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Abstract 19 

The 5-HT2A receptor is a homodimeric G protein-coupled receptor implied in multiple 20 

diseases, including schizophrenia. Recently, its co-crystallisation with the antipsychotic drugs 21 

zotepine and risperidone has revealed the importance of its extracellular domains in its 22 

pharmacology. Previous studies have shown that the non-specific disruption of extracellular 23 
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disulphide bridges in the 5-HT2A receptor decreases ligand binding and receptor activation. 24 

There is enough evidence to hypothesize that this decrease may be due to a reduction of the 25 

disulphide bridge that links transmembrane domain 3 (TM-3) and extracellular loop 2 (ECL-26 

2) of the 5-HT2A receptor via cysteine 148 (C148) and C227. 27 

Thus, to study the influence of the C148 – C227 disulphide bridge on 5-HT2A receptor 28 

pharmacology, we substituted C148 and C227 in the human 5-HT2A receptor (WT) with 29 

alanines, to obtain two single mutants (C148A and C227A) and a double mutant 30 

(C148A/C227A), and the resultant DNA constructs were used to generate four stable cell 31 

lines. These substitutions reduced the binding of the 5-HT2A receptor to [
3
H]lysergic acid 32 

diethylamide ([
3
H]LSD) and impeded the 5-HT2A receptor-mediated activation of 33 

phospholipase C (PLC). Furthermore, bioluminescence resonance energy transfer (BRET) 34 

and western blotting analysis revealed that these mutations did not alter the homodimeric 35 

nature of the 5-HT2A receptor. However, fluorescence microscopy showed that these 36 

mutations hindered receptor trafficking to the cell membrane. 37 

These results illustrate the importance of the disulphide bridge between TM-3 and ECL-38 

2 in maintaining the correct 5-HT2A receptor conformation to allow ligand binding and 39 

migration of the homodimeric receptor to the cell membrane.  40 

 41 

Keywords 42 

Serotonin 2A receptor; GPCRs; extracellular domains; disulfide bridge; ligand binding 43 

 44 

1. Introduction 45 
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The serotonin 2A receptor (5-HT2A), a G protein-coupled receptor (GPCR), is implicated 46 

in the pathogenesis of multiple diseases, such as schizophrenia (1). Antagonism of this 47 

receptor is part of the mechanism of action of the majority of antipsychotic drugs used in 48 

therapeutic practice today, because it contributes to alleviate the negative symptoms of the 49 

disease (2,3). Therefore, there is a necessity to elucidate the complex pharmacology of the 50 

5-HT2A receptor.  51 

From a functional point of view, the 5-HT2A receptor activates phospholipase C (PLC) 52 

through a Gq protein, leading to the intracellular release of inositol phosphate species (IPs), 53 

which act as second messengers. Apart from PLC activation, the 5-HT2A receptor stimulates 54 

G12/13 proteins to release arachidonic acid (AA) into the extracellular space. Interestingly, the 55 

5-HT2A receptor was among the first receptors for which functional selectivity was described 56 

(4). Functional selectivity is the process by which a ligand stabilises the different 57 

conformations of a receptor to allow the subsequent activation of different intracellular 58 

pathways (5).  59 

Similar to other GPCRs, the 5-HT2A receptor is reported to form homodimers which are 60 

the minimal functional unit for both IPs and AA pathways (7-9). Moreover, this receptor also 61 

forms heterodimers with the dopamine 2 (D2) receptor (8), the cannabinoid 1 (CB1) receptor 62 

(9), the serotonin 1A (5-HT1A) receptor (10), and the glutamate 2 (mGlu2) receptor (11–13). 63 

These oligomers have emerged as novel therapeutic targets that can be specifically 64 

manipulated to treat different diseases as their properties differ from their monomeric 65 

counterparts (14–18). 66 

Although a vast amount of literature is dedicated to it, the molecular basis of 5-HT2A 67 

receptor activation remains unknown, restricting the development of more effective drugs. 68 

Targeting the 5-HT2A receptor is now easier due to the availability of the crystal structure of 69 
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the protein in complex with the antagonistic compounds risperidone and zotepine (19). This 70 

crystal structure has revealed insights regarding the 5-HT2A recognition site, which can be 71 

divided into two regions: the orthosteric binding pocket, which is situated in a cleft formed by 72 

the transmembrane domains, and the extended binding site, which is responsible for ligand 73 

recognition. This extended binding site is anchored by a disulphide bridge between cysteine 74 

148 (C148) in transmembrane domain 3 (TM-3) and cysteine C227 in extracellular loop 2 75 

(ECL-2). Further studies support that another extracellular disulphide bridge between 76 

cysteines in extracellular loop 3 (ECL-3) could participate in stabilizing this extended binding 77 

site (20,21). 78 

The TM-3 - ECL-2 disulphide bridge is conserved in more than 90 % of all GPCRs 79 

(22,23) and is involved in stabilising the extracellular region of the protein. It links TM-3, 80 

which is related to class A GPCR activation (24), and ECL-2, which acts as a lid over the 81 

orthosteric binding site (25,26). Therefore, it seems to be key for ligand binding selectivity 82 

(27), activation of different signalling pathways (28), and allosteric modulation (29,30). 83 

Molecular dynamics experiments have suggested that this bridge is established only in active 84 

GPCR conformations (31), further supporting its essentiality for GPCR activation. 85 

In previous studies we have shown that the non-specific reduction of the extracellular 86 

domain of the 5-HT2A receptor by dithiothreitol (DTT) leads to a decrease in [
3
H]lysergic acid 87 

diethylamide ([
3
H]LSD) specific binding and agonist efficacy, without affecting the 88 

homodimeric nature of the receptor. Modelling experiments suggest that the specific 89 

reduction of the TM-3 - ECL-2 disulphide bridge implies an increase in the flexibility of 90 

ECL-2, allowing it to be introduced into the orthosteric binding pocket and sterically prevent 91 

its interaction with ligands such as LSD (32). For these reasons, we hypothesised that C148 – 92 

C227 disulphide bridge may stabilize the orthosteric binding site of the homodimeric 5-HT2A 93 

receptor, facilitating ligand binding. Thus, the aim of this work was to study its role on 5-94 
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HT2A receptor pharmacology, by using different constructs that are unable of maintaining this 95 

bridge. 96 

 97 

2. Materials and methods 98 

2.1.Chemical, plasmids and reagents 99 

The myc N-terminally tagged and enhanced yellow fluorescent protein (eYFP) C-100 

terminally tagged wild type 5-HT2A receptor (WT) cloned in a pcDNA3.1 and previously used 101 

in our laboratory (33) was cloned into pcDNA5/FRT/TO, purchased from Invitrogen 102 

(Darmstadt, Hesse, Germany). Point mutations were introduced using QuickChange II XL 103 

