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Abstract 

Chemokine receptor CXCR3 has attracted much attention, as it is thought to be associated with a 

wide range of immune-related diseases. As such, several small molecules with different chemical 

structures targeting CXCR3 have been discovered. Despite limited clinical success so far, these 

compounds serve as interesting tools to interrogate receptor activation and antagonism. Accumulating 

evidence suggests that many of these compounds are allosteric modulators for CXCR3. One feature 

of allosteric ligands is that the magnitude of the mediated allosteric effect is dependent on the used 

orthosteric probe. Consequently, there is a risk for incorrect assessment of affinity for allosteric 

modulators with orthosteric radioligands, which has so far been the most applied approach for 

chemokine receptors. Therefore, we aimed to use a small-molecule allosteric ligand from the 

piperazinyl-piperidine class, also known as VUF11211. VUF11211 acts as an inverse agonist at a 

constitutively active mutant of CXCR3. Radiolabeling of VUF11211 gave [3H]-VUF11211, which in 

radioligand binding studies shows high affinity for CXCR3 (Kd = 0.65 nM), and reasonably fast 

association (kon= 0.03 min-1nM-1) and dissociation kinetics (koff= 0.02 min-1). The application of the [3H]-

VUF11211 to assess CXCR3 pharmacology was validated with diverse classes of CXCR3 

compounds, including both antagonists and agonists as well as VUF11211 analogs. Interestingly, 

VUF11211 seems to bind to a different population of CXCR3 conformations compared to the CXCR3 

agonists CXCL11, VUF11418, and VUF10661. Altogether, this allosteric inverse agonist radioligand 

for CXCR3 may facilitate the discovery, characterization, and optimization of allosteric modulators for 

the chemokine receptor CXCR3. 
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Introduction 

Discovery of small-molecule ligands targeting chemokine receptors, belonging to the family of G 

protein-coupled receptors (GPCRs), has been the focus of many laboratories in the past decade, 

resulting in a variety of chemokine receptor agonists and, mostly, antagonists (Wijtmans et al., 2012a). 

Such molecules tend to bind in an allosteric fashion (Scholten et al., 2012a) and to modulate the 

binding of the large peptide chemokines to their respective GPCRs via interaction with a 

transmembrane (TM) domain binding pocket. A key example of such a molecule is the CCR5 

antagonist maraviroc, which is currently being marketed as Selzentry® and used in combination 

treatment of HIV-1 infection. This molecule shows non-competitive allosteric behavior towards CCR5 

chemokines in binding experiments (Watson et al., 2005). Maraviroc binds to the TM domains (Tan et 

al., 2013), whereas chemokines bind predominantly to the external parts of the receptor, including 

extracellular loops (ELs) and the CCR5 N-terminus (Garcia-Perez et al., 2011; Grunbeck et al., 2012; 

Tan et al., 2013). 

For many other chemokine receptors the quest for small-molecule binders has also been successful. 

In view of the potential therapeutic interest in CXCR3 blockade in diseases like rheumatoid arthritis 

and allograft rejection (Wijtmans et al., 2011), many different drug discovery programs have yielded 

several distinct chemical classes of small-molecule compounds, including antagonists as well as a few 

agonists (Wijtmans et al., 2008; 2011). These include the 8-azaquinazolinone compounds from 

Amgen (AMG487) and Neurocrine Biosciences (NBI-74330), which bind to CXCR3 with affinities in the 

nanomolar range (Heise et al., 2005; Johnson et al., 2007; Verzijl et al., 2008). Moreover, a 

piperazinyl-piperidine compound class containing ligands with nanomolar CXCR3 affinities was 

reported by Schering Plough (now Merck Sharp & Dohme) (Mcguinness et al., 2009; Shao et al., 

2011; Kim et al., 2011; Nair et al., 2014). 

Despite the interest in small-molecule ligands for CXCR3, information regarding their specific 

interaction with the receptor at a molecular level remains limited. Fortunately, understanding of these 

interactions has started to emerge in the past years (Scholten et al., 2012b; Bernat et al., 2012; Nedjai 

et al., 2012; Scholten et al., 2014). In a recent study (Scholten et al., 2014) we reported on the binding 

mode of two CXCR3 ligands originating from the 8-azaquinazolinone class (NBI-74330) and the 

piperazinyl-piperidine class (VUF11211) using site-directed mutagenesis in conjunction with in silico 
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modeling of CXCR3. We showed that NBI-74330 mainly binds to Transmembrane Site 1 (TMS1), 

between TM domains 2, 3, and 7, whereas VUF11211 binds both TMS1 and TMS2 (TM domains 3-7).  

With the availability of highly potent CXCR3 antagonists, there is an increasing opportunity to develop 

small-molecule radioligands. Radiolabeled chemokines are still predominantly used for receptor-ligand 

interaction studies. Since these radioligands are orthosteric ligands, they potentially limit the full 

pharmacological characterization of allosteric small molecules, and might also result in failure to 

discover other allosteric ligands. A radiolabeled allosteric ligand would facilitate not only more 

accurate measurements of affinity for allosteric ligands, but also the discovery of other classes of 

ligands by screening compound libraries (May et al., 2007). Recently, Bernat and colleagues have 

shown with racemic [3H]-RAMX3 that a small-molecule radioligand for CXCR3 can be developed for 

use in radioligand binding assays (Bernat et al., 2012). In our studies we report on a novel CXCR3 

radioligand ([3H]-VUF11211, figure 1) of a different chemotype (piperazinyl piperidine) and 

characterize this ligand in various types of radioligand binding assays. Moreover, we also evaluated 

the pharmacological profile of unlabeled VUF11211 in more detail. 
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Materials and methods 

Materials. Dulbecco’s modified Eagle’s medium and trypsin were purchased from Sigma Aldrich (St. 

Louis, MO, USA), penicillin and streptomycin were obtained from Lonza (Verviers, Belgium), fetal 

bovine serum (FBS) was purchased from PAA Laboratories GmbH (Pasching, Austria), [125I]-CXCL11 

(±1000 Ci/mmol) was obtained from PerkinElmer Life and Analytical Sciences (Boston, MA, USA). 

Unlabeled chemokines were purchased from PeproTech (Rocky Hill, NJ, USA). Polyethyleneimmine 

linear 25 kDa for transfection was obtained from Polysciences (Warrington, PA, USA). Unless stated 

otherwise, all other chemicals were obtained from Sigma Aldrich.  

CXCR3 ligands. VUF11211 (compound 18i in (Shao et al., 2011)) was prepared in enantiopure form 

in our laboratory as described previously (Scholten et al., 2014). [3H]-VUF11211 was prepared from 

VUF11211 (Supplementary Information Fig. S1) and analyzed (Supplementary Information Fig. S3, 

S4, S5) by PerkinElmer Health Sciences (38.4 Ci/mmol). VUF14479, VUF14263 and VUF13948 were 

synthesized (Supplementary Information Fig. S2) and analyzed (Supplementary Information Fig. S6-

S14) in our laboratory. 

