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Figure S1. Structures of HR ligands investigated in the DMR assay 
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Figure S2. Representative saturation binding curves determined on live HEK hH1-4R cells. For the experiments using live cells the 

following radiolabeled tracers were used: [3H]mepyramine ([3H]MEP) for HEK hH1R, [3H]UR-DE257 for HEK hH2R and [3H]UR-PI294 

for HEK hH3,4R. The non-specific binding was determined in the the presence of diphenhydramine (HEK hH1R), famotidine (HEK hH2R) 

or histamine (HEK hH3,4Rs), each at a final concentration of 10 µM. Each point represents mean ± sem of a technical triplicate from a 

representative experiment. Error bars of specific binding were calculated according to the Gaussian low of error propagation.  
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Figure S3. Representative saturation binding curves determined on live ΔGαx HEK hH1-4R cells. For the experiments using live cells, the 

following radiolabeled tracers were used: [3H]mepyramine ([3H]MEP) for hH1R, [3H]UR-DE257 for hH2R and [3H]UR-PI294 for hH3,4R. 

The non-specific binding was determined in the presence of diphenhydramine (HEK hH1R), famotidine (HEK hH2R) or histamine (HEK 

hH3,4Rs), each at the final concentration of 10 µM. Each point represents mean ± sem of the technical triplicate from a representative 

experiment. Error bars of specific binding were calculated according to the Gaussian low of error propagation.  
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Figure S4. Radioligand displacement curves determined for histamine (HIS) (blue) and a receptor specific inverse agonist (red) using live 

HEK hH1-4R cells. Cold ligands (HIS, diphenhydramine (DPH), famotidine (FAM), pitolisant (PIT) and thioperamide (THIO)) were 

incubated at indicated concentrations in presence of 5 nM [3H]mepyramine ([3H]MEP) on HEK hH1R, 50 nM [3H]UR-DE257 on HEK 

hH2R, 2 nM or 5 nM [3H]UR-PI294 on HEK hH3R or hH4R, respectively. The non-specific binding was determined in the presence of DPH 

(hH1R), FAM (hH2R) or HIS (hH3,4Rs), each at the final concentration of 10 µM. The non-specific binding was subtracted from the total 

binding to obtain the specific binding. Specific binding was normalized to the buffer value (100%) and the corrected non-specific binding 

value (0%). Each point represents mean ± sem of at least three independent experiments, each performed in triplicate.  
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Table S1. Comparison of results from radioligand competition binding experiments performed on live HEK hH1-4R cells with reference 

data.  

  pKi determined  Reference pKi 

  
Whole cells 

[3H] 

n  
Whole cells [3H] 

Whole cells 

[BRET] 

Cell membranes/ 

homogenates [3H] 

HEK hH1R 
HIS 3.37 ± 0.29 4    4.2[1], 5.62[2], 5.9[3] 

DPH 7.80 ± 0.17 3  7.40[4]  7.9[1] 

HEK hH2R 
HIS 4.32 ± 0.38 4   4.96[5] 6.27[6], # 

FAM 7.75 ± 0.33 4   7.94[5] 6.87[6], #, 7.80[7], # 

HEK hH3R 
HIS 6.80 ± 0.19 3   6.50[8], 6.3[9] 7.96[10], #, 7.9[9] 

PIT 8.72 ± 0.05 3   8.6[9] 8.57[11], #, 7.93[12], #, 8.0[9] 

HEK hH4R 
HIS 7.25 ± 0.05 3   6.66[8], 6.8[9] 7.82[10], #, 7.9[9] 

THIO 6.66 ± 0.12 3   6.81[8], 7.2[9] 7.42[10], #, 7.5[9] 

# Literature data transformed from Ki to pKi,  

The pKi values of the cold ligands (histamine (HIS), diphenhydramine (DPH), famotidine (FAM), pitolisant (PIT) 

and thioperamide (THIO)) were determined on live HEK hH1-4R cells in the presence of 5 nM [3H]mepyramine 

([3H]MEP) at hH1R, 50 nM [3H]UR-DE257 at hH2R, 2 nM or 5 nM [3H]UR-PI294 at hH3R or hH4R, respectively. 

