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1 DESIGN 

1.1 Molecular Docking 

All computational work was performed with the Schrödinger 2015-1 small molecule drug dsi 

suite for Windows. The β2AR-ALP co-crystal structure (PDB file: 3NYA)1 with a resolution 

of 3.1 Å was utilized to rationally design potential bitopic ligands. 

 

1.2 Protein and Ligand Preparation 

Protein validation: Both the R factors and B values as well as the Ramachandran plot statistics 

reported for the β2AR-ALP co-crystal structure (PDB file: 3NYA)1 were deemed useful for the 

dockings (Table S1). 

Protein preparation: The protein was imported into the Schrödinger 2015-1 small molecule 

drug dsi suite for Windows and prepared using the Protein Preparation Wizard.2 It was pre-

processed to assign correct bond orders and add missing hydrogen atoms. Disulfide bonds were 

allowed to form and water molecules beyond 5 Å from the protein were removed. Hydrogen 

bonds were assigned after applying the Epik PROPKA function at pH 7.0. From the Asp300 

rotamer library the carboxylate with an orientation towards MBS A was chosen (entry no. 3; 

12% probability). During restrained minimization with the OPLS_2005 force field, heavy 

atoms were allowed to converge to a RMSD of 0.30 Å. The thus prepared structure was 

validated by means of its Ramachandran plot that showed no residues in disallowed regions 

(Table S1). 

 

Table S1. Structure validation for the published β2-adrenergic receptor-alprenolol co-crystal 

structure (PDB: 3NYA) and the structure as prepared in the present project. 

 Published 3NYA structure1 

Resolution 3.1 Å 

Rwork/Rfree (%) 23.3 / 28.8 
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B factor putty 

(generated with PyMOL, command: 

spectrum b, red_blue_white, 3NYA) 

 

Ramachandran plot statistics (%): 

most favoured 

allowed 

disallowed 

 

98.6 

1.4 

- 

3NYA as prepared in the present project 

Ramachandran plot 

(generated with the Schrödinger 2015-1 

small molecule drug dsi suite for Windows)

   

 

 

 

Ligand preparation: The ligand ALP and the bitopic ligands proposed within the present 

project were drawn in the 2D sketcher, and the corresponding 3D molecular models were 

generated with the LigPrep tool using the OPLS_2005 force field. The Epik software was used 

to predict the ligand protonation states at a target pH 7±2, and chiralities were retained. The 

thus prepared ligands were minimized. 
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1.3 Ligand Docking  

Docking of ALP into the OBS: For docking into the OBS, a grid box around the crystallized 

ligand was created allowing ligands of <8Å length to dock. All rotational bonds of the receptor 

were regarded as being rigid. Using the Glide docking tool,3 ALP was docked into the prepared 

3NYA structure with standard precision (SP). Ligand sampling was allowed to be flexible and 

included nitrogen inversions as well as ring conformations. Epik state penalties were included 

in the docking scores. On the output poses, post-docking minimization was performed. All 

poses were found to bind to the receptor in the same overall way as the crystallized ligand. Out 

of the poses with similar docking scores, the best ranked entry that at the same time was the 

one that matched best with the crystallized ligand as determined by visual inspection was 

chosen to proceed with. 

Docking of ALP into MBS A: For docking into MBS A, a grid was generated from the protein 

containing the docked ALP in the OBS. A grid box around MBS A and large enough to cover 

the entire extracellular vestibule (i.e. allowing ligands with a length of <17Å to dock) with the 

coordinates X = −30, Y = 0 and Z = 7 was created. All rotational bonds of the receptor were 

regarded as being rigid. Using the Glide docking tool, ALP was docked with SP into the 

prepared 3NYA structure containing ALP in the orthosteric binding site. Ligand sampling was 

allowed to be flexible and included nitrogen inversions as well as ring conformations. Epik 

state penalties were included in the docking scores. On the output poses, post-docking 

minimization was performed. 

