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Abstract 

Heart failure is accompanied by the reduction of the number of -adrenergic receptors, which 

are responsible for the heart rate, pressure, contractility and communication with the 

respiratory and metabolic system. This reduction of receptors was recognized to be a valuable 

biomarker for the diagnosis of heart failure, especially at the early asymptomatic stage in 

which the sympathetic nervous system is able to compensate for the functional loss of the 

reduced -adrenergic receptor density. Targeting of -adrenergic receptors in positron 

emission tomography (PET) imaging enabled the non-invasive quantification of the receptor 

density on the cardiac muscle without the need of immunohistochemical stains. However, the 

clinically used PET-radiotracers are lacking selectivity for the cardiac-specific subtype of 1-

adrenergic receptors, i.e. the image quantification is non-selective for 1- and 2-adrenergic 

receptors, whereas many 1-subtype selective inhibitors do not have sufficient affinity to be 

used in clinics, due to high non-specific binding and unconvincing blocking in vivo.

Additionally, these clinically used radiotracers are mainly based on short-living carbon-11 

(t1/2: 20.4 min). In this study, we are aiming to develop a high affinity -adrenergic binding 

ligand by applying the concept of multivalency as a proof of concept to be applied for the -

adrenergic receptor imaging in future. We show the design, synthesis and in vitro behavior of

a new monovalent ligand that is equipped with an azide-functionality, which can engage in a 

versatile copper-catalyzed cycloaddition (CuAAC) with acetylene-bearing molecules. Its 

ability to participate in the versatile CuAAC enables easy modifications and the radiolabeling 

with different radionuclides. In order to obtain a high-affinity radiotracer, we are applying 

the concept of multivalency, which has the potential to increase the binding affinity. We 

successfully multimerized the ligand to a trimer via CuAAC and tested it in vitro. Monomer

and trimer showed affinity in the high nanomolar range, with slightly higher affinity for the 

trimer. Extensive structural discussion is provided to rationalize the observed effects and 

guide the future design of multimeric ligands for the imaging of -adrenergic receptors. 
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6.1 Introduction 
Adrenergic receptors (AR) are guanosine triphosphate binding proteins, or shortly G-protein 

coupled receptors (GPCR), formed out of 7 transmembrane α-helices and six loops, three intra- 

and three extracellular ones [1,2]. Nine different adrenergic receptors can be found in vivo and

are divided into the two main groups of αAR and AR, all having slightly different signaling 

cascades, that result in stimulation, via the Gs and Gq/11 proteins, or inhibition, via Gi protein, 

of the adenylyl-cyclase [2–4], which plays also an important role in the sympathetic nervous 

system [1]. The sympathetic nervous system regulates in turn the cardiovascular (CV) system 

with ARs being the controllers of the heart rate, pressure and its communication with the 

respiratory and metabolic system [4]. On the cardiac muscle, ARs are mainly expressed, 

including the subtypes of 1- and 2ARs [2,3,5]. It was found that the 1AR is the predominant 

AR on the myocardium, as it covers 80 % of the AR expression in the atria and 70 % in the 

ventricles [3,6]. 

It was found that the receptor density of especially 1AR is decreased in several CV diseases, 

including chronic heart failure [3,7]. Heart failure (HF) is defined as the insufficient ability of 

the heart to provide the body with blood adequately for its metabolic requirements [8,9]. HF 

develops as a consequence of the desensitization of the 2AR and a loss of 1AR density of up 

to 50 % [8]. It is therefore assumed that HF is a progressive disease [9] that already shows 

abnormalities on the AR-level at its asymptomatic stage. In this early stage, the sympathetic 

nervous system is able to compensate for the functional loss by stimulating the GPCRs by 

upregulation catecholamines, which can cause the desensitization of the 2AR within time and 

loss in cardiac contractility [8,9]. During this stage of the disease, the ARs show a declined 

responsiveness upon stimulation by excessive release of catecholamines [8], which can be 

detected not only in HF patients but also in the elderly population [10].  

HF is commonly associated with oxidative stress and an energy deficit [11,12], due to the elevated 

radical oxygen formation within the mitochondria of myocytes of the failing heart [13]. In order 

to reduce the burden caused by the excessive catecholamine release, such as hypertension [2,14] 

and arrhythmias [15], -blockers are administered to slow down the heart rate and normalize the 

contractility [16]. The choice of the -blocker is dependent on the type of HF [17]. There are 

cardio-selective -blocker such as metoprolol [18] (Figure 1) that shows a 75-higher selectivity 

for 1AR than for 2AR [19] and reduces the systolic and diastolic blood pressure [20]. 