DNA Constructs. The cyclic AMP response element-luciferase (CRE-Luc) reporter gene construct 

was a generous gift from Dr. W. Born (National Jewish Medical and Research Center, Denver, CO., 

USA). The DNA coding for human CXCR3 in pcDEF3 was described in a previous report (Verzijl et al., 

2008). β-arrestin2-enhanced yellow fluorescent protein (eYFP) and CXCR3-Renilla luciferase (RLuc) 

fusion constructs have been described previously (Scholten et al., 2012b). 

Cell Culture and Transfection. HEK293 cells stably expressing CXCR3 were grown at 37°C and 5% 

CO2 in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FBS, penicillin, 

streptomycin, and 400 μg/ml G418. HEK293T cells were grown at the same conditions, with the 

exception of G418 selection. Transfection was performed by polyethyleneimmine (PEI) as DNA carrier 

agent. 8 μg of DNA per 4*106 cells was combined with 48 μg PEI in a total volume of 500 μl 150 mM 

NaCl and incubated for 10 min at room temperature. Subsequently, the DNA/PEI mix was added to a 

suspension of HEK293T cells in full growth medium (0.5*106 cells/ml) and subsequently plated out in a 

96-well plate and cultured over night at standard culture conditions. 

CRE-Luciferase reportergene assay. pcDEF3-CXCR3, CRE-Luc reportergene DNA, and empty 

plasmid DNA were transfected with a weight ratio of 1:3:4. 24 hrs after transfection the ligands were 

added to the cells (homogenous format) and incubated for 6 hrs at standard growth conditions. 
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Subsequently, the medium was replaced by 25 μl substrate buffer (39mM Tris-H3PO4 pH 7.8, 39% 

glycerol, 2.6% Triton X-100, 0.9 mM dithiothreitol, 18 mM MgCl2, 0.8 mM ATP, 77 μM disodium 

pyrophosphate, 230 μg/mL beetle luciferin) and luminescence was measured after 30 min with a 

Victor3 plate reader (PerkinElmer, Boston, MA, USA). 

β-arrestin recruitment assay. pcDEF3-CXCR3-Rluc and pcDEF3-β-arrestin-eYFP were transfected in 

a ratio of 1:4. The next day, medium was aspirated and cells were washed with Hank’s Balanced Salt 

Solution (HBSS). Next, cells were incubated in HBSS with or without antagonist 30 min prior to agonist 

addition. To assess BRET, agonists were added 10 min after incubation with coelenterazine-h, and 

incubated for an additional 10 min before measurements on the Victor3. BRET ratios were calculated 

and net BRET signals were determined as described previously (Scholten et al., 2012b). 

Membrane Preparation. Membrane preparation of HEK293 cells stably expressing CXCR3 receptors 

was performed as described previously (Verzijl et al., 2008). In brief, the cells were washed with ice-

cold PBS and collected in tubes and centrifuged at 1500g for 10 min. The cells were resuspended in 

ice-cold membrane buffer (15 mM Tris, pH 7.5, 1 mM EGTA, 0.3 mM EDTA, and 2 mM MgCl2), and 

subsequently homogenized with a Teflon-glass homogenizer and rotor. Next, the membranes were 

subjected to two freeze-thaw cycles using liquid nitrogen and centrifuged at 40,000 g for 25 min. The 

resulting pellet was resuspended in Tris-sucrose buffer (20 mM Tris, 250 mM sucrose, pH 7.4) and 

stored at -80°C for future radioligand binding experiments.  

 [125I]-CXCL11 binding assay. 2 μg of HEK293/CXCR3 membranes were used per well in 96-well 

clear plates (Greiner Bio One, Alphen a/d Rijn, the Netherlands). For displacement binding 

experiments, membranes were incubated in chemokine binding buffer (50 mM HEPES, pH 7.4, 1 mM 

CaCl2, 5 mM MgCl2, 100 mM NaCl, and 0.5% (w/v) BSA fraction V) with approximately 70 pM of [125I]-

CXCL11 and a concentration range of cold CXCL11, VUF11211 or NBI-74330 for 2 h at room 

temperature. Next, the membranes were harvested by filtration through Unifilter 96-well GF/C plates 

(Perkin–Elmer) presoaked with 0.5% PEI, using ice-cold wash buffer (chemokine binding buffer 

supplemented with 0.5M of NaCl). Bound radioactivity was determined with a MicroBeta scintillation 

counter using a 125I protocol (PerkinElmer). 

[3H]-VUF11211 binding assay. 2 μg of HEK293/CXCR3 membranes were used per well in 96-well 

clear plates and incubated with varying amounts of [3H]-VUF11211 depending on the assay type (see 

respective figures and legends). All ligands and membranes were prepared in binding buffer (50 mM 
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Tris-HCl, pH 7.4, 100 mM NaCl, 0.1% (w/v) Tween80, 0.1% (w/v) BSA fraction V. In competition 

binding experiments four different concentrations of radioligand were each combined with a 

concentration series of displacer ligand. The affinity value for the cold ligand was determined using 

global fitting of the four different curves. In the heterologous competition binding assays 1 nM of [3H]-

VUF11211 was coincubated with a concentration series of different cold ligands. In saturation binding 

experiments, increasing concentrations of [3H]-VUF11211 were used and NBI-74330 was used to 

determine non-specific binding levels. All equilibrium binding assay incubations were performed for 1 

hr. Subsequently, the membranes were collected by rapid filtration over 96-well GF/C filter plates 

presoaked in 0.5% w/v BSA/H2O, and subsequent washing with ice-cold wash buffer (50 mM Tris-HCl, 

pH 7.4, 0.5 M NaCl). Bound radioactivity was determined with the MicroBeta scintillation counter using 

a tritium protocol. 

Data analysis. Prism v6.0b from GraphPad software was used to plot and analyze the data. Curve 

fitting was performed using non-linear regression in the software. The following equations were used 

to fit and analyze the data. Association kinetics with global fitting of data using three different 

concentrations of radioligand: Y=([L]/([L]+Kd)*Bmax)*(1–e(-1*(Kon*[L]+Koff)*X)) where [L] is the concentration 

of radioligand in nM. Dissociation kinetics with one-phase exponential decay: Y=(Y0-NS)*e(-K*X) + NS. 

Y0 is the Y value at t=0, NS is the minimum binding plateau reached after longer incubations, in units 

of Y. K is the rate constant of dissociation (inverse units of X). Saturation binding: Y=Bmax*X/(Kd + X), 

where X depicts increasing concentrations of [3H]-VUF11211. Kd is the equilibrium dissociation 

constant in units of X. Bmax is maximum binding in units of Y. One site homologous competition 

binding: Y = (Bmax*[L])/([L]+10(X+9)+10(logKd+9)) + NS*[L], where [L] is the radioligand concentration in nM 

and NS is nonspecific binding in units of Y. Heterologous competition binding: Y=Bottom+(Top-

Bottom)/(1+10(X-log(10^logKi*(1+[L]/Kd)))), where [L] is the radioligand concentration in nM and Kd is the affinity 

value for the radioligand in nM (determined using homologous competition binding). Top and bottom 

are both in units of Y. Although distinct classes of allosteric ligands might bind differently to CXCR3 

compared to the used radioligands, the observation that these ligands completely displace the 

radioligand indicates strong negative cooperativity. Therefore, using competitive analysis for affinity 

determination is justified. 