Site Directed mutagenesis kit, purchased from Agilent Technologies (Cedar Creek, Texas, 104 

USA), following the instructions of the manufacturer (Table 1). Four plasmids were obtained: 105 

pcDNA5/FRT/TO myc-5-HT2A-eYFP, pcDNA5/FRT/TO myc-5-HT2AC148A-eYFP, 106 

pcDNA5/FRT/TO myc-5-HT2AC227A-eYFP and pcDNA5/FRT/TO myc-5-107 

HT2AC148A/C227A-eYFP. Likewise, the same mutated constructs were introduced into a 108 

Renilla luciferase (Rluc) fusion protein expression vector (pRluc-N2), purchased from 109 

BioSignal Packard (Montreal, Quebec, Canada), containing the myc-5-HT2A insert, to obtain 110 

pRluc-N2 myc-5-HT2AC148A, pRluc-N2 myc-5-HT2AC227A and pRluc-N2 myc-5-111 

HT2AC148A/C227A .  112 

[
3
H]LSD (specific activity: 82.9 Ci/mmol), [

3
H]myo-inositol (specific activity: 20.3 113 

Ci/mmol), RNA Binding YSi SPA Beads and OptiPhase Supermix scintillation cocktail were 114 

purchased from Perkin Elmer (Rodgau, Hesse, Germany). Universol™-ES liquid scintillation 115 

cocktail was purchased from MP Biomedical™ (Santa Ana, California, USA). Fura-2 QBT™ 116 

Calcium Kit was purchased from Molecular Devices (Sunnyvale, California, USA). Hanks 117 

Balanced Salt Solution (HBSS), HEPES, hygromycin B, paraformaldehyde, Hoechst 33342 118 
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dye, ER-tracker™ Red dye, Lipofectamine
®
 LTX, coelenterazine h, zeocin, doxycycline and 119 

horseradish peroxidase (HRP) conjugated anti-glyceraldehyde-3-phosphate dehydrogenase 120 

(GAPDH) antibody, SDS-PAGE in Bolt™ 4 - 12% Bis-Tris Plus Gels and foetal bovine 121 

serum (FBS) were purchased from Thermo Fisher (Alcobendas, Madrid, Spain). The rabbit 122 

anti myc-tag antibody and the HRP-conjugated anti-rabbit antibody were purchased from Cell 123 

Signalling Technology (Danvers, Massachusetts, USA). Wheat germ agglutinin conjugated 124 

with Alexa Fluor 555 was purchased from Invitrogen (Paisley, Renfrewshire, UK). The goat 125 

anti-rabbit antibody conjugated with Alexa Fluor 647 was purchased from Abcam 126 

(Cambridge, Cambridgeshire, UK) Bovine serum albumin (BSA) Fraction V Fatty acid free 127 

was purchased from La Roche (Basel, Switzerland). The ECL™ Prime Western Blotting 128 

Detection Reagent was purchased from GE Healthcare (Little Chalfont, Buckinghamshire, 129 

UK). Radioimmunoprecipitation Lysis Buffer System (RIPA buffer) was purchased from 130 

Santa Cruz Biotechnology (Dallas, Texas, USA). All other chemicals and reagents were 131 

purchased from Sigma Aldrich (Taufkirchen, Bayern, Germany). 132 

 133 

2.2.Stable cell line generation 134 

Cell lines were generated using the Flp-In™ T-REx™ technology. Briefly, the Flp-In 135 

T-REx-293 cell line, derived from 293 human embryonic kidney (HEK293) cells and 136 

purchased from Invitrogen (Darmstadt, Hesse, Germany), resistant to zeocin, was co-137 

transfected with the Flp-recombinase transfection vector pOG44 (purchased from Invitrogen; 138 

Darmstadt, Hesse, Germany) and pcDNA5/FRT/TO plasmids containing the human 5-HT2A 139 

or its mutant constructs, using polyethyleneimine (PEI) in a 4:1 ratio. Twenty-four hours later, 140 

zeocin was removed from the medium and cells were selected for their acquired resistance to 141 

hygromycin B (200 µg/mL). The resulting colonies were expanded and cultured in 142 
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Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10 % (v/v) FBS, 200 143 

µg/mL hygromycin B, 5 µg/mL blasticidin, 1 % (v/v) GlutaMAX™ and 1 % (v/v) 144 

penicillin/streptomycin (complete medium). Successful transfection of the plasmids and, 145 

therefore, presence of the receptor, was checked by seeding the transfectants (cell lines 146 

expressing WT, C148A, C227A, and C148A/C227A receptors) into clear-bottom 96-well 147 

plates (Perkin Elmer; Tres Cantos, Madrid, Spain), with medium supplemented with 10 148 

ng/mL doxycycline. Twenty-four hours later, fluorescence microscopy images of eYFP-149 

tagged receptorexpression were obtained using a High Content Imaging System (Operetta, 150 

Perkin Elmer). Only cells up to passage number 20 were used. 151 

 152 

2.3.Binding assays in membrane fraction 153 

Membrane fractions were prepared from the generated cell lines following a 24 hours 154 

receptor expression induction with 10 ng/mL doxycycline. Next, cells were harvested and 155 

pelleted by centrifugation at 800 ×g for 15 minutes at 4 ºC. Pelleted cells were then lysed in 156 

50 mM Tris-HCl (pH 7.50) and homogenized with a Polytron homogenizer. The homogenate 157 

was centrifuged at 48000 ×g for 40 minutes at 4 ºC, and the resulting pellet was resuspended 158 

in 50 mM Tris-HCl (pH 7.50) at 4 ºC. Protein concentration was determined through the 159 

Bradford method using the Bio-Rad Protein Assay (Bio-Rad, California, USA) with BSA as 160 

the standard. 161 

Binding experiments were carried out in clear flat-bottomed 96-well plates (Thermo 162 

Fisher; Alcobendas, Madrid, Spain). Here, eight different concentrations (0.08 nM to 10 nM) 163 

of [
3
H]LSD were incubated with 60 µg protein/well in incubation buffer (50 mM Tris-HCl, 164 

pH 7.50). To study total binding (BT) of the different cell lines, each preparation was 165 

incubated with 1 nM of radioligand. Non-specific binding was determined by the addition of 166 
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1 μM methysergide. The reaction mixture was incubated at 37 °C for 30 min, after which 200 167 

µl of each reaction mix were transferred to a Multiscreen GF/B 96-well filter plate (Millipore; 168 

Billerica, Massachusetts, USA), pretreated with 0.50 % (v/v) PEI, filtered, and washed six 169 

times with 250 μl wash buffer (50 mM Tris-HCl, pH 6.60), before the addition of 30 µl/well 170 

of Universol™. The radioactivity was measured in a Microbeta
2
 2450 reader (Perkin Elmer). 171 