Docking of bitopic ligands: For docking of the bitopic ligands, a grid box around the 

crystallized ligand and large enough to cover the entire extracellular half of the receptor (i.e. 

allowing ligands with a length of <25Å to dock) was created. All rotational bonds of the 

receptor were regarded as being rigid. Using the Glide docking tool, the bitopic ligands were 

docked with SP into the prepared 3NYA structure. Ligand sampling was allowed to be flexible 

and included nitrogen inversions as well as ring conformations. Epik state penalties were 

included in the docking scores. On the output poses, post-docking minimization was 

performed. 

 

1.4 Docking Post-Processing 

Conformational analysis: A conformational search was performed on the ALP output 

structures in the MBS using MacroModel and the OPLS_2005 force field. Torsional sampling 
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was applied in water as the solvent allowing for up to 3000 steps with 100 steps per rotatable 

bond and a maximum of 5000 iterations. For comparison, the conformational energy of the 

binding pose with the best docking score in the MBS was calculated. From the preferred 

conformation in water and the conformational energy of the binding conformation the 

conformational energy penalty of binding was calculated (Table S2) and found to lie within the 

range of moderately active (i.e. 5-13 kJ/mol). Thus, this docking pose was deemed useful for 

the design. 

Table S2. Conformational energies of alprenolol in water and when docked into the metastable 

binding site, and the conformational energy penalty of binding, as calculated with 

MacroModel.  

Preferred conformation in water Epref = −178.7 kJ/mol 

Conformational energy of binding conformation Ebind = −170.0 kJ/mol 

Conformational energy penalty of binding ΔEconf = 8.7 kJ/mol 
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2 PHARMACOLOGY 

2.1 Data results and discussion 

2.1.1 Correlation between potency and affinity in membrane-based cAMP assay 

 

Figure S1. Potency (pIC50) versus affinity (pKi) plot at the β1-adrenergic receptor (A) and the 

β2-adrenergic receptor (B) for ligands tested at both receptor subtypes in the membrane-based 

cAMP assay and the radioligand equilibrium binding assay, respectively. There is a good 

correlation between potency and affinity. 

 

2.1.2 Linker length and composition 

Comparison of ligand potencies between the β1AR and β2AR in the different assays revealed a 

similar rank order for the urea (3a-d), diamide (4a-f) and triazole (5a-d) linked bitopic ligands 

(Figure 4 in main text). For these groups of ligands, a tendency for potency to increase with 

linker length was observed at both receptors. However, the potency was maintained or 

decreased with linker lengths longer than 11 atoms for the ureas (3a-d) and diamides (4a-f), 

respectively, whereas the triazole-linked ligands (5a-d) did not reach a plateau in potency. The 

most potent triazole linked ligands had 13 and 15 atom linkers (5c-d) and were one order of 

magnitude more potent than the two shortest triazole linked ligands (5a-b) that have 9 and 11 

atom linkers, respectively. In contrast to the above-mentioned ligand groups, the all-carbon 

linked ligands (1a-d) had similar potencies for the shortest (6 atoms) and the longest (12 atoms) 

analogue, with potencies slightly below that of (S)-ALP. In preliminary experiments, (S)-ALP 

and selected bitopic ligands (3c, 4d, 5d), gave a Schild slope of approximately 1 in Schild plots 

(Figure S2) demonstrating a competitive mechanism of action. Ligand 1d, in contrast, had a 
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Schild slope of around 1.6, which could reflect a different mechanism of action. However, the 

all-carbon linked ligands appeared to adhere to the plasticware used for the experiments (data 

not shown) and it is not clear if the lipophilic nature of this class of ligands affects their 

observed potencies and behavior. The more hydrophilic counterparts of the all-carbon linked 

ligands, i.e. the PEG linked ligands 2a to 2b, showed equipotency on both receptor subtypes, 

but were approximately one order of magnitude lower in potency than the all-carbon linked 

ligands. 
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Figure S2. Preliminary data on modulation of the agonist response by (S)-ALP and selected 

bitopic ligands. With increasing concentrations of (S)-ALP and selected bitopic ligands, the 

potency of the agonist isoproterenol decreased in a parallel manner at the β2-adrenergic receptor 

when tested in the cell-based assay (Panels A-E). Conversion of data into Schild plots (Panel 

F) revealed a Schild slope of ~1 for all ligands except the all-carbon ligand 1d, which had a 

Schild slope of ~1.6. 