Data shown are means ± sem from at least three independent experiments, each performed in triplicate. 
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Table S2. Radioligand competition binding experiments performed on live Gαx HEK hH1-4R cells.  

    pKi n    pKi n 

 hH1R 3.37 + 0.29 4   hH3R 6.80 + 0.19 3 

ΔGαs/l hH1R < 3 4  ΔGαs/l hH3R 6.92 + 0.31 3 

ΔGαq/11 hH1R < 3 3  ΔGαq/11 hH3R 7.14 + 0.22 3 

ΔGα12/13 hH1R 2.23 + 0.37 3  ΔGα12/13 hH3R 6.48 + 0.04 3 

ΔGαsix hH1R no expression    ΔGαsix hH3R 6.51 + 0.08 3 
 hH2R 4.32 + 0.38 4   hH4R 7.25 + 0.05 3 

ΔGαs/l hH2R 3.68 + 0.09 3  ΔGαs/l hH4R 7.12 + 0.13 4 

ΔGαq/11 hH2R 4.23 + 0.11 3  ΔGαq/11 hH4R 7.35 + 0.03 3 

ΔGα12/13 hH2R 4.14 + 0.06  
 ΔGα12/13 hH4R 7.19 + 0.16 3 

ΔGαsix hH2R 1.82 + 0.28*** 3  ΔGαsix hH4R 7.20 + 0.16 4 

The pKi values of the cold ligands (histamine (HIS), diphenhydramine (DPH), famotidine (FAM), pitolisant (PIT) and 

thioperamide (THIO)) were determined on live HEK hH1-4R cells in the presence of 5 nM [3H]mepyramine ([3H]MEP) at 

hH1R, 50 nM [3H]UR-DE257 at hH2R, 2 nM or 5 nM [3H]UR-PI294 at hH3R or hH4R, respectively. Data shown are means ± 

sem from at least three independent experiments, each performed in triplicate. Statistical difference in pKi value among 

HR subtypes relative to the control (e.g. HEK hH1R (control) versus Gαx HEK hH1R) was analyzed by one-way ANOVA 

followed by Dunnett’s multiple comparison test calculated as * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 
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Figure S5. Zoom-in on the representative DMR traces from Figure 2A in the manuscript to highlight the signal dip observed in HEK 

hH2R cells upon stimulation with HIS. Such a signal dip was not observed in HEK hH1,3,4R cells.  
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Figure S6. Lack of ligand induced DMR response in non-transfected HEK wildtype (wt) and Gαx HEK cells devoid hH1-4Rs. A: HEK 

cells were stimulated with histamine (HIS), diphenhydramine (DPH), famotidine (FAM), pitolisant (PIT) and thioperamide (THIO), each 

at a concentration of 10 µM and the DMR response was recorded for 60 min. B: Gαx HEK cells were stimulated with increasing HIS 

concentration and the DMR response was recorded for 60 minutes. Shown are representative DMR traces (means ± sem) for three (A) or 

two (B) independent experiments, each performed in triplicate.  
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Figure S7. Constitutive activity of hH1-4Rs stably expressed in HEK cells. The raw DMR traces of buffer controls (in absence of a ligand) 

recorded using transfected HEK hH1-4R cells and not transfected HEK wt cells. The peaks occur immediately upon addition of the assay 

buffer arise due to a mechanical intervention during pipetting and are usually not visible on other DMR traces because we subtract these 

buffer control traces in the course of correction of the actual measured data (ligands in assay buffer). The traces presented are means ± 

sem of at least 10 independent experiments performed in triplicate.  
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Impact of the time interval used for calculations of AUC on S/B ratios 

Stimulation of HEK hH1-4R cells with increasing histamine concentrations resulted in a positive DMR response at all 4 

HR subtypes. Depending on the receptor expressed in HEK cells, the DMR responses differed with respect to the time 

course and amplitude (Manuscript, Figure 2A). In contrast, stimulation of hH1-4R cells with receptor-specific inverse 

agonists resulted in a negatively directed DMR response (Manuscript, Figure 2C). The quality of the signals was assessed 

by calculating the signal-to-background (S/B) ratio for the respective receptor-ligand combination (Manuscript, section 

2.2.4). Here, the dependence of the S/B ratio on the time interval used to calculate the AUC was investigated. For this 

purpose, the area under curve (AUC) after 20, 40 and 60 minutes (AUC20,40,60) for the highest histamine concentration applied 

in HEK hH1-4R cells were calculated and compared (HEK hH1,2,4R cells 10 µM HIS, HEK hH3R cells 100 µM HIS). In general, 

high mean S/B values ranging from 123 to 323 were determined for HIS at all four receptor subtypes (Figure S8A, Table S3). 