 172 

2.4.Binding assays in whole cells 173 

Whole cell binding experiments were carried out in Falcon
®

 clear, flat-bottomed and 174 

tissue culture-treated 96-well plates (Corning; New York, USA) precoated with 20 µg/mL 175 

poly-D-lysine for 30 minutes at 22 ºC. Cells were seeded at an optimized density of 176 

10
5
 cells/well in complete medium supplemented with 10 ng/mL doxycycline. Twenty-four 177 

hours later, cells were incubated with 1 nM [
3
H]LSD for 30 minutes at 37 ºC. In competition 178 

experiments, risperidone was added at different concentrations. Non-specific binding was 179 

determined by addition of 1 μM methysergide. Next, cells were washed three times with ice 180 

cold NaCl (0.90 % (v/v)) and lysed with absolute ethanol for 20 minutes at 4 ºC. Cell lysates 181 

were then transferred into a clear-bottom 96-well Flexiplate (Perkin Elmer, Tres Cantos, 182 

Madrid, Spain) and mixed with OptiPhase. Radioactivity was measured using a Microbeta
2
 183 

2450 reader (Perkin Elmer). 184 

 185 

2.5.IPs accumulation measurements 186 

Cells were seeded in Falcon
®
 clear, flat-bottomed and tissue culture-treated 96-well 187 

plates precoated with 20 µg/mL poly-D-lysine for 30 minutes at 22 ºC, at an optimized 188 

density of 7.5 · 10
4
 cells/well in complete medium. After 24 hours, the medium was replaced 189 
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by DMEM containing 10 μCi/mL of [
3
H]myo-inositol and 10 ng/mL doxycycline. Twenty-190 

four hours later, cells were washed with HBSS supplemented with 20 mM HEPES, 20 mM 191 

LiCl, and 2 % (w/v) BSA (pH 7.55) for 10 minutes, and then incubated 20 minutes with the 192 

indicated compounds. Next, cells were lysed with 100 mM of formic acid for 30 minutes, and 193 

an aliquot of 20 μL was mixed in a clear-bottom 96-well Flexiplate with a 1/16 dilution of 194 

RNA YSi binding SPA beads. Radioactivity was measured in a Microbeta
2
 2450 reader 195 

(Perkin Elmer). 196 

 197 

2.6.Calcium mobilization measurements 198 

Cells were seeded into clear, flat-bottomed, black-walled, 384-well plates (Greiner Bio-199 

One, Frickenhausen, Baden-Württemberg, Germany) precoated with 20 µg/mL poly-D-lysine 200 

for 30 minutes at 22 ºC. Cell density was optimized to 6 · 10
4 

cells/well in 25 µL of complete 201 

medium supplemented with 10 ng/mL doxycycline. After 24 hours, dye loading buffer was 202 

prepared by dissolving the contents of one vial of dye (Fura-2 QBT™ Calcium Kit) with a 203 

volume of 10 mL HBSS, supplemented with 20 mM HEPES and 5 mM probenecid and 204 

adjusted to pH 7.40. Then, 25 µL of dye loading buffer was added to each well and incubated 205 

for 1 hour at 37 °C. Changes in fluorescence due to intracellular calcium mobilization (λex(1) 206 

340 nm, λex(2) 380 nm, λem 540 nm) were measured using a calcium imaging plate reader 207 

system (FDSS7000EX, Hamamatsu
®

) every second after establishing the base line. The 208 

calcium peak in response to agonists occurred from 10 s to 20 s following stimulation. 209 

Antagonist compounds were preincubated with the cells 3 minutes before addition of the 210 

agonist. Output was calculated as the ratio between 340 nm and 380 nm wavelength signals at 211 

each time point during the assay. From the ratiometric signal trace, the maximum-minimum 212 

value was calculated.  213 
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 214 

2.7.Fluorescence microscopy 215 

In order to detecting the receptor expression in cell compartments, two different 216 

approaches were employed: eYFP fluorescence intensity detection and immunocytochemistry 217 

techniques.  218 

For eYFP fluorescence intensity measurements, cells were seeded in clear-bottom 96-219 

well plates (PerkinElmer; Tres Cantos, Madrid, Spain) precoated with 20 µg/mL poly-D-220 

lysine for 30 minutes at 22 ºC at an optimized density of 4 · 10
4
 cells/well and in the presence 221 

of 10 ng/mL doxycycline. Twenty-four hours later, cells were fixed with 4 % (w/v) 222 

paraformaldehyde for 10 minutes at 22 ºC, washed, and incubated with 1 µM ER-tracker™ 223 

Red for 1 hour and with 2.50 µg/mL Hoechst 33342 for 30 minutes at 22 ºC. After washing 224 

with HBSS twice, cells were imaged using the High Content Imaging System Operetta 225 

(Perkin Elmer) under the brightfield channel and three fluorescent channels: λex 500 nm and 226 

λem 540 nm to measure YFP fluorescence; λex 570 nm and λem 615 nm to measure ER-227 

tracker™ Red fluorescence, and λex 350 nm and λem 445 nm, to measure Hoechst 33342 228 

fluorescence. Image Analysis was conducted with the Harmony High Content Imaging and 229 

Analysis Software (Perkin Elmer), to quantify: total receptor expression, by measuring 230 

fluorescence intensity of YFP in whole cells; receptor presence in the cell membrane, by 231 

measuring fluorescence intensity of YFP in the plasmatic membrane; and receptor presence in 232 

the endoplasmic reticulum (ER), by measuring co-localization of the YFP receptor and the 233 

stained ER. 234 

In the immunocytochemistry approach, cells were seeded in clear-bottom 96-well plates 235 

(PerkinElmer; Tres Cantos, Madrid, Spain) precoated with 20 μg/mL poly-D-lysine for 30 236 

minutes at 22 ºC at an optimized density of 5·10
4
 cells/well. In half of the wells, receptor 237 
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expression was induced by exposition to 10 ng/mL doxycycline. Twenty-four hours later, 238 

cells were fixed with 4 % (w/v) paraformaldehyde for 10 minutes at 22 ºC, washed and 239 

incubated with 2.50 μg/mL Hoechst 33342 and 1.50 µg/mL wheat germ agglutinin conjugated 240 

with Alexa Fluor 555 (W32464; Invitrogen, Paisley, UK) in HBSS (pH 7.40). After 30 241 

minutes at 37ºC, cells were treated with a blocking buffer containing 5 % BSA in HBSS at 22 242 

ºC for 30 minutes. Then, cells were exposed to a 1:400 solution of an anti-myc-tag rabbit 243 

antibody in DMEM at 4 ºC. Eighteen hours later, cells were washed and incubated for one 244 

hour with a 1:200 solution of a goat anti-rabbit antibody conjugated with Alexa Fluor 647. 245 