 

As observed for the functional data, there was a tendency for the affinity to increase with 

increasing linker length (Table 3 in main text) for the urea (3a-d), diamide (4a-f) and triazole 

(5a-d) linked ligands, whereas no trends were observed for the all-carbon (1a-d) linked ligands. 

Based on data from the membrane-based cAMP assay, the optimal linker length within each 

linker class varied from 7-15 atoms (Table 2, Figure 4B in main text). This covers a much 

broader range of linker lengths than the 9-11 atoms that were proposed during ligand design 

and could be the consequence of the differing degrees of flexibility of different linker types. In 

fact, the highly flexible all-carbon and PEG linked ligands (1a-d, 2a and 2b) were most potent 

when the linkers were 8 (1b) or 7 (2a) atoms, respectively. For the more rigid urea, however, 

potency peaked for a linker of 11 atoms (3c), while the most rigid linker classes, i.e. the diamide 

and triazole ligands, had their most potent representatives at linker lengths of 12 (4d) and 15 

atoms (5d), respectively. The longest triazole ligand 5d was at the same time the most potent 

in this linker class, and thus, it needs to be considered that longer triazole analogues could 

potentially display even higher potencies. When counting the number of rotatable bonds in 

each linker type as a measure for its flexibility, the most potent representatives of each linker 

class have nine (1b), eight (2a), eight (3c), eleven (4d) and twelve (5d) rotatable bonds in the 

linker. Consequently, data indicate that a minimum of eight rotatable bonds in the linker are 

required for symmetric bitopic ALP ligands to adopt a conformation that allows good 

simultaneous binding to the OBS and MBS. 

 

2.1.3 β2AR-selectivity of bitopic ligands 

A selectivity plot based on ligand affinities in the competition binding assay (Figure S3A) 

showed that (S)-ALP is slightly more selective at the β2AR compared to the β1AR. This is 

confimed by its selectivity ratio (Ki at β1AR/Ki at β2AR) of 1.55 corresponding to 

approximately a 0.5-fold difference (Table 3 in main text). A slight increase in β2AR-selectivity 
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was most pronounced for the urea 3b followed by the diamide 4b, the diamide 4d, and the 

triazole 5a. No increased β2AR selectivity was apparent for the all-carbon and the PEG linked 

ligands. 

Because of the good correlation between the potencies and affinities of the bitopic ligands, a 

selectivity plot based on ligand potencies in the membrane-based cAMP assay was generated 

as well (Figure S3B). From the potency-based selectivity ratios (IC50 at β1AR/IC50 at β2AR) 

the ligands 3b, 3c, 4b-d, 4f, and the (R,R)-4d appeared to be the most β2AR-selective ligands. 

 

 

Figure S3. Selectivity plots for (rac)-, (R)- and (S)-ALP and all bitopic ligands tested in the 

competition binding assay (A) and the cAMP TR-FRET assay (mean potencies) (B). Data 

represents mean ± S.E.M. from 3-8 independent experiments carried out in duplicate. 

