementary Fig. 2.

The existence of D4.xR homomers has also been studied and compared with D2LR 

homomers (Supplementary Fig. 3). In contrast to the results obtained with the D2R–D4.xR 

heteromers similar BRETmax values were found with D4.2R, D4.4R and D4.7R homomers 

(only small reduction in the BRETmax for the D4.7R homomer). However, the D4.7R 

homomer had significantly reduced BRET50 value vs the D4.2R and D4.4R homomers. When 

comparing the BRET saturation curves obtained for the D2LR, D4.2R and D4.4R homo- 

and heterodimers (Supplementary Table 1), similar BRET50 values for the heteromers were 

obtained, indicating that the receptors had similar relative affinities to one another. However, 

the BRET50 of D4.7R homodimers showed a significantly higher affinity with respect to 

the D2LR–D4.7R heterodimer and D2LR, D4.2R and D4.4R homo- and heterodimers. This 

has important implications, since it suggests that, under basal conditions, D4.7R homo- 

and heterodimers have a different probability of forming when the two receptors are 

heterologously expressed. Instead, it is very probable that D4.7R receptor subtypes may 
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form mainly homodimers when they are co-expressed with other D4.xR isoforms or D2R 

subtypes.

3.4. Structural determinants potentially involved in hetero- vs homooligomerization 
based on bioinformatic analysis

Based on a bioinformatics approach, Tarakanov and Fuxe [10] have deduced a set of triplet 

homologies that may be responsible for receptor-receptor interactions. This set consists 

of two non-intersecting subsets: ‘pro-triplets’ and ‘contra-triplets’. Any protriplet appears 

as a homology in at least one heterodimer but does not appear as a homology in any 

non-heterodimer. Just the reverse, any contra-triplet appears in at least one non-heterodimer 

but does not appear in any heterodimer. In the D2LR–D4.xR heteromer two pro-triplets 

has been identified; ALQ in the first intracellular loop of both receptor protomers and 

the LRA in the third intracellular loop (IL3) of D2LR and C-terminal tail of D4.xR (Fig. 

3A and Supplementary Fig. 4). The triplet of amino acid residues ALQ (Ala-Leu-Gln) 

appears as a homology in one more receptor heterodimer: D2R–D3R, whereas the triplet 

LRA (Leu-Arg-Ala) appears as a homology in two more heterodimers: D2R-NTS1 and 

TLR1-TLR2. Moreover, the triplets ALQ and LRA may play a role in the HIV entry and the 

repeat proteins [10]. Taken together with the BRET experimental results, these bioinformatic 

predictions suggest the existence of two sets of common triplets in the two participating 

receptors that may contribute in the receptor-receptor interaction interfaces.

The analysis of the intrinsic disorder in D4.xR provided a high mean disorder index in the 

IL3 for all the analyzed isoforms of the receptor, suggesting a potential significant role 

of this domain in receptor-receptor interactions involving D4.xR. As shown in Fig. 3B, 

if the size of IL3 is also taken into consideration (by estimating an Integrated Disorder 
Index as the product of the mean DI and the number of AA forming the domain) a 

significant difference between D4.7R and the other D4.xR isoforms can be observed. Thus, 

this bioinformatics analysis is consistent with the possibility of a different behavior of the 

three alleles as far as receptor-receptor interactions are concerned.

3.5. Functional consequences of D2LR–D4.xR heteromerization on ERK1/2 
phosphorylation

The receptor-receptor interactions within the D2LR–D4.xR heteromers were studied by 

analysis of ERK1/2 phosphorylation after selective D2R (quinerolane) and D4R (PD168077) 

agonist treatment and their combination in D2LR–D4.2R, D2LR–D4.4R and D2LR–D4.7R 

cotransfected cells. When D2LR and D4.xR were expressed alone; selective agonist 

activation of D2.2R and D4.4R (with agonist concentrations 3 times the Ki values (50 nM)) 

produced a somewhat more short-term activation over a period of 10 min while selective 

agonist activation of D4.7R and D2LR produced a somewhat prolonged response (20 min) 

in terms of MAPK activation (Supplementary Fig. 5A). The time course experiments of 

co-expressing cells are shown in Fig. 4A. Both the D2R and D4R agonists produced a 

rise of ERK1/2 phosphorylation with combined treatment resulting in additive actions. It 

is of substantional interest that in the D2LR–D4.7R unlike D2LR–D4.2R and D2LR–D4.4R 

co-expressing cells no additive effects could be observed on the MAPK activity (Fig. 4A). 

Thus, indications are obtained that allosteric receptor-receptor interactions are different 
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in D2LR–D4.7R heteromers not allowing the D4R agonist to produce any further effect 

on ERK1/2 phosphorylation compared with the one produced by the D2R agonist in this 

heteromer.