After washing with HBSS twice, cells were imaged using the High Content Imaging System 246 

Operetta (Perkin Elmer) under the brightfield channel and three fluorescent channels: λex 650 247 

nm and λem 670 nm to measure Alexa Fluor 647 (which stained the receptor); λex 550 nm 248 

and λem 580 nm to measure Alexa Fluor 555 (which stained the plasmatic membrane), and 249 

λex 350 nm and λem 445 nm, to measure Hoechst 33342. Image Analysis was conducted with 250 

the Harmony High Content Imaging and Analysis Software (Perkin Elmer) to quantify 251 

receptor presence in the cell membrane, by measuring Alexa Fluor 647 intensity only in the 252 

plasmatic membrane, stained with Alexa Fluor 555. Fluorescence intensity in cells non 253 

exposed to doxycycline was subtracted from fluorescence intensity in cells exposed to 254 

doxycycline. 255 

2.8.Bioluminescence Resonance Energy Transfer (BRET) 256 

BRET saturation experiments were performed in transiently transfected HEK293T/17, 257 

cultured in DMEM supplemented with 10 % (v/v) FBS, 1 % (v/v) GlutaMAX™ and 1 % 258 

(v/v) penicillin/streptomycin. Cells were seeded at a density of 5 · 10
4
 cells/well in white, flat-259 

bottomed 96-well plates (Greiner Bio-One, Frickenhausen, Baden-Württemberg, Germany). 260 

Then, cells were co-transfected with a fixated amount of pRluc-N2-GPCR plasmid (1.25 261 

ng/well) and increasing amounts of pcDNA3-GPCR-YFP plasmid (up to 100 ng/well, unless 262 
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otherwise noted) using Lipofectamine
®
 LTX in a 2.50:1 ratio. DNA amount was completed 263 

up to 150 ng DNA/well with empty pcDNA3. Twenty-four hours later, YFP expression 264 

(YFPc) was quantified in each well by direct measurement of the fluorescence emission at λem 265 

530 nm, after excitation at λex 480 nm in an Infinite
®
 M1000 microplate reader (Tecan, 266 

Männedorf, Switzerland). Then, the cells were incubated with 125 µM coelenterazine h for 10 267 

minutes at 37 ºC, and BRET was quantified by dual bioluminescence measurement (370 – 268 

480 nm filter for Rluc emission and 520 – 570 nm filter for YFP emission). Ten minutes later, 269 

total luminescence (400 – 700 nm filter) was quantified as a measure of donor expression 270 

(Rlucq). Results were expressed as mili net BRET units, which correspond to the net BRET 271 

ratio values multiplied by 1000 and were represented as a function of the acceptor 272 

expression/donor expression (YFPc/Rlucq). 273 

 274 

2.9.Western blotting 275 

Cells were grown for 24 hours in the presence of 10 ng/mL doxycycline and lysed in 276 

RIPA buffer supplemented with 1 % (v/v) sodium orthovanadate, 1 % (v/v) 277 

phenylmethylsulphonyl fluoride, and 1 % (v/v) protease inhibition cocktail, for 1 hour at 4 ºC. 278 

The suspension was centrifuged at 14000 ×g for 30 minutes and the supernatant was collected 279 

for protein concentration quantification by Bradford Assay. Equivalent amounts of protein (60 280 

µg) were incubated at 37 ºC for 20 minutes in 4× lithium dodecyl sulphate loading buffer, 281 

resolved by SDS-PAGE in Bolt™ 4 - 12% Bis-Tris Plus Gels and transferred to a 282 

polyvinylidene difluoride membrane. The blot was blocked with 5 % (w/v) BSA for 1 hour at 283 

22 ºC and incubated overnight with the anti-myc tag rabbit primary antibody (1:1000) at 4 ºC. 284 

After extensive washing (1 M Tris-HCl; 1.15 M NaCl; 0.10 % (v/v) Tween 20; pH 7.70), the 285 

blot was incubated with an anti-rabbit HRP-conjugated antibody (1:5000) for 1 hour at 22 ºC. 286 
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Detections were performed by enhanced chemiluminescence using the ECL™ Prime Western 287 

Blotting Detection Reagent. To quantify the loading control, GAPDH, blots were incubated 288 

with an HRP-conjugated anti-GAPDH antibody (1:10000) overnight at 4 ºC and resolved. 289 

 290 

2.10. Data analysis 291 

Saturation curves were fitted to a hyperbolic function in GraphPad Prism 5.0 (GraphPad 292 

Software, La Jolla, USA). The percentage of specific binding (SB) was calculated for each 293 

cell line as ((BT-NSB)/BT)·100; where BT is the total binding of the radioligand and NSB is 294 

the non-specific binding of the radioligand. Concentration-response curves were analysed 295 

through non-linear fitting using GraphPad Prism 5.0 software by applying both a four-296 

parameter logistic equation and a five-parameter logistic equation, and statistical comparisons 297 

between fits were performed with extra sum-of-squares F Test, being the statistical 298 

significance set at P < 0.05. In BRET saturation experiments, BRET efficiency was a function 299 

of YFP emission and Rluc emission, as previously described (32). Statistical comparisons 300 

between different parameters were carried out by one-way ANOVA followed by Tukey’s 301 

multiple comparisons test, and statistical significance was set at P < 0.05. 302 

 303 

3. Results 304 

3.1.The C148 – C227 disulphide bridge is critical for ligand binding to 5-HT2A 305 

receptor  306 

In order to assess whether the C148 – C227 disulphide bridge is related to 5-HT2A 307 

receptor ligand binding, we substituted the cysteine residues involved in this bridge to 308 

alanines, to form single and double mutated receptors. They were stably expressed in 309 
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HEK293 cells using Flp-In™ T-REx™ technology, to generate four isogenic cell lines with 310 

doxycycline-inducible receptor expression (34): WT, C148A, C227A and C148A/C227A cell 311 

lines. 312 

To evaluate the effect of the C148 and C227 to alanine substitutions on ligand binding, 313 

we used [
3
H]LSD as a radioligand in the membrane fraction of the receptor expressing cells. 314 

Despite the specific binding of the WT receptor to [
3
H]LSD (Bmax = 513.30 ± 7.69 fmol/mg of 315 

protein and KD = 0.78 ± 0.08 nM, Figure 1A), we found that the specific binding obtained for 316 

the C148A, C227A, and C148A/C227A mutated receptors was blunted when compared to 317 

WT, and similar to that obtained for the non-transfected (NT) cell line (Figure 1B). 318 

To study the effect of absence of the C148 – C227 disulphide bridge in ligand binding 319 

in whole cells, we used [
3
H]LSD as a radioligand and found the affinity of risperidone in the 320 