 

2.1.4 Kinetic binding experiments 

Kinetic binding experiments were carried out using 3H-DHA, and dissociation experiments 

gave a radioligand dissociation rate (koff) of 0.0588 ± 0.0042 min-1 (Figure S4A). The observed 

association rate (kobs) was determined in association experiments and gave an association rate 

(kon) of 9.95 ± 0.83 × 107 M-1 min-1 (Figure S4B). From the kon and koff, an equilibrium binding 

constant (kD) was calculated to 0.59 nM. Global fitting of the association data to obtain a single 

best-fit calculation of the kinetic parameters resulted in a kon of 8.79 ± 0.45 × 107 M-1 min-1, a 

koff of 0.0843 ± 0.0168 min-1 and a kD of 0.969 ± 0.200 nM, which fits well with the values 

determined using the method originally described by Motulsky et al.35 Plotting kobs against the 

radioligand concentration furthermore confirmed the Law of Mass Action with a R2 = 0.9487 

(Figure S4C). The slope of 1.01 ± 0.01 × 108 M-1 min-1 and the y-intercept of 0.0217 ± 0.0186 
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min-1, which optimally equals kon and koff, respectively, resulted in a kD of 0.2148 nM. Finally, 

the kD of 3H-DHA determined in saturation experiments used for the equilibrium binding 

experiments was determined to 0.39 nM (data not shown). Taken together, the determined 

kinetics for 3H-DHA are in agreement among the different experiments and calculation 

methods as well as with values published by others.36–38  

Optimal 3H-DHA binding curve separation was achieved at different concentrations of the 

unlabeled ligands ranging from 1-12 times their Ki values (Figure 6 in main text). The complete 

data set, however, revealed that the degree of binding curve separation had no influence on the 

calculated kinetic parameters. This is likely due to the use of three concentrations of unlabeled 

ligand in each experiment. Hence, all data were included in the final data set. 
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Figure S4. Kinetic binding experiments for 3H-dihydroalprenolol (3H-DHA) at the β2-

adrenergic receptor (β2AR). 3H-DHA dissociation (A) and association (B). Plotting of kobs as a 

function of 3H-DHA concentration confirmed the Law of Mass Action as revealed by the linear 

correlation with a r2 = 0.95. Data represents mean ± SD from one representative dissociation 

(A) and association (B) out of three independent experiments carried out in duplicate, whereas 

(C) is based on mean values. 
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2.2 EXPERIMENTAL METHODS 

2.2.1 Cell culturing 

Two HEK293 cell lines stably overexpressing either the β1AR or the β2AR33,34 were cultured 

in Dulbecco's Modified Eagle's Medium with 4.5 g/L D-glucose, 1% pyruvate, 5% Fetal Bovine 

Serum (FBS), 1% Non-Essential Amino Acids, 1% Penicillin/Streptomycin and 1% G418 at 

37 °C with 5% CO2. The medium for the β2AR HEK293 cell line also contained 50 μg/mL 

Zeocin. All materials were purchased from Gibco®, ThermoFisher. 

 

2.2.2 Membrane preparation 

HEK293 cells overexpressing the β1AR or the β2AR33,34 described in Cell culturing were grown 

to near confluence, washed once with phosphate-buffered saline (PBS) (no Ca2+, no Mg2+) and 

detached using PBS (no Ca2+, no Mg2+) supplemented with 2 mM EDTA. The combined cell 

suspensions were centrifuged at 2,000 rounds per min (rpm) for 5 minutes (5804R, Eppendorf). 

The resulting cell pellet was re-suspended in lysis buffer (10 mM Tris pH 7.5 supplemented 

with 1 mM EDTA and protease inhibitors (cOmplete Protease Inhibitor Cocktail Tablets, 

Roche Diagnostics GmbH)) and left on ice for 5 min to complete cell lysis. The lysate was 

homogenized by 50 strokes using a tight glass douncer and centrifuged at 1,500 rpm for 10 min 

(5804R, Eppendorf). The supernatant was isolated and centrifuged at 18,000 rpm for 20 min at 

4 °C (Avanti J-25, Beckman). The resulting pellet was re-suspended in membrane buffer 

(Hank’s Buffered Salt Solution (HBSS) with 20 mM 4-(2-hydroxyethyl)piperazine-1-

ethanesulfonic acid, N-(2-hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid) (HEPES) pH 

7.4 and protease inhibitors (cOmplete Protease Inhibitor Cocktail Tablets, Roche Diagnostics 

GmbH)). The membrane suspension was frozen in aliquots of 150 μL at −80°C. 