Nevertheless, nonselective -blockers such as propranolol [3] (Figure 1), which can be 

administered orally or intravenously, showed therapeutic effects in hypertension, angina and 

arrhythmias, and prolonged the survival rate [6]. Furthermore, studies showed that the chronic 

administration of propranolol, can upregulate the 1AR expression [21–23].  
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Figure 1. Examples of inhibitors used as -blockers in clinics. The addition of 1 or 2 indicates the selective 
binding properties. The -hydroxypropanolamine (highlighted in blue) is responsible for binding due to its

interaction with the amino acid sequences Asn329, Asp121 and Phe307.

-Blockers also showed to be very useful in non-invasive imaging, such as positron emission 

tomography (PET) of HF, by visualizing the AR expression on the cardiac muscle. The 

challenge in imaging HF is the visualization of the cardio-selective 1AR [24]. Especially, since 

the receptor density (Bmax) 
[25] of 1AR reduces over the course of the disease, image contrast 

obtained by the 1AR will decrease. Therefore, -blockers with approved functionality on 

1ARs provide a good basis for HF radiotracers by the modification with radionuclides. This 

principle is reported for the non-selective AR carazolol which was radiolabeled with fluorine-

18 (t1/2 = 109.7 min, 97% + decay [26]). The obtained (S)-[18F]fluorocarazolol, see Figure 1,

showed a high binding affinity compared to the naturally occurring catecholamines epinephrine 

and norepinephrine [27]. Another good example of -AR imaging is (S)-[11C]CGP-12388

(Figure 1), which was applied for the imaging of idiopathic dilated cardiomyopathy [28–30]. 

Additionally, it was even possible to quantify receptor density based on the obtained PET 

images, which enables the early diagnosis of HF [31,32]. However, all radiotracers mentioned 

above are non-selective, so the interest of 1-selective radiotracers grew and resulted in the 

development of [11C]CGP-20712A, (S)-[11C]bisoprolol and ICI89406-derivatives [33,34].These

radiotracers showed a high non-specific uptake whilethe associated blocking studies, to show 

the specific binding towards 1AR–binding, did not show significant decrease compared to the 

controls, indicating that the tracers lacked high binding affinities in vivo [33].

An option to increase the binding affinity is toreduce the dissociation constant Kd of imaging 

agents. One way to do this is to take advantage of the multivalency phenomenon, as described 

in Chapter 2 of this thesis. Briefly, the imaging agent has multiple ligands on the surface that 

can interact consecutively or simultaneously with binding sites [35], which prolongs the 

residence time of the imaging agent at the target due to a binding-rebinding effect. The aim of 

this study is to provide a proof-of-concept showing that multivalent AR ligands have a higher 

binding affinity than their monomeric counterparts. Towards this end, we synthesized a new ß-

blocker that targets ßARs. After showing its binding potential in vitro on rat C6 glioma cells

for binding affinity, the ligand was trimerized using triethynylbenzene as a core-molecule. The 

trimer was successfully synthesized via the copper-catalyzed azide-alkyne cycloaddition



The Effect of Multivalency on β-Adrenergic Receptor Ligands 

121 

(CuAAC) and tested in vitro. To interpret the in vitro findings, a consensus molecular docking

study was performed.  

6.2 Results and Discussion 
6.2.1 Design of the ß-blocker series 
Effective binding of ligands to AR requires the presence of a phenoxypropanolamine binding 

motif, which showed inhibitory effects for 1AR and 2AR [36]. It was discovered that the -

hydroxypropanolamine part, see Figure 1 and 3, is responsible for the interaction with the 

binding pocket of 1ARs, as the amine interacts with Asn329 and the hydroxyl group with 

Asp121 [37]. Additionally, the aromatic ring forms a π-π stacking interaction with Phe307 [37]. 

Figure 2. β1-Adrenergic receptor co-crystallized ligand cyanopindolol (PDB ID: 2VT4) that shows the 
interaction with the key residues Asn329 and Asp121 and shows Phe307, that is able to form a π-π 
stacking. Further, this specific binding pose shows interaction with the nitrogen of the indole.

Based on these findings, the design of the novel AR inhibitor shown in Figure 3 is based on 

the -hydroxypropanolamine binding-moiety. As mentioned before, effective binding not only 

requires a -hydroxypropanolamine but a connected aromatic group. In our design we decided 

to introduce naphthalene for the aromatic part, inspired by the -inhibitor propranolol [5], shown 

in Figure 1. Since our aim is to synthesize a AR-specific inhibitor, we decided to use 2,6-

dihydroxynaphthalene and introduce modifications with -hydroxypropanolamine and a linker-

molecule for our series of -inhibitors.  