WT cell line to be 0.21 nM (Figure 2A), which is similar to the affinity reported in the 321 

literature (35). The specific binding of [
3
H]LSD was higher in the WT cells than in the NT 322 

cells. The mutated receptors showed a specific binding to [
3
H]LSD that was 50 % lower than 323 

the specific binding of the WT receptor. Besides, the specific binding obtained in the mutated 324 

receptors was higher than the specific binding obtained in NT cells (Figure 2B). 325 

 326 

3.2.Signalling via PLC is impaired when the C148 – C227 disulphide bridge is 327 

broken 328 

Given the modest specific binding of [
3
H]LSD observed in whole cells expressing the 329 

mutated receptors, we studied the effect of substituting C148 and C227 to alanines on the 330 

intracellular signalling pathways by measuring PLC activation at two levels: IPs accumulation 331 

and calcium mobilization.  332 
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We validated the cell line expressing the WT receptor with the endogenous agonist 333 

serotonin (5-HT) and the hallucinogens (±)2,5-dimethoxy-4-iodoamphetamine ((±)DOI) and 334 

LSD, by measuring IPs accumulation (Figure 3A). Both (±)DOI and LSD behaved as partial 335 

agonists with similar potencies to those previously reported (36). However, the potency 336 

obtained for 5-HT was higher than the previously described (37) (Table 2). The effect of 337 

clozapine and haloperidol was evaluated by inhibition of the effect exerted by (±)DOI at its 338 

EC80 (0.10 µM). The antagonist potency (KB) was 37.60 nM for clozapine and 685 nM for 339 

haloperidol (Figure 3B and 3C, respectively). 340 

Next, we studied the effect of the mutations on IPs accumulation elicited by the three 341 

agonists. We observed that IPs signalling was dampened in C148A, C227A, and 342 

C148A/C227A cell lines (Figure 3D). 343 

To assess whether the C148 – C227 disulphide bridge is necessary to activate PLC, we 344 

proposed the study of its activation at a different level, by measuring calcium mobilization 345 

(Figure 4A). The potencies and efficacies elicited by the agonists 5-HT, (±)DOI, and LSD in 346 

the WT cell line were in agreement with those reported in literature (38) (Table 3). When 347 

evaluating the inhibition of the effect exerted by (±)DOI at its EC80 (0.10 µM) by the two 348 

antagonists clozapine and haloperidol, the potencies obtained were 4.98 nM and 92.60 nM, 349 

respectively (Figure 4B and 4C). 350 

Then, we studied the effect of the mutations in the calcium mobilization response 351 

elicited by the three agonists. We found that this response was impaired in C148A, C227A, 352 

and C148A/C227A cell lines (Figure 4D), even when using saturating concentrations of 353 

agonists 5-HT and (±)DOI (Figure 4E). It was not possible measuring the response to 100 354 

µM LSD owing to its insolubility in aqueous medium 355 

 356 
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3.3.The absence of the C148 – C227 disulphide bridge in the 5-HT2A receptor 357 

conditions its trafficking to the cell membrane 358 

Cell surface expression of the receptor in each generated cell line was evaluated by the 359 

induction of the receptor expression through treatment with 10 ng/mL doxycycline for 24 h 360 

(Figure 5, green). Then, we stained cell nuclei with Hoechst dye (Figure 5, blue) and 361 

endoplasmic reticulum with ER-tracker™ red dye (Figure 5, red). 362 

We then measured total fluorescence intensity of YFP (IT) in the cells and considered 363 

the WT cell line expression as 100 %. C148A mutated receptor expression was higher than 364 

WT, while C227A receptor expression was lower (Figure 6). In addition, when measuring the 365 

localization of the receptor on the cell surface, the mutations induced a decrease in receptor 366 

trafficking to the cell membrane by up to 50 %, compared to WT (Figure 7A). Besides, 367 

receptor expression of C148A and C148A/C227A receptor mutants in the cell membrane was 368 

higher than C227A receptor. This was confirmed with immunocytochemistry experiments, 369 

(Figure 7B). 370 

The decrease of the receptor presence in the cell membrane might be explained by a 371 

higher retention of the aberrant receptor in the endoplasmic reticulum. To study it, we 372 

measured fluorescence intensity of YFP in the endoplasmic reticulum (IRE), compared to the 373 

fluorescence intensity of YFP in the whole cell. None of the mutations resulted in a higher 374 

retention of the receptor in the endoplasmic reticulum (Figure 8). 375 

 376 

3.4.The dimeric nature of the 5-HT2A receptor is retained in the absence of the C148 377 

– C227 disulphide bridge 378 
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To assess the role of the C148 – C227 disulphide bridge in receptor oligomerization, 379 

we carried out saturation BRET experiments, where the receptor linked to the Rluc donor was 380 

fixed, and the same receptor linked to the eYFP acceptor was titrated to construct hyperbolic 381 

curves (Figure 9A). The BRET50 obtained for the WT - WT pair was 31.79, similar to that 382 

obtained for the C227A – C227A single mutant pair (BRET50 = 25.08), and for the 383 

C148A/C227A – C148A/C227A double mutant pair (BRET50 = 40.24). However, the C148A 384 

– C148A single mutant pair resulted in a higher BRET50 (BRET50 = 81.90, P < 0.01). 385 

The BRETmax obtained for WT and the mutated receptor was similar, independently of 386 

the amount of transfected DNA (Figure 9B). Increasing the total amount of transfected DNA 387 

per well (from 100 ng per well to 150 ng per well) did not change the BRETmax, although it 388 

did increase receptor expression, measured as YFPc/Rlucq ratio (Figure 9C) in the WT 389 

receptor and in the C227A receptor. Moreover, the C227A – C227A single mutant pair and 390 

the C148A/C227A – C148A/C227A double mutant pair showed lower receptor expression 391 

than the WT - WT and the C148A - C148A single mutant pairs. 392 

To assess homodimerization of the 5-HT2A receptor in the absence of the C148 – C227 393 

disulphide bridge, we used the cell lysates of the WT cell line and the C148A, C227A and 394 

C148A/C227A cell lines for western blotting. As a negative control, the lysate of NT cells 395 

was used. We found that the homodimeric form of the receptor was retained in all mutant cell 396 

lines (Figure 10A), as well as the relation dimer to monomer (Figure 10B). 397 

 398 

4. Discussion 399 

The major finding of this study was that in the homodimeric 5-HT2A receptor, the C148 – 400 