 

2.2.3 Membrane-based cAMP Time-Resolved (TR)-FRET assay 

Membrane buffer (HBSS supplemented with 1 mM CaCl2, 1 mM MgCl2, 20 mM HEPES pH 

7.4 and 0.1% Bovine Serum Albumin (BSA)), agonist buffer (membrane buffer supplemented 

with 0.02% ascorbic acid, 9 mM MgCl2, 250 μM 3-isobutyl-1-methylxanthine (IBMX), 100 

μM adenosine-5’-triphosphate (ATP) and 10 μM guanosine-5’-triphosphate (GTP)) (in 3×final 

concentration) and antagonist buffer (membrane buffer with 0.0025% polyoxyethylene (20) 

sorbitan monolaurate (Tween-20)) (in 3× final concentration) were prepared. All buffer 
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reagents were purchased from Sigma-Aldrich. ISO ((−)-isoproterenol (+)-bitartrate salt, 

Sigma-Aldrich) solutions were prepared in agonist buffer (in 3×final concentration). Ligand 

solutions were prepared in antagonist buffer (in 3×final concentration) with 1% DMSO 

(3×final concentration). Membranes described in Membrane preparation from the β1AR- or 

β2AR-overexpressing HEK293 cell lines were thawed and diluted to an appropriate 

concentration in membrane buffer with 40-50 strokes by use of tight douncer to make a 

homogeneous membrane suspension. To test for agonistic behavior of the ligands, 5 μL agonist 

buffer (no ISO), 5 μL ligand solution and 5 μL membrane suspension were incubated for 30 

min before terminating the assay and reading the plate on an Envision Multimode Plate Reader. 

To test for antagonistic behavior of the ligands, an ISO concentration-response curve was 

prepared in agonist buffer. 5 μL agonist solution, 5 μL antagonist buffer (no ligand) and 5 μL 

membrane suspension were incubated for 30 min before terminating the assay and reading the 

plate on an Envision Multimode Plate Reader. Based on the ISO concentration-response curve, 

an ISO EC80 solution (in 3×final concentration) was prepared. 5 μL antagonist solution was 

pre-incubated with 5 μL membrane suspension for 15 min followed by addition of 5 μL ISO 

solution. The plate was incubated for 30 min before terminating the assay and reading the plate 

on an Envision Multimode Plate Reader. All incubations were carried out at room temperature. 

Shortly before terminating the assay, cAMP-d2 and anti-cAMP solutions were prepared and 

added to the plate according to the manufacture’s protocol (CisBio cAMP Gs dynamic kit 

catalogue number 62AM4PEC). To terminate the assay and quantify cAMP levels, 5 μL 

cAMP-d2 followed by 5 μL anti-cAMP were added to the plate, which was incubated for 60 

min and then read on an Envision Multimode Plate Reader. The Envision settings were top 

mirror LANCE/DELFIA (barcode 412), excitation filter for Eu3+: UV2 (TRF) 340 nm (barcode 

101), emission filter for d2: APC 665 nm (barcode 205) and emission filter for Eu3+: Europium 

615 nm (barcode 203). 

Concentration-response curves and inhibition curves from the cAMP TR-FRET assay were 

fitted using the non-linear regression log(inhibitor) vs. response - variable slope (four 

parameters) function in GraphPad Prism:  

R = Rmin +
(Rmax − Rmin)

1 + 10(log(IC50−x)∗nH
 

Where R is the response, Rmin is the minimum response, Rmax is the maximum response, IC50 

is the ligand concentration that inhibits half of the agonist response, and nH is the Hill slope 

corresponding to the steepness of the curve. 
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Ligand potencies did not differ when ISO was used in concentrations within its EC40-EC90. 