Figure 3. Design of the here presented AR inhibitor for future radiotracer purposes. The different colors

indicate the different building blocks of the inhibitor. Blue highlights the interaction of the inhibitor with the amino 

acids Asn329 and Asp121, the naphthalene is supposed to result in π-π stacking with Phe307. The linker enables 

the modification with the clickable azide-functionality, but it is mainly incorporated as a spacer between the ligand 

and the final trimer structure. 
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The differences between 1- and 2-selective -blockers found in literature can be caused by a 

knowledge gap of how AR react upon ligand coupling, since the binding motifs of 1- and 2-

selective inhibitors are very similar [38]. This can also be noticed in the effectiveness of -

blockers used in clinics, while the cardio-selective metoprolol had positive effects in the therapy 

of HF, bucindolol did not show this effect and xamoterol even increased the mortality [5], despite 

the fact that they all bear the phenoxypropanolamine binding motif, see Figure 1. Another 

challenge is that the size of the binding pocket of 1ARs decreases when a G-protein is coupled, 

which showed to increase the interactions, polar and nonpolar, between AR and ligand [39]. 

Our aim, a high affinity multivalent AR inhibitor, is achieved by preparing the AR binding 

ligand by modifying 2,6-hydroxynapthalene with the -hydroxypropanolamine binding-moiety 

and a linker-molecule that is functionalized with an azide, which enables the formation of a 

trimeric multivalent AR ligand by CuAAC, shown in Figure 4.  

Figure 4. Design of the trimeric AR inhibitor, obtained by CuAAC of the monomeric AR inhibitor and 
triethynylbenzene.

6.2.2 Synthesis 
The designed monovalent AR ligand was obtained by using 2,6-dihydroxynaphthalene 3 as 

the starting point. Compound 3 was functionalized by coupling a tri-ethylene glycol linker with 

azide-moiety 2 under microwave conditions to obtain the 2-hydroxynaphthol 4. This step 

enabled the selective reaction of the remaining hydroxyl group with racemic epibromohydrin 

to obtain epoxide 5, which formed -hydroxypropanolamine upon epoxide-opening using 

isopropylamine. This gave the monomeric AR 6 in a good yield of 67 %. The trimer was 

synthesized by utilizing the CuAAC of AR 6 and triethynylbenzene as core-molecule, which 

enabled the synthesis of a trimeric ligand AR 7 with a yield of 4 %, as shown in Figure 5. The 

progress of the reaction was followed by Liquid-Chromatography Mass Spectroscopy (LCMS) 

and stopped, when quantitative conversion of the alkynes of triethynylbenzene was achieved. 

The trimeric ligand AR 7 was purified by preparative High Performance Liquid 

Chromatography, in which only those fractions were combined, which gave the required mass 
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of 1446.76 m/z of the trimer. The presences of three ligands were additionally confirmed by 

NMR and High Resolution Mass Spectrometry (HRMS), see Experimental Section for details. 

Despite the low yield, we obtained sufficient amounts of the trimeric ligand 7 to be able to 

conduct in vitro studies (vide infra) and characterization, hence the purification method was not

optimized for this study.  

Figure 5. The synthesis of the monomeric (6) and trimeric (7) 1-adrenoceptor ligands. 

6.2.3 In vitro studies
After successful synthesis of the monomeric and trimeric ARs, the binding affinity was tested 

on AR expressing rat C6 glioma cells. For competitive binding radioassay the radiotracer 

[125I]iodocyanopindolol ([125I]ICYP) was used. It was found that the most reliable incubation 

conditions of the non-selective AR inhibitor [125I]ICYP were 10 kBq radiotracer per well, 

which were incubated for 120 min to achieve a maximal tracer uptake plateau (see Experimental 

Section for details). In order to compare the obtained logIC50, we included the non-specific -

antagonist, propranolol. The binding affinity, expressed as the logIC50 and shown in Figure 6, 

was the highest for propranolol, with a logIC50 of -7.44  0.16 M. The values for the new -

blocker were one order of magnitude lower, which are for the monomeric -blocker 6 -6.20  

0.30 M and for the trimeric -blocker 7 -6.72  0.17 M. These numbers represent a slight 

advantage for the trimeric -blocker 7 in terms of binding affinity. Looking at the corresponding 

IC50 values of the monomer and the trimer, which are 629.6 nM and 191.5 nM, respectively, 

the differences in binding equals a 3-fold increase in binding affinity for the trimer compared 

to the monomer, showing that the multivalency-effect indeed positively influences the binding 

affinities of multivalent ARs.  
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Figure 6. Overview of the binding affinities tested in vitro on rat C6 glioma cells. The corresponding IC50

values are for Propranolol 36.2 nM (95 % CI: 16.4 – 83.3 nM), monomeric -Blocker 629.6 nM (95 % CI: 162.5 

nM – 3.8 µM) and the trimeric -Blocker 191.5 nM ( 95 % CI: 95.6 nM – 388.8 nM). 