C227 disulphide bridge is key for ligand recognition. Although approximately 50 % of the 401 

mutated receptors reach the cell membrane, their affinity and potency for selected ligands 402 
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appear to be reduced. This suggests that the TM-3 and ECL-2 link in 5-HT2A receptor is 403 

crucial to properly accommodate ligands. 404 

Like most GPCRs, the human 5-HT2A receptor anchors TM-3 and ECL-2 by an 405 

extracellular disulphide bridge formed between C148
3.25

 and C227
ECL-2

. Apart from this bond, 406 

in GPCRs, extracellular cysteines can form more disulphide bridges, which are usually 407 

involved in the stabilization of different conformations of the receptor, and, hence, in ligand 408 

recognition. 409 

According to extracellular disulphide bridges, the relevance of their formation in GPCR 410 

pharmacology depends on the studied receptor. Therefore, GPCRs can be classified into six 411 

groups: one that only contains the TM-3 - ECL-2 linkage, one in which the N-terminal 412 

domain is connected to ECL-2, one in which the N-terminal domain is connected to ECL-3, 413 

and the last three with different patterns of intra-helix disulphide bridges (39). The recent co-414 

crystallisation of 5-HT2A receptor in the presence of risperidone and zotepine revealed that 415 

C148
3.25

 and C227
ECL-2

 are involved in the formation of an extracellular disulphide bridge 416 

(19). Moreover, the presence of another extracellular disulphide bridge between two cysteines 417 

in ECL-3 is energetically favourable (20,21). 418 

In the human 5-HT2A receptor, extracellular disulphide bridges have been reported to play 419 

an important role in ligand recognition. Iglesias et al. demonstrated that the non-specific 420 

reduction of the extracellular domains of 5-HT2A receptor with DTT led to a decrease in 421 

ligand binding and ability of activating different intracellular signalling pathways by different 422 

ligands, without affecting the homodimeric nature of 5-HT2A receptor. Molecular dynamics 423 

experiments have shown that breaking the TM-3 - ECL-2 disulphide bridge results in a 424 

collapse of the orthosteric binding site, because of the freedom that ECL-2 adopts (32). 425 
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To specifically evaluate the effect of the C148 – C227 disulphide bridge in ligand 426 

recognition by the 5-HT2A homodimeric receptor, we generated three constructs that cannot 427 

stablish this disulphide bridge. We achieved this by mutating the cysteines involved in the 428 

TM-3 - ECL-2 disulphide bridge into alanines: the two single mutant constructs, C148A and 429 

C227A, leave a free cysteine, whereas the double mutant, C148A/C227A, does not. With 430 

these constructs, we generated four stable cell lines that express the WT or the mutated 431 

receptor (C148A, C227A, or C148A/C227A) employing Flp-In™ T-REx™ technology, for 432 

studying binding properties, PLC activation, receptor trafficking and homodimerization of the 433 

5-HT2A receptor in the absence of the C148 – C227 disulphide bridge. We decided to employ 434 

an inducible receptor expression system because the non-induced cells emerged as self-435 

control of receptor expression, as well as it allows fine-tuning receptor expression, avoiding 436 

the 5-HT2A receptor internalization (40,41) that would led to misleading results. Cell line 437 

generation was checked by microscopy techniques, were we probed that all the constructs 438 

were expressed in each cell line. 439 

In order to study the influence of this disulphide bridge on 5-HT2A receptor binding, we 440 

compared the specific binding of [
3
H]LSD of the mutated receptors to the WT receptor in the 441 

cell membrane fraction. We found that the absence of this disulphide bond stunted 5-HT2A 442 

binding ability, decreasing the specific binding up to the NT cell line levels. That suggests 443 

that the C148 – C227 disulphide bridge is crucial for ligand binding in 5-HT2A receptor, as 444 

observed for the corresponding conserved disulphide bond in the adenosine A1 receptor (42), 445 

or in the adrenergic α1B receptor (43).  446 

Binding experiments carried out in membrane fractions provide good signal to noise 447 

ratios whereas whole cell binding experiments allow the study of radioligand binding in living 448 

cells and their intracellular compartments (44). To assess ligand binding in the mutated 449 

receptors, we evaluated specific binding of [
3
H]LSD in whole cells. Although there was a 450 
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decrease in the specific binding of [
3
H]LSD in the three mutant constructs compared to WT, it 451 

was higher than the specific binding obtained in the NT cells. Unlike membrane fraction 452 

binding, [
3
H]LSD binds to a small amount of mutated receptor population in living cells. 453 

These differences could be related to the cell environment that living cells is providing to the 454 

receptors, maintaining more favourable conformations to bind ligands, apart from the fact that 455 

membrane fraction imply purification of the receptor whereas in living cells the whole pool of 456 

receptor is available to bind ligands. Therefore, we investigated the possibility of amplifying 457 

the binding measurements by studying PLC activation by the agonists 5-HT, (±)DOI, and 458 

LSD using two different approaches: measuring IPs accumulation, which is a direct 459 

consequence of activating PLC, and measuring calcium mobilization, as a result from IPs 460 

accumulation. 461 

Subsequently, we found that none of the cell lines expressing the mutated receptor was 462 

able to increase neither the IPs accumulation, nor the calcium mobilization upon different 463 

agonist treatments. This is in agreement with the proposal that breaking the C148 – C227 464 

disulphide bridge results in the collapse of the orthosteric binding pocket (32), unless the 465 

receptor was so aberrant that it would not be properly trafficked to the cell membrane. 466 

It has been reported that some GPCRs can be retained in the endoplasmic reticulum or be 467 

degraded inside the cell due to amino acid substitutions. For example, the double mutation, 468 

C
N-terminal

A/C
7.25

A, in the platelet receptor P2Y12 or C
ECL-2

A/C
ECL-2

A in the adrenergic β1 469 

prevent receptor trafficking to the cell membrane (31). The C
3.25

A and C
ECL-2

A mutations 470 

impede receptor trafficking in the adenosine A1 receptor (42), or reduced trafficking by up to 471 

13 % in GPR39 (39), up to 17 % in chemokine CCR1 receptor, or up to 52 % in chemokine 472 

CCR5 receptor (45). However, the same substitutions in adenosine A2 (A2) receptor did not 473 

compromise receptor trafficking to cell membrane (42).  474 
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To study if the substitutions compromise 5-HT2A receptor trafficking to the cell 475 

membrane, we took advantage of the eYFP tag, and we stained the nuclei and the 476 

endoplasmic reticulum. Prior to study receptor localisation in the cell, we measured receptor 477 

expression in whole cells. C148A/C227A mutated receptor expression in the whole cells was 478 

similar to that obtained with the WT receptor, but C148A receptor expression was higher, and 479 

the C227A receptor expression was lower. Due to the fact that the Flp-In™ technology allows 480 

the generation of isogenic cell lines (34), the observed differences must be related to the 481 

nature of the generated receptors, so receptor trafficking to the cell membrane would be 482 

compromised as well  483 

Once we measured receptor localisation within the cell membrane, we observed that just 484 

around 50 % of the mutated receptors reached the cell membrane when compared to WT, as it 485 

happens in adenosine A2 receptor, where the substitution of extracellular cysteines by alanines 486 

reduced up to 40 % the receptor trafficking to the cell membrane (46). Besides, C227A 487 

receptor localisation within the cell membrane was lower than the C148A and the 488 