 

2.2.4 Cell-based cAMP biosensor assay 

Confluent or nearly confluent β2AR-overexpressing HEK293 cells described in Cell culturing 

were washed once with PBS (no Ca2+, no Mg2+), detached using trypsin-EDTA and diluted in 

growth medium to a concentration of 300,000 cells/mL. 100 μL of the cell suspension was 

added to each well of a Poly-D-Lysine-coated 96 well clear bottom plates (Corning) making 

the final concentration 30,000 cells/well. The plates were incubated for 16-24 hours at 37 °C 

with 5% CO2.  

The next day, buffer (HBSS supplemented with 1 mM CaCl2, 1 mM MgCl2, 20 mM HEPES 

pH 7.4 and 0.1% BSA) was prepared. All solutions were prepared in this buffer. The medium 

was removed from the cells and they were washed once with 100 μL buffer. Initially, an ISO 

((−)-isoproterenol (+)-bitartrate salt, Sigma-Aldrich) concentration-response curve was 

generated. 100 μL buffer with 1% DMSO (in 2×final concentration) and 100 μL ISO solution 

(in 2×final concentration) were added to the cells. The plate was incubated for 15 min in dark 

and read on an Envision Multimode Plate Reader. Next, an ISO EC80 solution (in 2×final 

concentration) and ligand solutions (in 4×final concentration) with 1% DMSO (in 4×final 

concentration) were prepared. The cells were washed once with 100 μL buffer followed by 

addition of 50 μL buffer and 50 μL ligand solution. The plate was incubated at room 

temperature for 15 min in dark and read on an Envision Multimode Plate Reader to test for 

agonistic behavior. Next, 100 μL of the ISO solution was added and the plate was incubated 

for 15 min at room temperature and read on the Envision Multimode Plate Reader to test for 

antagonistic behavior. All incubations were carried out at room temperature. The Envision 

settings were top mirror CFP/YFP (barcode 428), excitation filter for CFP: CFP 430 nm 

(barcode 138), emission filter for CFP: CFP 470 nm (barcode 240) and emission filter for YFP: 

YFP 535 nm (barcode 274). 

Concentration-response curves and inhibition curves from the cell-based cAMP biosensor 

assay were fitted similar to data from the cAMP TR-FRET assay. Ligand potencies did not 

differ when ISO was used in concentrations within its EC60-EC90. 
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2.2.5 Radioligand saturation binding experiments 

All radioligand binding experiments were carried out using membranes described in Membrane 

preparation and binding buffer (HBSS supplemented with 1 mM MgCl2, 20 mM HEPES pH 

7.43 and 0.1% BSA) with a final DMSO concentration of 1% in 96-deep well plates. The 

radioligand 3H-dihydroalprenolol (3H-DHA) (dihydroalprenolol hydrochloride, Levo-[ring, 

propyl-3H(N)], 91.3 Ci/mmol or 97.1 Ci/mmol, PerkinElmer) were used in all binding 

experiments. 

Membranes were thawed and diluted to an appropriate concentration in binding buffer with 40-

50 strokes by use of a tight douncer to make a homogeneous membrane suspension. 100 μL 

buffer, 25 μL membrane suspension, and 25 μL 3H-DHA solution in concentrations ranging 

from 5 pM to 12 nM (in 6× final concentration) were added to 96-well deep well plates in the 

written order and incubated for 90 min at room temperature on a plate shaker at 500 rpm. Non-

specific binding of 3H-DHA was determined in presence of 10 μM ALP. Membrane bound 3H-

DHA was separated from unbound 3H-DHA by rapid vacuum filtration onto a 96-well harvester 

(PerkinElmer) onto GF/B Unifilter 96-well plates (UniFilter® white microplates with bonded 

GF/B filter, PerkinElmer) followed by 2-3 washes with cold binding buffer (total of 2.5 mL). 