Looking at the structures of the explored ligands propranolol, monomeric -blocker 6 and 

trimeric -blocker 7, it needs to be mentioned that the S-enantiomer of propranolol was used,

which is known to be the active enantiomer of AR inhibitors [40]. The new ligands were not 

prepared in enantiopure form. This will influence the binding affinity, as the added 

concentration is not representative for the active (S)-monomer, but only a portion. Furthermore,

it might be that the non-selective AR inhibitor propranolol has a higher binding affinity 

because it is targeting both ARs of C6 glioma cells, 1- and 2-AR, while we do not know the 

selectivity of monomer 6 or trimer 7, in case this may be selectively for only one ARs, which

was not aimed and clarified in this study, then the obtained binding affinity would be lower.  

6.2.4 Consensus molecular docking 
In order to get a better understanding of how the ligand interacts with ARs and why the binding 

affinity of the monomer is lower, a molecular docking study was performed with AutodockVina 
[41] using default settings. This revealed that propranolol and the monomer indeed show

different docking poses within the AR, as propranolol shows a similar pose than the parent 

compound while the monomer does not, as shown in Figure 7 (c.f. Figure 2 for  

A
2VT4 (cyanopindolol) 

B
6H7N (xamoterol) 

C
2YCW (carvedilol) 
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Figure 7. Docking poses of propranolol (yellow, first row) and the monomer (magenta, second row) 
superimposed with the co-crystallized ligands (green). 

Importantly, the used protein crystal structures (PDB IDs: 2VT4, 6H7N, 2YCW) are based on 

turkey 1AR which have the same amino acid sequences at the binding pocket as the human 
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1AR [42]. The docking poses show that clinically used propranolol has a different binding mode 

than the monomer within the 1AR. While propranolol aligns very well to the co-crystallized 

ligands (cyanopindolol, xamoterol and carvedilol) the monomer does not show this conserved 

binding mode. The triethylene glycol is very flexible and seems to engage in non-specific 

interactions with the protein residues. The main conclusion out of these docking poses is that 

the modification of the naphthalene group at the -positions is not optimally chosen. While 

propranolol has only the -hydroxypropanolamine binding-moiety in the α-position of the 

naphthalene, our monomer 6 was modified on both sides of the naphthalene, both at the -

positions. Therefore, the aromatic naphthalene of the monomer 6, that is supposed to form a π-

π stacking with Phe307, is slightly larger than for propranolol, due to the phenoxy-groups on 

both -positions of the naphthalene. Additionally, the tri-ethylene glycol linker might hinder 

this interaction as well due to its flexibility. 

In order to further test this assumption, we investigated the binding of metoprolol (Figure 1), a 

1AR-selective antagonist which has next to the binding moiety a methoxyethane-group 

attached at the para-position of the benzene. Docking studies, performed under the same 

conditions, are shown in Figure 8. 

A
2VT4 (cyanopindolol) 

B
6H7N (xamoterol) 

C
2YCW (carvedilol) 

m
et

o
p
ro

lo
l 

Figure 8. Docking poses of the cardio-selective AR antagonist metoprolol (light red) superimposed with 
the co-crystallized ligands of cyanopindolol, xamoterol and carvedilol (green).  

It can be appreciated that the aromatic ring of the cardio-selective, clinically used β-blocker 

metoprolol also does not show the same pose as their parent structures cyanopindolol (A) or 

xamoterol (B), however, it still has similar interactions provided by the hydroxyl-group and the 

amine. A closer look at Figure 7C reveals that the highest ranked pose, based on AutodockVina 
[41] calculations, of metoprolol does not show the correct fit into the binding pocket, which

would not result in the expected interaction of the phenoxypropanolamine with the binding

pocket. This can also be observed for the monomer in Figure 2C. This indicates that carvedilol,

a neutral agonist, causes different interactions compared to the other two -blockers. The

binding pocket seems to undergo some induced-fit adaptations to accommodate the ligand. In

order to determine and verify this effect, molecular dynamics would be necessary to get more

insight into the receptor – ligand interactions.

Next, we aimed to evaluate the binding affinity of the monomer and the trimer, which contains 

a flexible tri-ethylene glycol linker. To make a more precise model of how the monomer 

behaves at the binding site, extensive and time-consuming molecular dynamics study would 

have to be performed for both ligands, which could not be achieved in this study. Therefore, a 

consensus docking study was performed, in which different crystals structures were used for 

C
ha

pt
er6



Chapter 6 

126 

docking to increase its reliability by considering different protein conformations [43], with a total 

set of 9 protein crystal structures of 1ARs (see Experimental Section for the detailed 

overview). From this study, it can be seen that metoprolol usually shows good poses compared 

to the parent ligand. Compared to propranolol, however, metoprolol seems to have different 

interactions as it is slightly shifted within the binding pocket. Exceptions are found in the 

docking poses using 2YCW and 2Y02, in which metoprolol does not interact within the binding 

pocket. It can be noted that the poses obtained by docking of the monomer are not similar to 

the parent ligand for all cases, which indicated that the expected interactions of the 

phenoxypropanolamine could not form the energetically favored state within docking 

calculations. This is yet another indication that the choice of 2,6-dihydroxynaphthalene as a 

starting point was not ideal and should be reconsidered. The same effect, albeit less pronounced, 

can be noticed for the trimer, see Figure 9. AutodockVina [41] is based on a grid of a certain 

size, which can be manually adjusted. Within the docking study, the program calculated the 

free energy of the different poses, scoring them based on the apparently lowest free energy. 