C148A/C227A receptors. We confirmed this expression pattern by an immunocytochemistry 489 

approach, emphasizing that the differences observed are related to the nature of the receptor: 490 

while the C148A/C227A receptor is unable to stablish any disulphide bridges, the single 491 

mutants leave a free cysteine to react with other extracellular cysteines, to compensate the 492 

absence of the C148 – C227 disulphide bridge (Figure 11). If that happens, the conformation 493 

of the receptor would be different to the native form, and hence, detected as aberrant. 494 

Receptors that did not localise within the cell membrane could be retained in the 495 

endoplasmic reticulum, the first checkpoint of correct protein folding in the cell. A single 496 

mutation in a critical amino acid residue may have resulted in total retention of the protein in 497 

the endoplasmic reticulum, as is the case with the follicle-stimulating hormone receptor (47). 498 

In the 5-HT2A receptor, mutating the cysteines involved in the C148 – C227 disulphide bridge 499 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

22 

 

may have increased endoplasmic reticulum retention due to stabilisation of wrong receptor 500 

conformations. Then, we measured localisation of the native and mutated receptors in the 501 

endoplasmic reticulum. We found no difference between the mutated and the WT receptors, 502 

suggesting that the substitutions do not increase the localisation of the 5-HT2A receptor in the 503 

endoplasmic reticulum, as is the case in the adenosine A2A receptor (48). Thus, the decrease in 504 

the membrane localisation of the mutated receptor is likely due to the presence of the receptor 505 

in other intracellular compartments, such as lysosomes or endosomes, which might led to 506 

receptor degradation. 507 

An extensive degradation could be related to impaired dimer formation. Previously 508 

published data has proposed that the GPCRs that exist as dimers migrate to the cell membrane 509 

as complexes (49). Therefore, the dimeric state of the receptor may condition receptor 510 

trafficking. Specifically, the TM-3 - ECL-2 disulphide bridge participates in muscarinic M3 511 

receptor homodimerization (50). In the 5-HT2A receptor, the non-specific reduction of 512 

extracellular disulphide bridges with DTT did not alter its homodimeric state (32) but this 513 

treatment is limited to the receptor that actually reaches the cell membrane. To understand if 514 

the C148A, C227A, and C148A/C227A substitutions could condition the homodimerization 515 

of 5-HT2A receptor, we carried out BRET and western blot studies. 516 

BRET studies demonstrated that all mutated 5-HT2A receptors retained their ability to 517 

oligomerize. These studies also revealed that the C148A protomers had less avidity for each 518 

other because the BRET50 values for the C148A mutant were higher than the WT receptor. 519 

The C148A single mutant left a cysteine in the ECL-2 which was free to move and interact 520 

with other extracellular cysteines. The ECL-2 domain is thought to play a key role in the 521 

dimeric interface of the adenosine A1 receptor (51), therefore, altering the structure of this 522 

domain may result in changes in the dimeric nature of this receptor. Although the ECL-2 has 523 

not been reported to participate in the 5-HT2A homodimeric interface (52), these results imply 524 
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that the conformation adopted by the C148A substituted receptor is less favourable for 525 

dimerization, probably because of the additional freedom adopted by the ECL-2. 526 

BRET studies also showed that the C227A and C148A/C227A receptor expression, 527 

which is defined by the emission ratio YFPc/Rlucq, was lower than the WT receptor. 528 

Increasing the amount of transfected DNA per well resulted in an increase in the receptor 529 

expression in all the constructs, but again, expression of C227A and C148A/C227A was 530 

lower compared to the WT receptor. Taken together with microscopy data, this suggests that 531 

the cysteine in the ECL-2 is crucial for receptor expression.  532 

We confirmed that the C148 – C227 disulphide bridge does not participate in 5-HT2A 533 

oligomerization meaning that the stunted membrane trafficking is not due to changes in 534 

receptor complexing. To confirm 5-HT2A receptor homodimerization in the presence of the 535 

mutations, we carried out western blot experiments with whole cell lysates, taking advantage 536 

of the myc-tag. We corroborated that the 5-HT2A receptor homodimerizes, as there were two 537 

immunoreactive bands; a 75 kDa band, the monomer; and a 150 kDa band, the homodimer, in 538 

the WT cell line as well as in the C148A, C227A, and C148A/C227A cell lines, as well as no 539 

differences in the dimer to monomer ratio were observed. The C148 – C227 disulphide bridge 540 

does not participate in the homodimeric interface of the 5-HT2A receptor. 541 

In summary, we demonstrated that the C148 – C227 disulphide bridge of the 542 

homodimeric 5-HT2A receptor is essential for its ligand recognition and trafficking to the cell 543 

membrane. Moreover, ECL-2 emerged as a key factor in maintaining proper receptor 544 

conformation. Although there is evidence that another extracellular disulphide bridge might 545 

be stablished in 5-HT2A receptor, we show here that the C148 – C227 disulphide bridge is 546 

crucial to 5-HT2A receptor pharmacology. The insights gained from this work may aid the 547 

design of novel antipsychotic drugs that target the 5-HT2A receptor. 548 
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Figure 1. (A) Saturation binding curve of [
3
H]LSD in the membrane fraction of the WT cell 726 

line. The values represent the mean ± SD of one representative experiment carried out in 727 

triplicate. (B) Specific binding of [
3
H]LSD in cell membrane fraction of NT cells and the 728 

generated mutant cell lines, normalized as the specific binding of each cell line. Each column 729 

represents the mean ± SD of three independent experiments carried out in triplicate. ***P < 730 

0.001 (one-way ANOVA followed by Tukey’s test). 731 

Figure 2. (A) [
3
H]LSD binding displacement curve for risperidone in the WT cell line. Each 732 

point represents the mean ± SD of three independent experiments carried out in duplicate. (B) 733 

Specific binding of [
3
H]LSD in whole cells of NT cells and of the generated mutant cell lines, 734 

normalized as the specific binding of each cell line. Each column represents the mean ± SD of 735 

three independent experiments carried out in triplicate. **P < 0.01; ***P < 0.001 (one-way 736 

ANOVA followed by Tukey’s test). 737 

Figure 3. (A) Concentration-response curves elicited by 5-HT, (±)DOI, and LSD, when 738 

measuring IPs accumulation in the WT cell line. (B) Concentration-response curve for 739 

clozapine in the presence of 0.10 µM (±)DOI in the WT cell line. (C) Concentration-response 740 

curve for haloperidol in the presence of 0.10 µM (±)DOI in the WT cell line. (D) IPs 741 

accumulation elicited by the agonists 5-HT, (±)DOI, and LSD in C148A, C227A, and 742 