For statistical analysis, one-way ANOVA with a Bonferroni post-test, included in the GraphPad Prism 

software, was used with a confidence interval of 99%.  
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Results 

VUF11211 pharmacology 

First, we used functional readouts to further characterize the CXCR3 antagonist VUF11211, reported 

by us to bind the TM region of the CXCR3 receptor and to traverse the TMS1 and TMS2 binding 

pockets (Scholten et al., 2014). A cAMP response element (CRE)-luciferase reporter gene assay was 

employed to measure CXCR3 receptor activity (Wijtmans et al., 2012b). As expected, CXCL11 acted 

as an agonist in this assay with a pEC50 of 8.9 ± 0.1 (figure 2a). Next, an EC80 concentration of 

CXCL11 (3 nM) and a concentration series of VUF11211 were co-incubated, resulting in dose-

dependent antagonism of CXCL11-induced receptor activity by VUF11211 (pIC50 = 7.5 ± 0.1) (figure 

2a). Interestingly, high concentrations of VUF11211 (>1 μM) even decreased receptor activity below 

basal levels, which might suggest inverse agonism and constitutive activity of CXCR3 wildtype (WT) in 

this assay. Hence, a concentration series of VUF11211 was applied to CXCR3 WT and to the 

constitutively active mutant CXCR3-N3.35A (Verzijl et al., 2008). From this experiment it follows that 

VUF11211 inhibited basal receptor signaling at the N3.35A mutant (pIC50 = 8.4 ± 0.2), and to a much 

lesser extent at CXCR3 WT (figure 2b). To further probe the mechanism of action of VUF11211, the 

compound was investigated in a Schild Analysis approach. A concentration range of CXCL11 was co-

incubated with different constant concentrations of VUF11211. Increasing concentrations of 

VUF11211 insurmountably suppressed the maximal response elicited by CXCL11 in this assay, and 

concomitantly decreased its potency (figure 2c).  

VUF11211 was also studied in the context of β-arrestin recruitment towards CXCR3 (figure 2d). While 

CXCL11 was an agonist in this assay (pEC50 = 8.0 ± 0.1), as reported before (Scholten et al., 2012b), 

VUF11211 was able to inhibit the CXCL11-mediated β-arrestin recruitment to CXCR3 with high 

potency (pIC50 = 8.3 ± 0.1). Moreover, VUF11211 did not induce β-arrestin recruitment on its own 

(figure 2d). 

 

Radiolabeling of VUF11211 

As VUF11211 had proven a reliable and high-affinity tool compound (McGuinness et al., 2009; 

Scholten et al., 2014) and showed good potency in antagonizing CXCL11 function (confirmed by the 

CRE assays), we decided to explore its use as radiolabel. Several synthetic approaches in which the 

tritium was introduced during the existing synthesis of enantiopure VUF11211 (McGuinness et al., 
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2009; Scholten et al., 2014) were considered and some subjected to initial unlabeled trials, but all 

were eventually not deemed attractive due to lack of required 3H-reagents or because the conceived 

labeling reaction could in theory erode the enantiomeric excess. Eventually, we settled on outsourcing 

the radiolabeling of enantiopure VUF11211 itself to PerkinElmer Health Sciences. Its proprietary 

technology delivered [3H]-VUF11211 with a specific activity of 38.4 Ci/mmol and 99.6% radiochemical 

purity (Supplementary Information Fig. S1, S3-S5). Mass spectrometry (MS) analysis revealed the 

incorporation of, on average, two 3H-atoms per molecule VUF11211.  

 

Assay development for [3H]-VUF11211 binding to human CXCR3 

First we investigated whether CXCR3 could be detected by the radiolabeled VUF11211. Significantly 

more radioligand binding was observed when HEK293/CXCR3 membranes were incubated with the 

radioligand compared with membranes lacking CXCR3 expression (figure 3a). Moreover, co-

incubation of 1 nM of [3H]-VUF11211 with a saturating concentration of NBI-74330 (10 
μM) led to 

radioligand binding levels comparable to non-specific binding as detected in membranes without 

CXCR3 receptors (figure 3a). As expected, specific [3H]-VUF11211 binding was proportional to the 

amount of membranes, whereas non-specific [3H]-VUF11211 binding remained largely unchanged 

when membrane amounts were increased, suggesting that non-specific binding is mostly dependent 

on constituents other than membranes. 3 μg/well of HEK293/CXCR3 membranes was selected for 

further [3H]-VUF11211 binding experiments. 

Preliminary experiments (not shown) revealed lower [3H]-VUF11211 concentrations in the assay than 

would be expected from calculations based on the properties of the radioligand. This suggests loss of 

radioligand, by binding to e.g. plastics. Therefore, different agents were considered to decrease these 

potential non-specific binding issues (figure 3b). As can be seen in figure 3b, a combination of 0.1% 

w/v bovine serum albumin (BSA) and 0.1% w/v Tween80 resulted in the highest specific binding 

window (± 6-fold over non-specific binding), hence this combination was selected as condition for 

future binding experiments with [3H]-VUF11211. Under these conditions the bound radioligand fraction 

did not exceed 10%, thereby avoiding ligand depletion. In general, the filterplate used to harvest the 

membranes is pre-incubated with polyethyleneimmine (PEI), to counteract non-specific binding to 

glass fibers. In our study either 0.5% w/v PEI or BSA were compared, and the latter resulted in 

significantly lower non-specific binding counts (roughly 50% lower) for a range of radioligand 
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concentrations (figure 3c). Consequently, BSA was selected as an agent to counteract non-specific 

binding in future experiments.  

 

Characterization of [3H]-VUF11211 binding to human CXCR3  

With the optimal conditions at hand, the radioligand was subjected to several types of experiments to 

determine its pharmacological properties. Firstly, an association kinetic experiment was performed to 

establish how fast the radioligand binding to CXCR3 would reach an equilibrium state (on-rate; kon). 

The association of a radioligand is determined by both its on- and off-rate (kon  and koff) but also by its 

concentration, and is described by the following equation: kobs = kon[L] + koff, where kobs is the observed 

association constant k, and [L] is the radioligand concentration. By using different [3H]-VUF11211 

concentrations, the kinetics of binding to CXCR3 could be fitted using global fitting, resulting in a kon of 

0.034 ± 0.002 min-1 nM-1, and koff of 0.022 ± 0.004 min-1 (figure 4a and Table 1). Since the equilibrium 

affinity constant Kd is defined as koff/kon, the affinity of [3H]-VUF11211 for CXCR3 binding could be 

calculated with the obtained kinetic parameters and is 0.69 ± 0.10 nM. Next, the koff of [3H]-VUF11211 

binding was also determined by a dissociation kinetic binding assay. HEK293/CXCR3 membranes 

were incubated with 1 nM of [3H]-VUF11211 for 1 hr, allowing it to reach equilibrium, and subsequently 

an excess of unlabeled VUF11211 (10 
μM) was added at different time points to compete with the 

radioligand for CXCR3 binding, preventing dissociated [3H]-VUF11211 to reassociate with the 

receptor. Using the kon for [3H]-VUF11211 obtained by the the association kinetic experiments, the koff 

could be determined, yielding a koff for [3H]-VUF11211 of 0.020 ± 0.001 with an associated target 

residence time (RT) of approximately 50 min (figure 4b and table 1). The target residence time is a 

measure of how long a molecule resides on the receptor and is calculated by taking the reciprocal of 

the koff value.  