While this grid is relatively large for monomers, the trimer has less flexibility, as it is fitted into 

this grid, regardless of its dimensions. Therefore, the docking poses might not mimic the reality 

as much as for the monomer. In the obtained poses it can be seen, that the trimer show similar 

poses than the monomer at the binding site. However, as the induced –fit of mono- and trimer 

show different in vitro binding affinities, these data suggest that the 3-fold increase in binding

affinity of the trimer, compared to the monomer, is indeed based on the multivalency effect. 

A
2VT4 with cyanopindolol 

B
6H7N with xamoterol 

C
2YCW with carvedilol 

tr
im

er
 

Figure 9. Docking poses of the trimeric - antagonist metoprolol (brown) in the crystal structures of 2VT4, 
6H7N and 2YCW.  

What is apparent for the monomer, as well as for the trimer, is that both oxygens attached to 

the naphthalene show some interaction or rotation at the binding site, which hinders the desired 

interaction of the phenoxypropanolamine with the AR binding pocket. In order to prevent this, 

it might be a good idea to reverse the principle reported by Wang et al., who introduced a

hydrophilic part into a hydrophobic linker to optimize the ligand-receptor interactions [44]. If 

one introduces a hydrophobic part on one side of the naphthalene, the flexibility at the aromatic 

ring is reduced, which might stabilize the ligand in the binding pocket and promote the 

phenoxypropanolamine interaction with the key residues in the binding pocket. All in all, the 

consensus molecular docking study enabled more insights into the interactions of monomer and 

trimer with ARs and gives several hints of how to improve the binding interactions of the here 

reported ligands. 



The Effect of Multivalency on β-Adrenergic Receptor Ligands 

127 

6.3 Conclusion 
In conclusion, a novel -adrenergic receptor antagonist and propranolol-analogue was 

successfully designed, synthesized and multimerized. In vitro studies of the racemate showed

an inhibitory effect on the -adrenergic receptor expressing rat C6 glioma cells. Further 

investigations are required for synthesizing the pure (S)-enantiomer, and thus its active form,

which should improve the binding affinity of the ligand. We could obtain a 3-fold increase in 

the binding affinity of trimer compared to the monomer, proofing our concept that we can apply 

multivalency for targeting ARs with higher binding affinity. However, the monomeric 

structure needs to be optimized in order to achieve 1-selective binding. This requires in the 

final step also, the determination of the optimal linker-length of the trimer between multivalent 

core and the binding ligand.  
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6.5 Experimental Section 
6.5.1 General Materials 
Starting materials, reagents and solvents were purchased from Sigma–Aldrich, Acros, Fluka, 

Fischer, TCI and were used as received. Solvents for the reactions were of quality puriss. p.a. 

Anhydrous solvents were purified by passage through solvent purification columns (MBraun 

SPS-800). For aqueous solutions, deionized water was used. Thin Layer Chromatography 

analyses were performed on commercial Kieselgel 60, F254 silica gel plates with fluorescence-

indicator UV254 (Merck, TLC silica gel 60 F254). For detection of components, UV light at λ = 

254 nm or λ = 365 nm was used. Alternatively, oxidative staining using aqueous basic 

potassium permanganate solution (KMnO4) or aqueous acidic cerium phosphomolybdic acid 

solution (Seebach’s stain) was used. Drying of solutions was performed with MgSO4 and 

volatiles were removed with a rotary evaporator.  

Nuclear Magnetic Resonance spectra were measured with an Agilent Technologies 400-MR 

(400/54 Premium Shielded) spectrometer (400 MHz). All spectra were measured at room 

temperature (22–24 °C). The multiplicities of the signals are denoted by s (singlet), d (doublet), 

t (triplet), q (quartet), m (multiplet), br (broad signal), app (apparent). All 13C-NMR spectra are 
1H-broadband decoupled. High-resolution mass spectrometric measurements were performed 

using a Thermo scientific LTQ OrbitrapXL spectrometer with ESI ionization. The molecule-

ion [M + H]+ are given in m/z-units. UPLC measurements were performed using the following 

setup: Column: ACQUITY UPLC® HSS T3 1.8µm, 2.1 x 150 mm; Detection:  = 254 nm;

Flow: 0.3 mL/min; Eluent A: 0.1% formic acid in water; Eluent B: 0.1% formic acid in
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acetonitrile; Program: (0-1 min) 5% B; (1-8 min) linear gradient to 90% B; (8-11 min) 90%

B; (11-12 min) linear gradient to 5% B; (12-17 min) 5% B. 