In comparison to the S/B ratios determined for the agonist HIS in HEK hH1-4R cells, the mean S/Bs ratios determined for the 

inverse agonists were markedly lower ranging between 9 and 53 (Figure S8B, Table S3). With respect to HIS, the time 

interval used for the calculation of the AUC did not markedly affect the high S/B ratios in HEK hH1, 4R cells (Figure S4A, 

Table S2). However, for the hH2R and hH3R the S/B ratios improved from AUC20 to AUC60. An influence of the time interval 

used for the AUC calculation on the S/B ratio was also observed for inverse agonists (Figure S8B) showing a trend to higher 

S/B ratios from AUC20 to AUC60, except for the hH3R, where the S/B ratios remained constant. These observations are 

plausible when considering the time courses of the signal development (Manuscript, Figure 2A). In case of the hH1R the 

maximum response was reached within 20 minutes and remained nearly on a constant level, so that the time point did not 

play a role for AUC calculations. This was different for HIS in HEK hH2,3R cells (Manuscript, Figure 2A) as well for the 

inverse agonists in HEK hH1-4R (Manuscript, Figure 2C), for which the signals developed rather slowly.  

 

Figure S8. Impact of the time interval used for AUC calculation on the signal-to-background (S/B) ratio for histamine (red) and receptor 

specific inverse agonists (blue) at hH1-4Rs. The S/B ratios were calculated from the 100% and 0% values of the respective time interval. 

For histamine the AUCs of the response to 10 µM histamine (100%) and buffer (0%) were used. For the inverse agonists the AUCs for 

10 µM DPH at hH1R, 10 µM FAM at hH2R, 10 µM PIT at hH3R and 100 µM THIO at hH4R were used and normalized to the maximum 

histamine response. Data presented are means ± sem of at least three independent experiments, each performed in triplicate. 
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Table S3. S/B ratios determined for HIS and inverse agonists in HEK hH1-4R cells in the DMR assay by using AUC after 20, 40 or 60 

minutes (AUC20, 40, 60).  

  AUC20 AUC40 AUC60 n 

HEK hH1R HIS 308 ± 59 323 ± 56 310 ± 54 14 

 DPH 43 ± 21 53 ± 15 53 ± 8 3 

HEK hH2R HIS 131 ± 17 215 ± 28 277 ± 41 23 

 FAM 9 ± 1 23 ± 5 33 ± 7 3 

HEK hH3R HIS 167 ± 23 213 ± 33 218 ± 38 7 

 PIT 24 ± 3 25 ± 1 25 ± 1 3 

HEK hH4R HIS 139 ± 18 141 ± 17 123 ± 17 25 

 THIO 13 ± 7 20 ± 7 30 ± 10 3 

The S/B ratios were calculated from the 100% and 0% values of the respective time interval. For 

histamine the AUCs of the response to 10 µM histamine (100%) and buffer (0%) were used. For the 

inverse agonists the AUCs for 10 µM DPH (diphenhydramine) at hH1R, 10 µM FAM (famotidine) at 

hH2R, 10 µM PIT (pitolisant) at hH3R and 100 µM THIO (thioperamide) at hH4R were used and 

normalized to the maximum histamine response. Data presented are means ± sem of n independent 

experiments, each performed in triplicate. 
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Figure S9. CRCs constructed for histamine (HIS, red) and inverse agonists (blue) in HEK hH1-4R cells in the DMR assay by using AUC 

after 20, 40 or 60 minutes (AUC20, 40, 60). HEK hH1-4R cells were stimulated either with HIS or a specific inverse agonist and the DMR 

response was recorded for 60 minutes. Inverse agonists were abbreviated as follows: DPH (diphenhydramine), FAM (famotidine), PIT 

(pitolisant) and THIO (thioperamide). For conversion of the DMR responses to CRCs the AUC20, 40, 60 was used. Each point represents 

mean ± sem of at least three independent experiments, each performed in triplicate. 
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Table S4. The pEC50 and Emax values determined for HIS and inverse agonists determined in the DMR assay in HEK hH1-4R cells by using 

AUC after 20, 40 or 60 minutes (AUC20, 40, 60).  