C148A/C227A cell lines, compared to WT. Values represent the mean ± SD of three 743 

independent experiments carried out in triplicate. ***P < 0.001 (one-way ANOVA followed 744 

by Tukey’s test). 745 

Figure 4. (A) Concentration-response curves elicited by 5-HT, (±)DOI, and LSD, when 746 

measuring calcium mobilization in the WT cell line. (B) Concentration-response curve for 747 

clozapine in the presence of 0.10 µM (±)DOI in the WT cell line. (C) Concentration-response 748 

curve for haloperidol in the presence of 0.10 µM (±)DOI in the WT cell line. (D) Calcium 749 
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mobilization elicited by 1 µM of the agonists 5-HT, (±)DOI, and LSD  in C148A, C227A, and 750 

C148A/C227A cell lines, compared to WT. (E) Calcium mobilization elicited by 100 µM of 751 

the agonists 5-HT and (±)DOI in C148A, C227A and C148A/C227A cell lines, compared to 752 

WT. Values represent the mean ± SD of three independent experiments carried out in 753 

triplicate. ***P < 0.001 (one-way ANOVA followed by Tukey’s test). 754 

Figure 5. Fluorescence images obtained as a result of staining the cell lines expressing the 755 

WT 5-HT2A receptor (A), and the mutated C148A (B), C227A (C), and C148A/C227A (D) 5-756 

HT2A receptors. The nucleus is stained in blue, the endoplasmic reticulum is stained in red, 757 

and the receptor is represented in green. Representative microphotographs obtained out of six 758 

independent experiments carried out in septuplicate. 759 

Figure 6. Fluorescence intensity of YFP measured in whole cells expressing WT, C148A, 760 

C227A, and C148A/C227A receptors. Each column represents the mean ± SD of at least six 761 

experiments carried out in septuplicate. . *P < 0.05; ***P < 0.001 (one-way ANOVA 762 

followed by Tukey’s test). 763 

Figure 7. (A) Fluorescence measurements of YFP in the cell membrane of cells expressing 764 

WT, C148A, C227A, and C148A/C227A receptors. Each column represents the mean ± SD 765 

of at least six experiments carried out in septuplicate. (B) Fluorescence measurements of 766 

Alexa 627 fluorescence intensity (receptor) related to Alexa 555 fluorescence intensity 767 

(plasma membrane) of cells expressing WT, C148A, C227A and C148A/C227A receptors. 768 

Each column represents the mean ± SD of one representative experiment carried out in twelve 769 

identical points. *P < 0.05; **P < 0.01; ***P < 0.001 (one-way ANOVA followed by 770 

Tukey’s test). 771 

Figure 8. Fluorescence intensity in the reticulum, represented as the ratio of YFP 772 

measurements in the reticulum and YFP measurements in whole cells expressing the WT, 773 
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C148A, C227A, and C148A/C227A receptors. Each column represents the mean ± SD of at 774 

least six experiments carried out in septuplicate. *P < 0.05; **P < 0.01; ***P < 0.001 (one-775 

way ANOVA followed by Tukey’s test). 776 

Figure 9. (A) BRET saturation curves for the WT 5-HT2A receptor (black line) or the mutated 777 

receptors (C148A, red line; C227A, blue line; C148A/C227A, green line) in transiently 778 

transfected HEK293T/17 cells. Cells were co-transfected with a fixed amount of Rluc-N2-5-779 

GPCR and increasing amounts of pcDNA3-GPCR-eYFP. The graph shows the results 780 

(expressed as the mean ± SD) of one representative experiment out of three, performed in 781 

quadruplicate. (B) Values of BRETmax obtained after transfecting with 100 ng or 150 ng DNA 782 

per well, compared to the WT receptor. (C) Receptor expression measurements after 783 

transfecting with 100 ng or 150 ng DNA per well, compared to the WT receptor. The data is 784 

from one representative experiment carried out in quadruplicate. *P < 0.05; **P < 0.01; ***P 785 

< 0.001 (one-way ANOVA followed by Tukey’s test). 786 

Figure 10. (A) Western blot image obtained from cell lysates of the NT, WT, C148A, 787 

C227A, and C148A/C227A cell lines. One representative image is shown from three 788 

independent experiments (B) Protein expression quantified by densitometric analysis with 789 

Image J, and expressed as the ratio dimer/monomer. Columns represent the mean ± SD of 790 

three independent experiments. 791 

Figure 11. Representation of 5-HT2A receptor with the C148A, C227A, and C148A/C227A 792 

substitutions. Extracellular cysteines are indicated in orange; the alanine substitutions are 793 

indicated in blue. Orange arrows represent the interaction possibilities of free extracellular 794 

cysteines. 795 



Essential role of the C148 – C227 disulphide bridge in the human 

5-HT2A homodimeric receptor 

Table 1. Amino acid sequences of the critical region of the coding plasmid of the human (WT) and 

mutant 5-HT2A constructs. 

 
TM-3 ECL-2 

WT plasmid 
GYRWPLPSKLCAVWIYLDVLF 

138                                                                          158 

DDSKVFKEGSCLLADDNFVLI 

217                                                                         237 

C148A plasmid 
GYRWPLPSKLAAVWIYLDVLF 

138                                                                          158 

DDSKVFKEGSCLLADDNFVLI 

217                                                                         237 

C227A plasmid 
GYRWPLPSKLCAVWIYLDVLF 

138                                                                          158 

DDSKVFKEGSALLADDNFVLI 

217                                                                         237 

C148A/C227A 

plasmid 

GYRWPLPSKLAAVWIYLDVLF 

138                                                                          158 

DDSKVFKEGSALLADDNFVLI 

217                                                                         237 

 

  

Table



Table 2. Potency (pEC50) and efficacy (% Emax) of 5-HT, (±)DOI, and LSD, to IPs 

accumulation in the WT cell line. Values represent the mean ± SD of two independent 

experiments carried out in triplicate. 

 
pEC50 % Emax  (100 µM 5-HT) 

5-HT 7.80 ± 0.05 101.10 ± 1.36 

(±)DOI 7.44 ± 0.27 40.12 ± 3.82 

LSD 9.36 ± 0.37 25.79 ± 2.65 

  



Table 3. Potency (pEC50) and efficacy (% Emax) of 5-HT, (±)DOI, and LSD, to calcium in the 

WT cell line. Values represent the mean ± SD of three independent experiments carried out 

in triplicate. 

 
pEC50 % Emax  (10 µM 5-HT) 

5-HT 7.22 ± 0.29  96.66 ± 11.91 

(±)DOI 7.86 ± 0.17 61.88 ± 4.14 

LSD 7.72 ± 0.17 51.07 ± 4.34 
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