Next, a [3H]-VUF11211 saturation binding (figure 4c) to CXCR3 was performed by incubating 

increasing concentrations of radioligand with HEK293/CXCR3 membranes in the presence or absence 

of 10 μM of NBI-74330 (to determine non-specific binding levels) for 2 hours. The assay revealed for 

[3H]-VUF11211 an equilibrium affinity constant (Kd) of 0.65 ± 0.11 nM for [3H]-VUF11211 (table 1), with 

a Bmax value of 8.0 ± 1.0 pmol/mg protein.  

In general, competition binding experiments are employed to determine the affinities of unlabeled 

compounds of different chemotypes (or analogs) without the need of radiolabeling each compound. As 
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a test, homologous competition binding experiments were performed using 4 different concentrations 

(0.3, 1, 1.5, and 3 nM) of radioligand in the range of its Kd value (figure 4d). For each [3H]-VUF11211 

concentration a series of concentrations of unlabelled VUF11211 was incubated with HEK293/CXCR3 

membranes to determine a pKd value using global fitting of the data. The resulting pKd for VUF11211 

is 0.60 ± 0.16 nM with a Bmax value of 7.9 ± 0.4 pmol/mg protein. 

 

Displacement of [3H]-VUF11211 binding to human CXCR3 with varying ligand chemotypes 

A range of compounds with varying chemotypes and varying functional activities was tested to further 

characterize [3H]-VUF11211 binding to HEK293/CXCR3 membranes (Figure 5A, Tables 2,3). This 

included CXCR3 antagonists (unlabeled VUF11211, NBI-74330 and VUF10085 (Verzijl et al., 2008), 

VUF10990 (Wijtmans et al., 2012b)) as well as CXCR3 agonists VUF10661 (Scholten et al., 2012b) 

and VUF11418 (Wijtmans et al., 2012b). In the case of VUF11211 and NBI-74330, pKi values 

recorded with [125I]-CXCL11 were significantly lower than those recorded with [3H]-VUF11211, while 

for agonist VUF10661 the opposite was observed. The affinity of VUF10661 determined using [3H]-

VUF11211 (pKi ≤4.5) was at least 30 fold lower than in the case of  [125I]-CXCL11 (pKi = 6.0 ± 0.1) 

(Figure 5B, Table 2). 

To further substantiate the use of our radioligand in the context of structure-activity relationships 

(SAR), a few derivatives of the VUF11211 class were prepared as a proof of concept. All these 

derivatives originated from a common enantiopure precursor, for which the synthesis and 

stereochemical purity were previously disclosed by us as part of the synthesis of VUF11211 (Scholten 

et al., 2014). Table 3 shows exemplary compounds of this chemotype: amide VUF14479, α-methyl 

derivative VUF14263 and bromo-analogue VUF13948 (see Supplementary Information Fig. S2, S6-

S14 for synthesis routes and chemical analyses). These three compounds display a diversity of 

affinities as measured using [3H]-VUF11211 (from pKi=7.7 to 9.0).  

Different types of ligands, ranging from inverse agonists to agonists, might recognize different subsets 

of CXCR3 populations (Cox et al., 2001; Scholten et al., 2012b). For example, agonist binding to 

GPCRs is often dependent on G protein precoupling. The use of a non-hydrolyzable form of GTP, 

known as GTPγS, has been used previously to uncouple GPCRs (including CXCR3) from its G 

protein, leading to loss in agonist binding (Cox et al., 2001; Nijmeijer et al., 2010). As such, we set out 

to characterize the properties of [3H]-VUF11211 binding to CXCR3 in this context. Different 
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concentrations of GTPγS, ranging from 1 μM to 100 μM did not affect the total binding of [3H]-

VUF11211 to HEK293/CXCR3 membranes (Figure 5C), while applying 25 μM GTPγS resulted in a 

decrease of roughly 50% of total binding of [125I]-CXCL11 binding to the same membranes (Figure 

5D).  

In addition, we performed a competition binding assay with HEK293/CXCR3 membranes and [125I]-

CXCL11 as the radioligand and unlabeled VUF11211 as the displacer and vice versa (Figure 5E). 

Interestingly, unlabelled VUF11211 was able to completely prevent [125I]-CXCL11 binding to CXCR3, 

whereas in the opposite case saturating concentrations of CXCL11 only led to a maximum decrease 

of ±30% in [3H]-VUF11211 binding (1 nM) to CXCR3 (Figure 5E).  
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Discussion 

The present study describes the pharmacological characterization of the (radiolabeled) small-molecule 

CXCR3 antagonist VUF11211 from the piperazinyl-piperidine class, which contains many compounds 

possessing (sub)nanomolar affinities for CXCR3 (McGuinness et al., 2009; Shao et al., 2011; Kim et 

al., 2011; Nair et al., 2014). VUF11211 showed antagonistic behavior in CRE reportergene- and β-

arrestin recruitment assays where it completely blocked CXCL11-induced receptor activation (figure 

2a and 2d) with good to high potency (pIC50 = 7.5 ± 0.1 and 8.3 ± 0.1, respectively). Interestingly, 

VUF11211 tends to inhibit basal signaling of CXCR3 WT to a small extent in the CRE-luciferase 

reportergene assay (fig.2). Therefore, the constitutively active mutant CXCR3-N3.35A was considered 

(Verzijl et al., 2008). Basal activity of CXCR3-N3.35A was significantly higher than for CXCR3 WT, 

confirming its constitutive activity (fig. 2) (Verzijl et al., 2008). Furthermore, VUF11211 dose-

dependently decreases the constitutive receptor activity of CXCR3-N3.35A (fig.2b). These findings are 

in line with the earlier reported inverse agonistic properties of NBI-74330 and related compound 

VUF10085 (AMG487) from the 8-azaquinazolinone class. These compounds both inhibit constitutive 

activity of CXCR3-N3.35A in an inositol phosphate accumulation assay (Verzijl et al., 2008). 

VUF11211 inhibited basal activity of CXCR3 WT only to a minor extent, consistent with its very low 

constitutive activity compared to CXCR3-N3.35A. In most assay systems, constitutive activity of 

CXCR3 WT is not observed at all (Verzijl et al., 2008), yet a reportergene assay involves considerably 

more signal amplification than upstream assays like [35S]-GTPγS or inositol phosphates accumulation, 

potentially unmasking the presence of low levels of constitutive activity of the CXCR3 WT. 

 

Increasing evidence supports the allosteric nature of small-molecule ligands interacting with the 

CXCR3 receptor (Scholten et al., 2012b; Nedjai et al., 2012; Scholten et al., 2014; Nedjai et al., 2014). 