The D4R agonist modulation of the D2R agonist concentration-response curve in D2LR–

D4.2R, D2LR–D4.4R and D2LR–D4.7R cotransfected cells is displayed in Fig. 4B. We can 

observe that the D4R agonist shifts the D2R agonist concentration-response of ERK1/2 

phosphorylation to the left in the case of D2LR–D4.2R, D2LR–D4.4R but not D2LR–D4.7R 

cotransfected cells. Thus, an enhancing D4.xR–D2LR interaction may exist in the D2LR–

D4.2R, D2LR–D4.4R cells with D4.xR activation potentially increasing the affinity of the 

D2LR agonist binding sites.

The detailed pharmacological analysis is shown in Supplementary Fig. 5B and C with 

selective D2R (L741–626) and D4R antagonists (L641–642) counteracting the rises of the 

ERK1/2 phosphorylation produced by D2R and D4R agonists in D2LR and D4.xR alone and 

co-expressing cells, respectively.

4. Discussion

Evidence is presented with the PLA method that in HEK293 cells D2LR can form 

heteromers with D4.7R and especially with D4.2R and D4.4R located mainly along the 

plasma membrane seen as PLA positive red clusters (blobs). The specificity was seen from 

the absence of these clusters when only one type of DA receptors was transfected into the 

HEK293 cells or when only one of the DA receptor antibodies was employed. Evidence 

was also obtained with the BRET1 technique that D2LR can form heteromers with D4.2R, 

D4.4R and D4.7R, the D4.7R being the least capable one as seen from the reduced BRETmax 

and increased BRET50 values compared with those obtained with the D4.2R and D4.4R 

protomers in line with the results using the PLA method. Specificity is assigned in the 

BRET competition assays. The PLA and BRET1 results were strongly supported by the 

results from the co-immunoprecipitation experiments. In the immunoblot with the antibodies 

against the HA tag of the HAD4.xR constructs the co-immunoprecipitated D4.xR isoforms 

could clearly be distinguished after immunoprecipitation of the FLAG D2SRconstruct with 

the antibody of its FLAG tag.

The functional consequences of the different types of D2R-D4.xR heteromers formed were 

evaluated in the MAPK assay using selective D2R (quinerolane) and D4R agonists (PD) and 

their combination.

Combined treatment resulted in additive effects on ERK1/2 phosphorylation for D4.2R, 

D4.4R but not for D4.7R containing heteromers with the other protomer being D2LR. 

Thus, the integrated signal of MAPK was different in the D2LR–D4.7R heteromers with 

a failure of the D4R agonist to produce additive effects on the D2R agonist induce ERK1/2 

phosphorylation. D4.2R and D4.4R had a more rapid onset of ERK1/2 phosphorylation 

and disappearance upon D4R agonist treatment alone than D4.7R which upon D4R agonist 

activation had a similar prolonged time-course as found with D2R agonist induced activation 

of the D2LR alone. This temporal profile existed at D4.7R both as a homomer and as 
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heteromer with D2LR. The most interesting findings were obtained in the D4R agonist 

modulation of the ERK phosphorylation concentration-response curves to the D2R agonist 

at the 10 min time-interval testing the MAPK signaling of the three types of D2R–D4.xR 

heteromers demonstrated in this study. Upon D4R agonist activation of the D4.2R and D4.4R 

the concentration-response curve was shifted to the left, which was not the case after agonist 

activation of the D4.7R. Thus, the D2R protomer appears to develop an increased affinity 

of their agonist binding sites after agonist activation of the D4.2R and D4.4R protomer 

of the heteromer indicating the existence of an enhancing allosteric receptor–receptor 

interaction in the corresponding heteromers between the two orthosteric binding sites. This 

receptor-receptor interaction does not appear to develop between the D4.7R and D2LR upon 

D4R agonist activation implying that many tandem repeats in the D4.xR may alter the 

development of the allosteric receptor-receptor interaction in a heteromer built up of D4.7R 

and D2LR. This may also help explain the failure to see additive effects on MAPK activity 

after combined treatment of D2R and D4R agonist at D2LR–D4.7R heteromers. It may be that 

this deficit in the allosteric D2R–D4.7R interaction is linked to a reduced ability of these two 

DA receptors to form heteromers as judged from the PLA and BRET1 assays. It should also 

be noted that the size of the disordered regions is significantly increased in intracellular loop 

3 of D4.7R which may increase its ability to form homomers and reduce its ability to form 

heteromers with D2LR.

In terms of homomers of D4.2R, D4.4R and D4.7R as studied with the BRET1 technique 

the rank order among them was different compared with the heteromers they formed with 

D2LR (see above). In the case of homomer formation the D4.7R showed an increased affinity 

(reduced BRET50) compared with D4.2R and D4.4R while the opposite was true for the 

formation of the respective heteromers (see above). Also there were no clear-cut differences 

among the tandem repeats of D4.xR studied with regard to the BRET1
max values obtained in 

homomer formation. It therefore seems that D4.2R and D4.4R more easily form heteromers 

with D2LR-while D4.7R may favor the formation of homomers over heteromerization with 

D2LR.