  AUC20 AUC40 AUC60 

  pEC50 Emax [%] pEC50 Emax [%] pEC50 Emax [%] 

HEK hH1R HIS 7.32 ± 0.08 100 7.33 ± 0.06 100 7.43 ± 0.05 100 

 DPH 7.74 0.04 -15.4 ± 4.8 7.86 ± 0.04 -18.6 ± 3.3 7.82 ± 0.07 -21.9 ± 3.0 

HEK hH2R HIS 6.30 ± 0.05 100 6.47 ± 0.05 100 6.57 ± 0.05 100 

 FAM 6.99 ± 0.18 -8.2 ± 4.7 7.30 ± 0.04 -9.6 ± 4.9 7.37 ± 0.06 -10.3 ± 5.0 

HEK hH3R HIS 6.66 ± 0.07 100 6.57 ± 0.05 100 6.49 ± 0.06 100 

 PIT 6.88 ± 0.07 -18.0 ± 1.4 6.86 ± 0.08 -19.6 ± 2.3 7.02 ± 0.22 -20.5 ± 2.5 

HEK hH4R HIS 6.99 ± 0.05 100 7.08 ± 0.05 100 7.15 ± 0.05 100 

 THIO 7.04 ± 0.18 -20.1 ± 5.0 7.06 ± 0.13 -32.0 ± 5.3 7.04 ± 0.14 -45.0 ± 5.7 

HEK hH1-4R cells were stimulated either with HIS or a specific inverse agonist and the DMR response was recorded for 60 minutes. 

Inverse agonists were abbreviated as follows: DPH (diphenhydramine), FAM (famotidine), PIT (pitolisant) and THIO (thioperamide). 

For conversion of the DMR responses to CRCs AUC20, 40, 60 was used. Data presented are means ± sem of at least three independent 

experiments, each performed in triplicate. 

  



 16 

 

Figure S10. CRCs determined for histamine (HIS) using HEK hH1-4R cells in the absence and the presence of G protein modulators. HEK 

hH1-4R cells were pre-treated with indicated concentrations of the respective G protein inhibitor FR (green), PTX, (blue), CTX (orange) 

and gallein (red). The CRCs were constructed by calculating the AUC60 for the DMR traces recorded in the absence and the presence of 

G protein modulators at increasing HIS concentrations. Each point represents mean ± sem of at least three independent experiments, each 

performed in triplicate.  
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Figure S11. Emax and pEC50 values determined for HIS in the absence and the presence of G protein modulators. The Emax values 

determined for HIS in the absence (grey) and the presence of FR (green), CTX (orange) and PTX (blue). Bar charts show the Emax values 

were calculated using AUC60 for at the highest HIS concentration (10 µM for hH1,2,4R and 100 µM for hH3R) and normalized to the AUC60 

of the untreated control (100%) and buffer value (0%). The scatter plots show the pEC50 values determined in absence (grey) and presence 

of G protein modulators at the concentration stated above. The pEC50 were determined by plotting the AUC60 against the respective HIS 

concentration. Data presented are means ± sem of at least three independent experiments, each performed in triplicate. Statistical 

differences were analyzed by one-way ANOVA followed by Tukeys’s multiple comparison and are indicated as asterisks (* p ≤ 0.05, ** p 

≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001). 
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Figure S12. CRCs determined for histamine (HIS) using ΔGαx HEK hH1-4R cells The CRCs were constructed by calculating the AUC60 for 

the DMR traces recorded at increasing HIS concentrations. The AUC60 at the respective HIS concentration (hH1,2,4Rs 10 µM HIS and hH3R 

100 µM HIS) using ΔGαx HEK hH1-4R cells was normalized to the mean AUC60 of HEK hH1-4R cells, in which all G proteins were present 

(100% control). This approximation was reasonable, because mostly the expression of the different receptor subtypes was comparable 

(Manuscript, Table 1). Each point represents mean ± sem of at least three independent experiments, each performed in triplicate. 
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