6.5.2 Organic Chemistry 
2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl (2). 

2-(2-(2-Azidoethoxy)ethoxy)ethan-1-ol 1
(1.0 g, 5.7 mmol) was dissolved in 6 mL 

anhydrous DCM with Et3N (1.5 g, 14.9 

mmol) and 4-dimethylaminopyridine 

(DMAP, 0.09 g, 0.74 mmol) and cooled to 0 oC. p-Toluenesulfonyl chloride (TsCl, 1.5 g, 8.0

mmol) was dissolved in 3 mL DCM and slowly added to the solution. The reaction mixture was 

stirred at room temperature for 18 h. After completion, the mixture was washed with 1 M aq. 

hydrochloric acid (aq. 1 M HCl), saturated aq. sodium bicarbonate (sat. NaHCO3) and brine. 

The organic layer was separated and volatiles were removed in vacuo to obtained crude product

2 was purified by column chromatography (silica gel, 1:2 EtOAc: hexane). The product 2 was

obtained as yellow oil (1.4 g, 4.3 mmol, 74 %).1H NMR (400 MHz, Chloroform-d) δ= 7.80 (d,

J = 8.2 Hz, 2H), 7.36 – 7.33 (m, 2H), 4.18 – 4.15 (m, 2H), 3.72 – 3.69 (m, 2H), 3.64 (dd, J =

5.5, 4.6 Hz, 2H), 3.60 (s, 4H), 3.38 – 3.35 (m, 2H), 2.45 (s, 3H), 1.57 (s, 3H), which is in 

agreement with literature data [45].  

6-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)naphthalen-2-ol (4). 
A solution of 2,6-dihydroxynaphthalene 3
(3.05 mmol, 488.6 mg), azide 2 (0.84 mmol,

275.7 mg) and cesium carbonate (CsCO3, 

1.53 mmol, 500m1 mg) in N,N-dimethyl

formamide (DMF, 4 mL) was mixed, pre-stirred for 90 s and stirred under microwave 

conditions at 150 oC for 30 s. The volatiles were evaporated and the product purified by column 

chromatography (Silica gel, pentane/ diethyl ether, using a gradient from 50 % to 60 % 

pentane). The volatiles were evaporated to yield product 3 (104.4 mg, 39%) as an off-yellow

oil. 1H NMR (400 MHz, CDCl3) δ 7.59 (dd, J = 16.6, 8.7 Hz, 2H), 7.14 (dd, J = 8.9, 2.5 Hz,

1H), 7.12 – 7.06 (m, 2H), 4.22 (t, J = 4.6, 5.1 Hz, 2H), 3.93 (m, 2H), 3.79 – 3.75 (m, 2H), 3.73

– 3.66 (m, 4H), 3.49 (s, 1H), 3.39 (t, J = 5,1 Hz, 2H), 1.43 (s, 1H). 13C NMR (100 MHz, DMSO):

δ 154.1, 153.5, 129.8, 128.4, 128.0, 127.4, 118.8, 108.8, 108.8, 106.9, 70.0, 69.7, 69.3, 69.0,

67.1, 50.0.

2-(((6-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)naphthalen-2-yl)oxy)methyl)oxirane (5). 
A solution of compound 4
(0.22 mmol, 72 mg), 

epibromohydrin (0.66 

mmol, 56 µL), potassium carbonate (K2CO3, 0.66 mmol, 91 mg) and potassium iodide (KI, 10 

mg) in acetone (1.5 mL) was heated at 60 °C in a sealed tube. After 24 h, another portion of 

epibromohydrin (1.32 mmol, 112 µL) was added and the stirring continued for another 20 h. 

The volatiles were evaporated and the residue was dissolved in EtOAc (30 mL). The organic 

phase was washed with sat aq. NaHCO3 (2 x 20 mL) and brine (20 mL), dried (MgSO4) and the 
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volatiles were removed. The product was purified by flash chromatography (Silicagel, 40-63 

nm, pentane/Et2O, 1:1, v/v) to give an oil (34 mg, 41 %), which was used in the next step 

without further characterization.  

3-((6-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)naphthalen-2-yl)oxy)-N-isopropyl-2-methyl-
propan-1-aminium chloride (6). 