The plates were dried at 50 °C for 45-60 min followed by addition of 40 μL microscint-0 

(PerkinElmer) and measurement of radioactivity on a MicroBeta2 Counter (PerkinElmer). To 

determine the exact concentration of 3H-DHA used in the experiments, 100 µL 3H-DHA 

solution was added to pony vials with 3 mL Ultima Gold (PerkinElmer) and counted on a Tri-

Carb 2800R Liquid Scintillation Analyzer (PerkinElmer). Data was fitted using the One site - 

Total and nonspecific binding function in GraphPad Prism: 

Specific binding =
Bmax ∗ X

X + KD
 

Non specific binding = NS ∗ X + background 

Where Bmax is the maximum specific binding (cpm), X is the radioactivity of the radioligand 

(cpm), KD is the equilibrium binding constant (nM), NS is the slope of non-specific binding 

(cpm nM-1) and background is the non-specific binding in the absence of radioligand. 
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2.2.6 Kinetic binding experiments 

For 3H-DHA dissociation experiments 100 μL buffer, 25 μL membrane suspension, and 25 μL 

3H-DHA solution (in 6× final concentration), were added to 96-well deep well plates in the 

written order and incubated for various times up to 90 min at room temperature on a plate 

shaker at 500 rpm. The assay was terminated and processed as described in Radioligand 

saturation binding experiments. 

3H-DHA dissociation experiments were carried out using approximately 1.6 nM 3H-DHA and 

data was fitted using the Dissociation - One phase exponential decay function in GraphPad 

Prism to determine the dissociation rate (koff):  

Y = (Y0 − NS) ∗ e−K∗X + NS 

Where Y is the binding (cpm), X is the time (min), Y0 is the binding at time zero (cpm), NS 

is the non-specific binding (cpm), K is the rate constant (min-1). 

For 3H-DHA association experiments, concentrations of approximately 3.2 nM, 1.6 nM, and 

0.8 nM 3H-DHA were used and incubated for various times up to 90 min. The assay was 

terminated and processed as described in Radioligand saturation binding experiments. 3H-

DHA association data was fitted to a one-phase exponential function using the One-phase 

association function in GraphPad Prism to determine an observed rate constant (kobs):  

Y = Y0 ∗ (Plateau − Y0) ∗ (1 − e(−K∗x)) 

Where Y0 is binding (cpm) at time X (min), plateau is binding at infinite times (cpm), and K 

is the rate constant corresponding to kobs (min-1). 

From kobs (association experiments) and koff (dissociation experiments), an association rate 

(kon) of 3H-DHA was calculated: 

kon =
kobs − koff

[3H − DHA]
 

The equilibrium dissociation constant kD was now calculated: 

KD =
koff

kon
 

3H-DHA association data was also fitted globally using the Association - Two or more conc. of 

hot. function in GraphPad Prism to derive a single best-fit calculation of kon and koff:  

L = Hotnm ∗ 1e−9 
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kobs = kon ∗ L + koff 

Occupancy =
L

L + KD
 

Ymax = Occupancy ∗ Bmax 

Y = Ymax ∗ (1 − e(−1∗kobs∗X)) 

Where kon is the association rate constant (M-1 min-1), koff is the dissociation rate constant (min-

1), KD is the equilibrium binding constant (M), and Bmax is the maximum binding at equilibrium 

(cpm). 

 

2.2.7 Competition binding experiments to calculate ligand affinity of unlabeled ligands 

25 μL buffer, 25 μL membrane suspension, 25 μL 1 nM 3H-DHA solution (in 6× final 

concentration), and 75 μL ligand solution (in 2× final concentration) were added to 96-well 

deep well plates in the written order and incubated for 90 min at room temperature on a plate 

shaker at 500 rpm. The assay was terminated and processed as described in Radioligand 

saturation binding experiments. 

Displacement curves from the competition binding experiments were fitted using the one site 

– fit logEC50 function in GraphPad Prism to determine the IC50 value:  

Y =
Bottom + (Top − Bottom)

1 + 10X−log (IC50)
 

Where bottom and top are plateaus of the competition binding curve and log(IC50) is the log of 

the concentration of the competitor that gives half the maximum binding at equilibrium. 