Recently, we reported evidence for an allosteric binding mechanism for VUF11211 and NBI-74330 

(Scholten et al., 2014). Mutations in the TM domains of CXCR3 affected binding of these ligands, but 

not of the orthosteric chemokine ligand CXCL11. In addition, we assessed the mechanism of inhibition 

by VUF11211 by means of Schild Analysis using the CRE-luciferase reportergene assay. VUF11211 

dose-dependently and insurmountably decreased the maximum efficacy of CXCL11, again suggesting 

non-competitive allosteric behavior. 
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The allosteric properties of these ligands imposes limitations on the use of orthosteric radioligands for 

discovery and characterization of such molecules due to probe-dependence of allosteric effects (May 

et al., 2007). Therefore, we developed the radiolabeled enantiopure allosteric ligand [3H]-VUF11211. 

Studies with [3H]-VUF11211 are complementary to studies with the CXCR3 radioligand [3H]-RAMX3 

(Bernat et al., 2012), a derivative of NBI-74330, as both probe different parts of the TM domains of 

CXCR3. NBI-74330 predominantly binds to TMS1 while VUF11211 traverses both TMS1 and TMS2 

(Scholten et al., 2014). 

 

Kinetic radioligand binding experiments were employed to establish the kinetics of [3H]-VUF11211 

binding to CXCR3. The association rate of  [3H]-VUF11211 binding to CXCR3. was in the same range 

as reported for the 8-azaquinazolinone CXCR3 radioligand [3H]-RAMX3 (kon = 0.034 ± 0.002 nM-1 min-

1 at 22°C vs. 0.045 ± 0.003 nM-1 min-1 at 37°C, respectively) (Bernat et al., 2012). However, it should 

be noted that kinetic parameters are dependent on temperature and as binding assays with [3H]-

RAMX3 were performed at 37°C, it might be expected that it would associate slower when incubated 

at 22°C. Another parameter that can be obtained from these data is the residence time of a ligand, 

which is inversely correlated with the dissociation rate (koff). Dissociation kinetic binding experiments 

revealed a relatively short residence time for [3H]-VUF11211 (RT ≈ 50 min) compared to other small-

molecule chemokine receptor ligands, including SCH-527123 (CXCR2; RT ≈ 22 hr at 22°C) or 

maraviroc (CCR5; RT >136 hr at 4°C) (Guo et al., 2014).  

Both types of kinetic experiments resulted in similar dissociation rate constants for [3H]-VUF11211 (koff 

= 0.022 ± 0.004 and 0.020 ± 0.001 min-1, respectively) (figure 4A). Moreover, the affinity of [3H]-

VUF11211 for CXCR3 determined with both equilibrium saturation binding and association kinetic 

binding experiments are virtually identical (Kd = 0.65 ± 0.11 nM and 0.69 ± 0.10 nM, respectively), 

confirming that adequate assay conditions were applied (Hulme and Trevethick, 2010). In addition, the 

binding of [3H]-VUF11211 to HEK293/CXCR3 membranes is saturable, and the amount of receptors 

recognized by the radioligand (Bmax) is 8.0 ± 1.0 pmol/mg protein. However, the utility of saturation 

binding assays is limited to ligands that are radiolabeled. As such, the Kd and Bmax were also 

established using a competition binding assay with unlabeled VUF11211 which resulted in comparable 

values (Kd = 0.65 ± 0.11 vs. 0.60 ± 0.16 nM and Bmax = 8.0 ± 1.0 vs. 7.9 ± 0.4 pmol/mg protein, 

respectively), validating the use of [3H]-VUF11211 competition binding for affinity determination.  
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The affinities of different CXCR3 ligands, including agonists (VUF10661, VUF11418) and antagonists 

(VUF10085, NBI-74330, VUF10990), were determined by [3H]-VUF11211 and [125I]-CXCL11 

competition binding assays (fig. 5a,b and table 2). The inverse agonists VUF11211 and NBI-74330 

show lower affinities for CXCR3 in the case of [125I]-CXCL11 compared to [3H]-VUF11211. This is 

probably due to selection of a different subset of CXCR3 (inactive versus active) conformations by the 

two radioligands and associated efficiency of their displacement by the unlabeled ligands that have 

their own conformational preference. Inverse agonists generally prefer inactive conformations, 

whereas agonists also bind to active GPCR conformations (Bouvier, 2013). In accordance with this, 

VUF10661 was found to displace [3H]-VUF11211 with >30-fold lower efficiency than [125I]-CXCL11 

from HEK293/CXCR3 membranes (fig. 2b and table 2). Although a similar trend is observed for other 

structurally-related antagonists (VUF10085 and VUF10990) and the agonist VUF11418, the 

differences were not statistically significant (table 2). However, we have shown previously that 

relatively minor changes in chemical structure can result in major pharmacological changes (Scholten 

et al., 2012b). This might explain differences in conformational preference between structurally-related 

compounds.  

A simple on-off model does not provide a full description of GPCR activation. The receptor rather 

exists as an ensemble of conformations, which are continuously sampled, including multiple active 

and inactive conformations. Ligands and signaling effectors as G proteins and other (cytosolic) 

proteins, limit the conformational dynamics of the GPCR, leading to a distinct functional outcome 

(Bouvier, 2013). The notion that ligand-chemokine receptor interaction is often dependent on other 

proteins, implicates that affinity and potency values are highly dependent on the cellular context and 

experimental conditions (Cox et al., 2001; Scholten et al., 2012a). This is illustrated by our previous 

finding that CXCL11 exhibited a 10-fold lower affinity in binding experiments performed on whole cells 

compared to membranes prepared from those same cells (Scholten et al., 2012b). 

 

To further characterize the binding of [3H]-VUF11211 to CXCR3, its sensitivity to G protein uncoupling 

by GTPγS was investigated. Uncoupling CXCR3 receptors from their G proteins led to a ±50% 

decrease in [125I]-CXCL11 binding, suggesting that CXCL11 binds to both G protein-coupled as well as 

–uncoupled conformations, confirming results reported before (Cox et al., 2001). In contrast, 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on January 9, 2015 as DOI: 10.1124/mol.114.095265

 at A
SPE

T
 Journals on M

arch 23, 2015
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #95265 

17 
 

incubation of [3H]-VUF11211 with GTPγS did not change specific binding of the radioligand to the 

same membranes, even at 100 μM of GTPγS. This indicates that [3H]-VUF11211 binding to CXCR3 is 

unaffected by G protein coupling, which is expected for inverse agonists generally binding to (a subset 

of) inactive non-G protein-coupled GPCR conformations (Bouvier, 2013). Altogether, it can be 

concluded that CXCL11 and VUF11211 bind to distinct sets of CXCR3 conformations. Interestingly, 

unlabeled VUF11211 was able to fully displace [125I]-CXCL11 binding to CXCR3, yet unlabeled 

CXCL11 only produced ±40% displacement of [3H]-VUF11211. This either signifies that CXCL11 and 

VUF11211 bind to CXCR3 in an allosteric fashion or that VUF11211 binds to a distinct subset of 

CXCR3 conformations inaccessible by CXCL11. The latter notion is confirmed by the observation that 

the Bmax value obtained for [3H]-VUF11211 binding is ± 8-fold higher than was reported earlier for [125I]-

CXCL11 binding at HEK293/CXCR3 membrane preparations (8.0 ± 1.0 vs. 1.0 ± 0.3 pmol/mg protein, 

respectively) (Scholten et al., 2012b). A similar pattern is observed when the Bmax values for 

preparations of COS-7 cells expressing the CXCR2 receptor were determined with [125I]-CXCL8 or 

allosteric antagonist [3H]-SB265610 (Bmax = ± 0.1 vs. ± 50 pmol/mg protein, respectively) (de Kruijf et 

al., 2009). 