A solution of compound 5 (80

µmol, 30 mg) in iso-

propylamine (0.6 mL) and water 

(0.2 mL) was stirred at RT for 3 h. The reaction mixture was diluted with AcOEt and the organic 

phase was dried (MgSO4). The volatiles were evaporated, and the residue was dissolved in Et2O 

(3 mL). Addition of 2N HCl in Et2O (1 mL) resulted in precipitation of the product 6 as a

hydrochloride salt (25 mg, 67%). 1H NMR (400 MHz, CD3OD):  7.67 (d, J = 8.8 Hz, 1H),

7.66 (d, J = 8.8 Hz, 1H), 7.22 (d, J = 2.5 Hz, 1H), 7.20 (d, J = 2.4 Hz, 1H), 7.15 (dd, J = 8.8,

2.5 Hz, 1H), 7.13 (dd, J = 8.8, 2.5 Hz, 1H), 4.30 (m, 1H), 4.20 (m, 2H), 4.14 (dd, J = 9.9, 5.1

Hz, 1H), 4.09 (dd, J = 9.9, 5.5 Hz, 1H), 3.89 (m, 2H), 3.75 – 3.70 (m, 2H), 3.70 – 3.63 (m, 4H),

3.46 (hept, J = 6.6 Hz, 1H), 3.32 (m, 4H), 3.18 (dd, J = 12.6, 9.7 Hz, 1H), 1.38 (d, J = 6.6 Hz,

3H), 1.37 (d, J = 6.6 Hz, 3H); 13C NMR (100 MHz, CD3OD): δ 155.5, 154.9, 130.1, 129.2, 

128.0, 127.9, 118.9, 118.4, 106.8, 106.6, 70.4, 70.1, 69.7, 69.6, 69.5, 67.2, 65.5, 50.7, 50.3, 

47.1, 18.0, 17.4. HRMS (ESI+) calc. for [M+H]+ (C22H33N4O5): 433.2445, found: 433.2449. 

3,3',3''-(((((((((benzene-1,3,5-triyltris(1H-1,2,3-triazole-4,1-diyl))tris(ethane-2,1-
diyl))tris(oxy))tris(ethane-2,1-diyl))tris(oxy))tris(ethane-2,1-
diyl))tris(oxy))tris(naphthalene-6,2-diyl))tris(oxy))tris(1-(isopropylamino)propan-2-ol) 
(8). 

CuIISO4  5 H2O (1.65 mg, 0.07 mmol), L-ascorbic acid sodium salt (2.62 mg, 0.10 mmol) and 

bathophenanthroline disulfonic acid disodium salt hydrate (SBP, 5.85 mg, 0.1 mmol) were 

dissolved in MilliQ water (350 L) to obtain a green solution of the click reagents and added 

to a solution of compound 6 (0.14 mmol, 59.5 mg) and trietynylbenzene 7 (0.02 mmol, 3 mg)

in DMSO (1.0 mL).The reaction mixture was stirred for 2 d at 80 C in an oil bath. The mixture 

was diluted in MilliQ water and purified by preparative HPLC and freeze-dried to give 

compound 3 as a red/ purple solid, a portion (0.0007 mmol, 1.0 mg, 3.5 %) was used for

competitive binding studies, the other portion was used for characterization without weighing. 

Therefore, the actual yield might be higher, as additionally prepHPLC gave several fractions in 

which monomer and trimer were mixed. 1H NMR (400 MHz, DMSO-d6):  8.69 (s, 3H), 8.34
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(s, 3H), 7.62 (t, J = 9.5, 9.3 Hz, 6H), 7.25 – 7.10 (dd, J = 35.8, 6H), 7.10 – 7.00 (ddd, J = 6.8,

8.8, 29.2Hz, 6H), 4.60 (t, J = 4.9 Hz, 6H), 3.72 (t, J = 4.7, 3.7 Hz, 6H), 3.58 (s, 12H), 2.90 –

2.78 (m, 6H), 2.67 (m, 3H), 1.05 (s, 18H), two triplets and a multiplex are under the methanol 

peak at 4.20 - 3.88, but they should have 3H, 6H and 12H; Due to limited solubility we were 

unable to obtain 13C NMR spectra in sufficient quality. HRMS (ESI+) calc. for [M+H]+ 

(C78H102N12O15): 1447.7660, found: 1447.7672. 

6.5.3 Cell culture 
The 1- and 2-adrenoreceptor expressing cell line C6 glioma were cultured in Dulbecco’s 

Modified Eagle Medium (DMEM) – low glucose (Gibco, 1.0 g/L D-glucose, 25 mM HEPES, 

pyruvate), supplemented with 10% fetal calf serum (FCS, Bodinco BV) at 37°C in a humidified 

5% CO2 atmosphere. The cell lines were kept in a passage between 32 and 40 to ensure 

sufficient expression of -adrenoceptor. Cells were passaged three times a week in a split ratio 

of 1:15 using Trypsin (Gibco, 2.5% Trypsin).  