Taken together, D2LR–D4.xR heteromers have been demonstrated in cellular models and 

their integrated signaling at the MAPK is different in the D2LR–D4.7R heteromers vs the 

other two heteromers. It is postulated that these novel D2R–D4.xR heteromers play a role in 

the forebrain.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Dopamine D2R and the different polymorphic variants of dopamine D4.xR form constitutive 

heteromers. Representative images were obtained in co-immunoprecipitation experiments 

and in situ PLA. (A) Co-immunoprecipitation studies of FLAGD2SR and HAD4.2/4.4/4.7R 

were performed in HEK293T cells. Immunoprecipitation (IP) was made with mouse 

anti-FLAG (M2) antibody (2 μg). Proteins were visualized with HRP-coupled anti-FLAG 

M2 or rabbit anti-HA (lysates) or mouse anti-HA (16B12) (IP blot) antibody (1/1000) 

and HRP-coupled anti-mouse (1/2000). Signal denoting anti-FLAG antibody is indicated 
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with (*). (B) Schematic representation of in situ PLA detection. Blue and green is 

indicate the primary and oligo-conjugated secondary antibodies. The long curved black 

line represents the circular DNA template that resulted from proximity-dependent ligation 

and was amplified by rolling circle amplification. The fluorescent-oligonucleotide detection 

probes are represented by red-asterisk. (C) HEK293T cells were transiently transfected with 

D2LR and D4.xR and grown as described in Section 2. After fixation, in situ PLA was 

performed with D2R and D4R-specific antibodies, followed by PLA reagents. The detected 

heterodimers are represented by the fluorescent rolling circle products (red clusters). Nuclei 

are shown in blue (DAPI). (For interpretation of the references to color in this figure legend, 

the reader is referred to the web version of this article.)
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Fig. 2. 
Quantitative analysis of D2LR and D4.xR heterodimerization. BRET1 donor saturation curves 

were performed by transfecting HEK293T cells with a constant DNA concentration of 

acceptor receptor-Rluc and increasing concentrations of donor receptor-YFP constructs. 

BRET1 ratio, total fluorescence, and total luminescence as well as transformed values 

into receptor numbers were determined as described under supplementary material. The 

curves represent 8 saturation curves that were fitted using a non-linear regression equation 

assuming a single binding site.
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Fig. 3. 
(A) Bioinformatic analysis and sequence alignment of D4.xR and D2R receptor homologies 

containing the triplet homologies ALQ (in the IL1 in both receptors) and LRA (in the IL3 

and C-tail of D2R and D4.xR, respectively) in the receptor interface. The following amino 

acid residues are marked by a color code as the basic elements of leucine-rich motifs. Red 

bold, (Leu). Orange bold, (Ile) and (Val) that may also occupy a position of Leu in leucine-

rich motifs. Green, (Asn) and (Cys). Black bold, (Ser) and (Thr) where agonist-regulated 

phosphorylation may occur. White letters are charged amino acids: negatively charged (dark 
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blue background) (Glu), (Asp) or positively charged (dark red background) (Arg), (Lys), 

(His). Color-shaded are two-letter homologies which include leucine and seem rather typical 

for ligand-receptor interactions: LL (green), LI or IL and LV or VL (blue), LN (pink), 

together with ‘leucine-serine zipper’ LSS, LS or SL (yellow). (B) Per-residue analysis of the 

intrinsic disorder in D4.xR. The molecular model of D4.4R is represented (in red the lateral 

and cytosolic views of IL3) Each amino acids (aa) was assigned a Disorder Index value 

as the ratio between the number of predictors estimating it as belonging to a disordered 

sequence and the total number of predictors used. Thus, this value ranges between 0 (no 

predictor estimated the aa as ‘disordered’) and 1 (all the predictors estimated the aa as 

‘disordered’). (For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article.)
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Fig. 4. 
Functional consequences of D2LR–D4.xR heteromerization on ERK1/2 phosphorylation. (A) 

An in cell western assay was used to measure ERK1/2 phosphorylation in HEK293T cells 

co-expressing D4.xR and D2R receptors and treated in presence or absence of D2R and 

D4R receptor selective agonists (quinerolane, 50 nM and PD168077 (PD), 50 nM) in the 

time frame of 0–45 min. Similar experiments were carried out without stimulation (vehicle). 

The data represent the mean ± SEM; n = 3 in quadruplicate. Combined quinerolane and 

PD168077 D2LR–D4.2R is significantly different compared to quinerolane D2LR–D4.2R in 
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the range of 5–25 min (+++: P < 0.001). Combined quinerolane and PD168077 D2LR–D4.4R 

is significantly different compared to quinerolane D2LR–D4.4R in the range of 5–20 min 

(***: P < 0.001) and 20–25 min (**: P < 0.01), by two-way analysis of variance (ANOVA). 

(B) Concentration-response curve of quinerolane induced ERK1/2 phosphorylation. Cells 

co-expressing D2R and D4.xR were stimulated in presence or absence of the D4R selective 

agonist PD168077 (100 nM) during 10 min. PD168077 at 100 nM shifts the concentration-

response curve of quinerolane on ERK1/2 phosphorylation to the left in cells co-expressing 

only D2LR–D4.2R and D2LR–D4.4R. Data represent the mean ± SEM; n = 3 in triplicate. 

Qlane: quinerolane.
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