To validate the use of [3H]-VUF11211 in generation of SAR, a small set of VUF11211 derivatives was 

prepared and assayed as a proof of concept. We noted a significant drop in affinity when installing an 

amide functionality (compare VUF11211: pKd = 9.0 ± 0.0 to VUF14479: pKi = 7.7 ± 0.1) while the 

effect of α-methylation was less pronounced (compare VUF11211: pKd = 9.0 ± 0.0 to VUF14263: pKi = 

8.8 ± 0.1), comparable to studies from Merck Sharp & Dohme with similar molecules (McGuinness et 

al., 2009; Shao et al., 2011). Replacing the chloro- by a bromo-moiety led to significant lower affinity 

(compare VUF11211: pKd = 9.0 ± 0.0 to VUF13948: pKi = 8.1 ± 0.1) (Table 3). Altogether, effects of 

changing or adding substituents to VUF11211 on affinity could be readily observed in the competition 

binding assay using [3H]-VUF11211, suggesting that the radioligand is suitable for SAR studies. 

 

Conclusion 

In the current work, CRE-Luciferase and β-arrestin recruitment functional assays have been used to 

further characterize the pharmacology of VUF11211, revealing inverse agonist properties at a 

constitutively active mutant of CXCR3. We also describe the radiolabeling of VUF11211 to provide 

enantiopure [3H]-VUF11211 with excellent specific activity. Different equilibrium binding assays, 
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including saturation and displacement, as well as kinetic binding to CXCR3 show that [3H]-VUF11211 

is an allosteric small-molecule CXCR3 radioligand with relatively fast binding kinetics and high affinity 

for human CXCR3, recognizing a different receptor population compared to the endogenous 

chemokine CXCL11. Small-molecule CXCR3 ligands (antagonists and agonists) of diverse 

chemotypes displace [3H]-VUF11211 binding to CXCR3 with different potencies as obtained in 

displacement studies with [125I]-CXCL11. In all, the results of this study show that [3H]-VUF11211 is a 

high-affinity allosteric radioligand for CXCR3 that can be used for screening, characterization and 

optimization of allosteric ligands that bind to the TM region of CXCR3. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on January 9, 2015 as DOI: 10.1124/mol.114.095265

 at A
SPE

T
 Journals on M

arch 23, 2015
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #95265 

19 
 

Acknowledgments 

We thank Johan Grootjans (PerkinElmer) for technical assistance on radiolabeling. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on January 9, 2015 as DOI: 10.1124/mol.114.095265

 at A
SPE

T
 Journals on M

arch 23, 2015
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #95265 

20 
 

Authorship Contributions 

Participated in research design: Scholten, Wijtmans, Custers, van Senten, Stunnenberg, de Esch, 

Smit, Leurs 

Conducted experiments: Scholten, Wijtmans, van Senten, Custers, Stunnenberg 

Contributed new reagents or analytic tools: Wijtmans, Custers, de Esch,  

Performed data analysis: Scholten, Wijtmans, van Senten, Custers, Stunnenberg, Leurs 

Wrote or contributed to the writing of the manuscript: Scholten, Wijtmans, de Esch, Smit, Leurs 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on January 9, 2015 as DOI: 10.1124/mol.114.095265

 at A
SPE

T
 Journals on M

arch 23, 2015
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #95265 

21 
 

References 

Bernat V, Heinrich MR, Baumeister P, Buschauer A, and Tschammer N (2012) Synthesis and 

application of the first radioligand targeting the allosteric binding pocket of chemokine receptor 

CXCR3. ChemMedChem 7:1481-1489. 

Bouvier M (2013) Unraveling the structural basis of GPCR activation and inactivation. Nat Struct Mol 

Biol 20:539-541. 

Cox M, Jenh C, Gonsiorek W, Fine J, Narula S, Zavodny P, and Hipkin R (2001) Human interferon-

inducible 10-kDa protein and human interferon-inducible T cell alpha chemoattractant are allotopic 

ligands for human CXCR3: differential binding to receptor states. Mol Pharmacol 59:707-715. 

de Kruijf P, van Heteren J, Lim HD, Conti PGM, van der Lee MMC, Bosch L, Ho K-K, Auld D, 

Ohlmeyer M, Smit MJ, Wijkmans JCHM, Zaman GJR, Smit MJ, and Leurs R (2009) Nonpeptidergic 

allosteric antagonists differentially bind to the CXCR2 chemokine receptor. J Pharmacol Exp Ther 

329:783-790.  

Garcia-Perez J, Rueda P, Alcami J, Rognan D, Arenzana-Seisdedos F, Lagane B, and Kellenberger E 

(2011) Allosteric model of maraviroc binding to CC chemokine receptor 5 (CCR5). J Biol Chem 

286:33409-33421. 

Grunbeck A, Huber T, Abrol R, Trzaskowski B, Goddard WA, and Sakmar TP (2012) Genetically-

encoded Photocrosslinkers Map the Binding Site of an Allosteric Drug on a G Protein-coupled 

Receptor. ACS Chem Biol 7:967-972. 

Guo D, Hillger JM, IJzerman AP, and Heitman LH (2014) Drug-target residence time-a case for G 

protein-coupled receptors. Med Res Rev 34:856-892. 

Heise C, Pahuja A, Hudson S, Mistry M, Putnam A, Gross M, Gottlieb P, Wade W, Kiankarimi M, 

Schwarz D, Crowe P, Zlotnik A, and Alleva D (2005) Pharmacological characterization of CXC 

chemokine receptor 3 ligands and a small molecule antagonist. J Pharmacol Exp Ther 313:1263-

1271. 

Hulme EC, and Trevethick MA (2010) Ligand binding assays at equilibrium: validation and 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on January 9, 2015 as DOI: 10.1124/mol.114.095265

 at A
SPE

T
 Journals on M

arch 23, 2015
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #95265 

22 
 

interpretation. Br J Pharmacol 161:1219-1237. 

Johnson M, Li A-R, Liu J, Fu Z, Zhu L, Miao S, Wang X, Xu Q, Huang A, Marcus A, Xu F, Ebsworth K, 

Sablan E, Danao J, Kumer J, Dairaghi D, Lawrence C, Sullivan T, Tonn G, Schall T, Collins T, and 

Medina J (2007) Discovery and optimization of a series of quinazolinone-derived antagonists of 

CXCR3. Bioorg Med Chem Lett  17:3339-3343. 