Cell uptake study 
In order to perform the competitive binding, the maximal uptake conditions needed to be 

determined. The optimal amount of radiotracer [125I]iodocyanopindolol was determined by 

testing three different concentrations of 5 kBq, 10 kBq and 20 kBq were added to a 24 well 

plate with 100.000 cells/well. In order to know how long the competitive binding assay needs 

to incubate after the addition of the ligand and the radiotracer, the uptake is determined at 3 

different time points, at 45 min, 90 min and 120 min, see Figure 10. The experiment was 

performed in technical duplicates.  

Figure 10. Uptake study of [125I]iodocyanopindolol on C6 glioma cells. 

Cell binding studies 
For the determination of the binding affinity, a competitive binding radioassay was performed. 

Two 24 well plates were incubated with 50.000 cells 1 d prior to the cell experiments. After 

washing the cells twice with warm PBS, new medium was added. For the binding affinity, 50 

L of different concentrations in triplicate ranging from 0.2 to 10000 nM of the cold reference 

compound F-PSMA-MIC01 were added to the wells shortly before 50 µL (10 kBq) of the 

radioligand [125I]iodocyanopindolol (Perkin Elmer) to reach a final volume of 500 L in each 

well. After incubation of 120 min at 37°C under humidified conditions the cells were washed 

twice with ice-cold PBS to remove unbound tracer. Cells were detached from the wells using 

Trypsin and incubated until cells were completely detached. 900 µL of medium was added and 
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cells were transferred into tubes. The remaining activity in the cells was measured in a -

counter. Afterwards, the cells were counted in a 1:1 solution of cell suspension and Trypan 

Blue. The tracer uptake was calculated using Microsoft Excel and corrected for the average 

number of cells and averaged. The logIC50 value was calculated using the non-linear regression 

algorithm for a one-site FITlogIC50 using PrismGraphPad 7.2. The graphs represented show 

the average of the three individual experiments, while the mentioned logIC50 was calculated 

from the mean of the three experiments.  

6.5.4 Molecular docking studies 
The in silico molecular docking studies where performed using the program of AutodockVina
[41]. Several β1-adrenergic receptor complexes where considered, all proteins (PDB IDs 2VT4 
[42], 2YCZ [46], 6H7N [39], 4AMI [47], 2YCW [46], 2Y02 [48], 1AMJ [47], 2YCX [46] and 4BVN [49]) 

were obtained from the protein data bank [50]. For molecular docking, the program 

AutodockVina [41] provided by the Scripps research group using Molecular 

GraphicsLaboratorium tools was used. Proteins where prepared by removal of water, addition 

of polar hydrogen bonds and addition of charges using the Kollmann charge. The docking grid 

was defined as a 28 x 28 x 28 Å square, centered on the oxygen or carbon next to the aromatic 

within the binding site, and moved 8 Å up into the entrance funnel so that the binding site is 

covered as well as the top of the receptor. This was decided to assure good binding properties 

of the trimer, a bigger square would have promoted binding outside the binding pocket, a 

smaller square would have promoted the folding of the trimer into the binding site of beta1-

adrenergic receptors. For the final docking, the chain with the highest score was selected, which 

was chain A for 4AMI, 2VT4, 6H7N and chain B for 2YCW, 2Y02, 4AMJ, 2YCX, 2YCZ. 

Ligands, either obtained from PubChem for redocking purposes, or prepared using ChemDraw 

Professional 15.1., where obtained as a 3D file, converted into a pdb.file in PyMOL and loaded 

into AutoDock Vina [41], in which the non-polar hydrogens were merged and the Garsteiner 

charges were added. All measurements where performed at the solvation energy for exhaustive 

docking (seed) -918026120 with an energy range of 4 and an exhaustiveness of 8.  

center 2VT4_A 2YCZ_B 6H7N_A 4AMI_A 2YCW_B 2Y02_B 4AMJ_B 2YCX_B 4BVN 
x 1.789 36.03 -10.319 -22.672 19.839 9.105 8.331 24.047 -24.101

y 23.00 -32.935 -33.190 -9.901 -4.729 -10.192 -9.986 6.646 13.170 

z 21.00 25.049 14.529 34.348 35.895 12.185 12.295 -13.593 14.565 
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6.5.4.1 Consensus docking poses 

Note: For 2VT4 docked with metoprolol the 2nd highest pose is shown, as the fit with the parent 

was higher.   
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Note: For 2YCW docked with the trimer 7 and 2Y02 docked with propranolol and monomer 6,

the 2nd highest pose is shown, as the fit with the parent was higher.   
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Note: For 4AMJ docked with trimer 7, 2YCX docked with metoprolol and 4BVN docked with

monomer 6 the 2nd highest pose is shown, as the fit with the parent was better.   
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