Hereafter, the Cheng-Prusoff equation39 was used to calculate the affinities of the ligands in 

the form of a Ki value, which is the equilibrium dissociation constant of the nonradioactive 

ligand: 

Ki =  
IC50

1 +  
[S]
KD

 

Where [S] is the concentration and KD the equilibrium dissociation constant of the radioligand. 
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2.2.8 Competition binding experiments to determine kinetics and affinities of unlabeled 

ligands 

25 μL buffer and 25 μL membrane suspension were added to wells of a 96-well deep well plate. 

Hereafter, 100 μL solution with 1 nM 3H-DHA and unlabelled ligand (both in 1.5× final 

concentration) were added and incubated at various times up to 90 min at room temperature on 

a plate shaker at 500 rpm. The assay was terminated and processed as described in Radioligand 

saturation binding experiments. To determine non-specific binding, 25 μL 10 μM ALP (in 6× 

final concentration), and 25 μL membrane suspension were added to wells of another 96-well 

deep well plate. Again, 100 μL solution with 1 nM 3H-DHA and unlabelled ligand (both in 

1.5× final concentration) were added at various times up to 90 min at room temperature and 

terminated and processed as described in Radioligand saturation binding experiments. Based 

on the kinetic parameters of 3H-DHA binding, kon, koff and kd of the unlabelled ligands were 

calculated using the Kinetics of competitive binding function in GraphPad Prism, which is 

based on the calculation method originally described by Motulsky et al:35 

KA = k1 ∗ [L] + k2 

KB = k3 ∗ [I] + k4 

KF = 0.5 ∗ (KA + KB + √((KA − KB)2+4∗k1∗k3∗L∗I∗10−18
) 

KS = 0.5 ∗ (KA + KB − √((KA − KB)2+4∗k1∗k3∗L∗I∗10−18
)  

Q =
Bmax ∗ k1 ∗ L ∗ 10−9

KF − KS
 

Y = Q ∗ (
k4 ∗ (kF − kS)

kF ∗ KS
+

k4 − KF

KF
∗ e(−KF∗X) −

k4 − KS

KS
∗ e−KS∗X) 

Where KA, KB, KF, and KS are variables defined for the purpose of solving differential 

equations describing the kinetics of a competitive binding incubation. The two last equations 

are the result of solving these equations and describe the amount of radioligand bound the 

receptors as a function of time. Y is the specific 3H-DHA binding and X is the time (min). [L] 

and [I] are the concentrations of the radioligand and the unlabelled competing ligand, 

respectively. Knowing these factors, the maximum binding Bmax and the association and 

dissociate rate of the unlabelled ligand, k1 and k2, respectively, can be determined. 
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3 NMR AND HPLC DATA 

1H and 13C NMR spectra and HPLC chromatograms of final bitopic ligands and truncated 

analogues 
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Compound 3a eluted as the mono- and di-TFA salt, which gave rise to two close peaks. 

  



S31 
 

 

 

 



S32 
 

 

 

 



S33 
 

 

 

 



S34 
 

 

 

 

 



S35 
 

 

 

 

 



S36 
 

 

 

 



S37 
 

 

 

 



S38 
 

 

 

 

 



S39 
 

 

 

 

 



S40 
 

 

 

 

 



S41 
 

 

 

 

 



S42 
 

 

 

 



S43 
 

 

 

 

 

 



S44 
 

 

 

 



S45 
 

 

 

 



S46 
 

 

 

 



S47 
 

 

 

 



S48 
 

 

 

 



S49 
 

 

 

 

 



S50 
 

 

 

 

 



S51 
 

 

 

 

 



S52 
 

 

 

 

 



S53 
 

 

 

 

 



S54 
 

 

 

 



S55 
 

 

 

 

The peak at 0.54 min is caused by negligible amounts of the highly UV active sodium 

ascorbate. 
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Chiral HPLC chromatograms of rac-9, (S)-9 and (R)-9 showing that the stereochemical 

information has been retained during construction of the propanolamine motif. 
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