Kim SH, Anilkumar GN, Zawacki LG, Zeng Q, Yang D-Y, Shao Y, Dong G, Xu X, Yu W, Jiang Y, Jenh 

C-H, Hall JW, Carroll CD, Hobbs DW, Baldwin JJ, Mcguinness BF, Rosenblum SB, Kozlowski JA, 

Shankar BB, and Shih N-Y (2011) III. Identification of novel CXCR3 chemokine receptor antagonists 

with a pyrazinyl-piperazinyl-piperidine scaffold. Bioorg Med Chem Lett 21:6982–6986 

May L, Leach K, Sexton P, and Christopoulos A (2007) Allosteric modulation of G protein-coupled 

receptors. Annu Rev Pharmacol Toxicol 47:1-51. 

McGuinness B, Carroll C, Zawacki L, Dong G, Yang C, Hobbs D, Jacob-Samuel B, Hall J, Jenh C, 

Kozlowski J, Anilkumar G, and Rosenblum S (2009) Novel CXCR3 antagonists with a 

piperazinylpiperidine core. Bioorg Med Chem Lett 19:5205-5208. 

Nair AG, Wong MKC, Shu Y, Jiang Y, Jenh C-H, Kim SH, Yang D-Y, Zeng Q, Shao Y, Zawacki LG, 

Duo J, McGuinness BF, Carroll CD, Hobbs DW, Shih N-Y, Rosenblum SB, and Kozlowski JA (2014) 

IV. Discovery of CXCR3 antagonists substituted with heterocycles as amide surrogates: improved PK, 

hERG and metabolic profiles. Bioorg Med Chem Lett 24:1085-1088. 

Nedjai B, Li H, Stroke IL, Wise EL, Webb ML, Merritt JR, Henderson I, Klon AE, Cole AG, Horuk R, 

Vaidehi N, and Pease JE (2012) Small molecule chemokine mimetics suggest a molecular basis for 

the observation that CXCL10 and CXCL11 are allosteric ligands of CXCR3. Br J Pharmacol 166:912-

923.  

Nedjai B, Viney JM, Li H, Hull C, Anderson CA, Horie T, Horuk R, Vaidehi N, Pease JE (2014). The 

CXCR3 antagonist VUF10085 binds to an intrahelical site distinct from that of the broad spectrum 

antagonist TAK-779. Br J Pharmacol, in press. doi:10.1111/bph.13027 

Nijmeijer S, Leurs R, Smit MJ, and Vischer HF (2010) The Epstein-Barr virus-encoded G protein-

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on January 9, 2015 as DOI: 10.1124/mol.114.095265

 at A
SPE

T
 Journals on M

arch 23, 2015
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #95265 

23 
 

coupled receptor BILF1 hetero-oligomerizes with human CXCR4, scavenges Galphai proteins, and 

constitutively impairs CXCR4 functioning. J Biol Chem 285:29632-29641. 

Scholten DJ, Canals M, Maussang D, Smit MJ, Wijtmans M, de Graaf C, Vischer HF, and Leurs R 

(2012a) Pharmacological modulation of chemokine receptor function. Br J Pharmacol 165:1617-1643.  

Scholten DJ, Canals M, Wijtmans M, de Munnik S, Nguyen P, Verzijl D, de Esch IJP, Vischer HF, Smit 

MJ, and Leurs R (2012b) Pharmacological characterization of a small-molecule agonist for the 

chemokine receptor CXCR3. Br J Pharmacol 166:898-911. 

Scholten DJ, Roumen L, Wijtmans M, Verkade-Vreeker MCA, Custers H, Lai M, de Hooge D, Canals 

M, de Esch IJP, Smit MJ, de Graaf C, and Leurs R (2014) Identification of Overlapping but Differential 

Binding Sites for the High-Affinity CXCR3 Antagonists NBI-74330 and VUF11211. Mol Pharmacol 

85:116-126. 

Shao Y, Anilkumar GN, Carroll CD, Dong G, Hall JW, Hobbs DW, Jiang Y, Jenh C-H, Kim SH, 

Kozlowski JA, Mcguinness BF, Rosenblum SB, Schulman I, Shih N-Y, Shu Y, Wong MKC, Yu W, 

Zawacki LG, and Zeng Q (2011) II. SAR studies of pyridyl-piperazinyl-piperidine derivatives as CXCR3 

chemokine antagonists. Bioorg Med Chem Lett 21:1527-1531. 

Tan Q, Zhu Y, Li J, Chen Z, Han GW, Kufareva I, Li T, Ma L, Fenalti G, Li J, Zhang W, Xie X, Yang H, 

Jiang H, Cherezov V, Liu H, Stevens RC, Zhao Q, and Wu B (2013) Structure of the CCR5 

Chemokine Receptor-HIV Entry Inhibitor Maraviroc Complex. Science 341:1387-1390. 

Verzijl D, Storelli S, Scholten DJ, Bosch L, Reinhart TA, Streblow DN, Tensen CP, Fitzsimons CP, 

Zaman GJR, Pease JE, de Esch IJP, Smit MJ, and Leurs R (2008) Noncompetitive antagonism and 

inverse agonism as mechanism of action of nonpeptidergic antagonists at primate and rodent CXCR3 

chemokine receptors. J Pharmacol Exp Ther 325:544-555. 

Watson C, Jenkinson S, Kazmierski W, and Kenakin T (2005) The CCR5 receptor-based mechanism 

of action of 873140, a potent allosteric noncompetitive HIV entry inhibitor. Mol Pharmacol 67:1268-

1282.  

Wijtmans M, de Esch IJP, and Leurs R (2011) Therapeutic Targeting of the CXCR3 Receptor, in 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on January 9, 2015 as DOI: 10.1124/mol.114.095265

 at A
SPE

T
 Journals on M

arch 23, 2015
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #95265 

24 
 

Chemokine Receptors as Drug Targets (Smit MJ, Lira SA, and Leurs R eds) pp 301-322, Wiley-VCH 

Verlag GmbH & Co. KGaA, Weinheim. 

Wijtmans M, Scholten DJ, de Esch IJP, Smit MJ, and Leurs R (2012a) Therapeutic targeting of 

chemokine receptors by small molecules. Drug Discov Today Technol 9:e229-e236. 

 

Wijtmans M, Scholten DJ, Roumen L, Canals M, Custers H, Glas M, Vreeker MCA, de Kanter FJJ, de 

Graaf C, Smit MJ, de Esch IJP, and Leurs R (2012b) Chemical subtleties in small-molecule 

modulation of peptide receptor function: the case of CXCR3 biaryl-type ligands. J Med Chem 

55:10572-10583.  

Wijtmans M, Verzijl D, Leurs R, de Esch IJP, and Smit MJ (2008) Towards small-molecule CXCR3 

ligands with clinical potential. ChemMedChem 3:861-872. 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on January 9, 2015 as DOI: 10.1124/mol.114.095265

 at A
SPE

T
 Journals on M

arch 23, 2015
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #95265 

25 
 

Footnotes 

This research was performed within the framework of the Dutch Top Institute Pharma GPCR forum 

[project D1-105] 

 

D.J.S., M.W., J.v.S., I.J.P.d.E., M.J.S., and R.L. participate in the European COST Action CM1207 

(GLISTEN). 

 

D.J.S. and M.W. contributed equally to this work. 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on January 9, 2015 as DOI: 10.1124/mol.114.095265

 at A
SPE

T
 Journals on M

arch 23, 2015
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #95265 

26 
 

Figure Legends 

 

Figure 1  

Chemical structure of the enantiopure CXCR3 antagonist VUF11211 

 

Figure 2 

(A-C) CRE-Luciferase reporter gene assays to investigate the properties of VUF11211 in a functional 

assay. (A) Cells expressing CXCR3 and CRE-luciferase reporter gene were either incubated with a 

concentration series of CXCL11 alone, or coincubated with 3 nM of CXCL11 (EC80) and a 

concentration series of VUF11211. (B) HEK293T cells expressing the CRE-luciferase reporter gene 

and either CXCR3 WT or the constitutively active mutant N3.35A were incubated with a concentration 

series of VUF11211. (C) Schild analysis with a concentration series of CXCL11 in the absence or 

presence of constant  concentrations of VUF11211. Data is grouped from three different experiments 

showing average ± SEM. Data is normalized towards forskolin-induced increase of CRE-luciferase 

reportergene activity. (D) A β-arrestin recruitment assay. Cells expressing CXCR3-Rluc and β-

arrestin2-YFP were incubated with a concentration series of either CXCL11 or VUF11211 in the 

absence or presence of 10 nM of CXCL11. 

 

Figure 3 

Optimization of Radioligand binding assay conditions for [3H]-VUF11211 binding to human CXCR3. 

(A) Binding of the radioligand to membranes prepared from HEK293 cells stably expressing CXCR3 

(TB = total binding, NS = non-specific binding (determined using 10 μM unlabeled VUF11211)) or 

empty HEK293 cells (mock). Conditions that were used 50 mM Tris pH 7.4 + 100 mM NaCl with 1 nM 

of [3H]-VUF11211. (B) Optimization of assay conditions to reduce non-specific binding to plastics and 

filter plates, using 1 nM of [3H]-VUF11211 in 50 mM Tris pH 7.4 + 100 mM NaCl as buffer. The data is 

normalized towards non-specific binding, showing actual “specific binding”. Under these conditions no 

more than 10% of the added radioligand was bound (no depletion). (C) Preincubation of the GF/C filter 

plates for 2 hours was done with either 0.5% PEI in H2O or 0.5% BSA in H2O for 4 different 

concentrations of [3H]-VUF11211. 
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Figure 4 

Characterization of [3H]-VUF11211 properties on membranes prepared from HEK293 cells stably 

expressing CXCR3 proteins. (2 μg/well of membranes were used for each experiment). (A) 

Association kinetics experiment performed with three different concentrations of [3H]-VUF11211: 0.3 

nM (open circles), 1 nM (filled squares), and 3 nM (filled circles). (B) Incubation of 1 nM of [3H]-

VUF11211 with HEK293/CXCR3 membranes for 1 hour to reach equilibrium and subsequent 

dissociation of [3H]-VUF11211 initiated by addition of 10 μM of unlabeled VUF11211 at different time 

points. (C) Saturation binding experiment with increasing concentrations of [3H]-VUF11211 in the 

presence or absence of 10-5M NBI-74330 to determine non-specific binding. (D) Homologous 

competition binding experiments with four different radioligand concentrations: 0.3 nM (open circles), 1 

nM (filled squares), 1.5 nM (open squares), and 3 nM (filled circles). Shown graphs are representative 

of at least 3 different experiments and each data point is performed in triplicate. 

 

Figure 5  

Characterization of the binding of [3H]-VUF11211 and other ligand classes to CXCR3. (A) Competition 

binding using 1 nM of [3H]-VUF11211 and concentration series of small-molecule CXCR3 antagonists. 

(B) Competition binding using displacement of 1 nM of [3H]-VUF11211 or 70 pM of [125I]-CXCL11 with 

CXCR3 agonists VUF11418 and VUF10661. (C) Investigation of the effect of receptor uncoupling from 

G proteins on 1 nM of [3H]-VUF11211 binding using increasing concentrations of GTPγS. (D) 

Investigation of the effect of receptor uncoupling from G proteins on 70 pM of [125I]-CXCL11 binding 

using increasing concentrations of GTPγS. (E) Competition binding experiment using co-incubation of 

1 nM of [3H]-VUF11211 with a concentration series of cold CXCL11, and using co-incubation of 70 pM 

[125I]-CXCL11 with a concentration series of cold VUF11211. The dashed line indicates maximum 

homologous displacement (CXCL11 in the case of [125I]-CXCL11 and VUF11211 in the case of [3H]-

VUF11211. 
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Tables 

Table 1: Properties of [3H]-VUF11211 

Binding 

assay type 

kon 

(min-1 nM-1) 

koff 

(min-1) 

t1/2 

(min) 

Kd Bmax 

(pmol/mg protein) 

n 

Association a 0.034 ± 0.002 0.022 ± 0.004 32 ± 6 0.69 ± 0.10 - 6 

Dissociation b - e 0.020 ± 0.001 35 ± 2 - - 3 

Saturation c - - - 0.65 ± 0.11 8.0 ± 1.0 4 

Competition d - - - 0.60 ± 0.16 7.9 ± 0.4 3 

 

Values resulting from experiments shown in figure 3. All values are average ± SEM of at least three 

independent experiments. 

a Association kinetics experiments with [3H]-VUF11211 (see figure 3A) 

b Dissociation kinetics experiments with [3H]-VUF11211 (see figure 3B) 

c Saturation binding experiments (see figure 3C) 

d Homologous competition of [3H]-VUF11211 (see figure 3D) 

e For calculation of the koff the kon data obtained from association kinetics were used.  
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Table 2: SAR study on CXCR3 antagonists and agonists of various chemotypes determined using 

heterologous competition binding. 

Compound 
structure 

Compound 
name 

[3H]-VUF11211 
(pKi ± SEM) 

[125I]-CXCL11 
(pKi ± SEM) 

 

VUF11211 9.0 ± 0.0 7.8 ± 0.1*** 

 

NBI-74330 8.4 ± 0.1 7.2 ± 0.1*** 

 

VUF10085 7.1 ± 0.1 6.8 ± 0.1 

 

VUF10990 6.4 ± 0.1 6.0 ± 0.1 

 

VUF11418a 5.8 ± 0.1 6.0 ± 0.1 

 

VUF10661a ≤4.5 6.0 ± 0.1*** 

 

All data is presented as mean ± SEM of at least three independent experiments (*** p< 0.001 

compared to affinity of the same compound determined using [3H]-VUF11211). 
a Ligand is classified as agonist (Scholten et al., 2012b; Wijtmans et al., 2012b) 
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Table 3: Small SAR study on piperidinyl-piperazine CXCR3 ligands determined using heterologous 

competition binding. 

 
R VUF # pKi ± SEMa 

 

VUF11211 9.0 ± 0.0b  

 

VUF14479 7.7 ± 0.1*** 

 

VUF14263 8.8 ± 0.1 

 

VUF13948 8.1 ± 0.1*** 

 

All data are presented as mean ± SEM values from three independent experiments (*** p < 0.001, 

compared to VUF11211),  
a Determined using [3H]-VUF11211 competition binding experiments 
b This value is a pKd as it is the result of homologous competition binding 
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