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Kaposi’s sarcoma (KS) is a heterogeneous and highly vascularized tumor characterized by 
proliferating spindle-shaped endothelial cell, infiltrating leukocytes and red blood cells. 
It is the most common malignancy in AIDS patients. Currently, KS is treated with an-

ti-cancer or anti-viral therapies such as highly active antiretroviral therapy (HAART).446 However, 
HAART is not successful in all cases of AIDS-associated KS447-449 and therefore new therapeutic 
approaches are required. 
Kaposi's sarcoma-associated herpesvirus (KSHV) is the etiological agent of KS as KSHV DNA450, 
mRNA451 and proteins have been found in all forms of KS lesions. The viral G protein-coupled 
receptor (vGPCR) ORF74 appears to be essential for KS development since ORF74 expression 
is sufficient to induce tumors in transgenic mice closely resembling KS lesions in human.452, 453 
ORF74 shows highest sequence identity to the human chemokine receptor CXCR2454 (Table 
7.1), but has some unique features. ORF74 can signal in the absence of ligands (i.e. ORF74 is 
constitutively active) to multiple signaling pathways including phospholipase C (PLC),455 but 
also binds various human CXC chemokines that can modulate this basal activity. For example, 
the CXCR2 chemokines act as full agonists (e.g. CXCL1) or (partial) low potency agonists (e.g. 
CXCL8), whereas the CXCR3 chemokine CXCL10 acts as an inverse agonist on ORF74.456 Mice 
expressing ORF74 mutants that lost the capacity to bind chemokine agonists or constitutive 
activity fail to develop tumors, showing that both ligand-dependent and -independent signaling 
properties of ORF74 are essential for tumorigenesis.457, 458 ORF74 is only expressed in a fraction 
of tumor cells, but its cellular signaling results in the expression and secretion of cytokines and 
growth factors that (de)regulate neighboring cells in a paracrine manner.459, 460 Co-expression of 
ORF74 with the herpes simplex virus 1 thymidine kinase (HSV1-TK) using a bicistronic construct 
renders cells that form tumors in nude mice sensitive to the nucleoside analogue ganciclovir. 
Specific targeting of only the few ORF74-expressing cells in established tumors with ganciclovir 
also resulted in increased apoptosis of adjacent non-ORF74-expressing cells and consequently 
tumor regression.461 ORF74 is therefore considered an attractive and relevant drug target for 
the treatment of KS. However, unlike for most human chemokine receptors,462, 463 no small mol-
ecules directly targeting ORF74 have hitherto been reported.
In order to discover (novel) ligands for a protein target, structure-based virtual screening (SBVS) 
has been frequently applied in the past. Due to the tremendous advances in GPCR crystallogra-
phy, the structures of many GPCRs (covering multiple classes) have recently been elucidated. 
These crystal structures allow for more accurate homology modeling of GPCRs without a known 
3D protein structure (like ORF74) that can in turn be used for SBVS.154 There have been multiple 
studies reporting the successful application of this technique on GPCRs,151, 375 e.g. for the A1

166, 
H3

150, CB2
152, CCR5144, CXCR3464, CXCR4173, glucagon122 and C3a receptor151. In this manuscript 

we report the application of a homology model-based virtual screening on an in-house com-
pound library with the aim to identify the first small-molecule inhibitors for ORF74.
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7.1 Materials and Methods

Residue numbering and nomenclature

The Ballesteros–Weinstein residue numbering scheme83 was used throughout this manuscript. 
For explicitly numbered residues in specific receptors, the UniProt362 residue number (accession 
code VGPCR_HHV8P) is given before the Ballesteros–Weinstein residue number in superscript 
(e.g. Y1253.32 in ORF74).

Homology modeling of ORF74

The sequence of ORF74 was compared to the sequence of all 18 class A GPCRs that were crys-
tallized at that point in time (PDB accessed at 18th of April 2013).488 ORF74 was most related to 
both the chemokine receptor CXCR4 and also to the opioid receptors (Table 7.1). CXCR4 has 
the highest sequence identity when comparing the transmembrane (TM) domain and Helix 8 
(H8) closely followed by the (opioid) κ receptor (Table 7.1), however the sequence similarity is 
higher for the κ receptor (49% compared to 43% for CXCR4). In order to choose between the 
two templates also the similarity and identity of solely the binding sites residues (54 residues 
as previously defined389) was compared. Comparison of the pocket residues show that both the 
sequence identity and similarity was higher for CXCR4 (22% and 50% respectively) than for κ 
receptor (20% and 46% respectively, see Table 7.1), therefore the small molecule (IT1t) bound 
crystal structure of CXCR4100 (PDB-code 3ODU) was chosen as a template for the construction 
of the ORF74 homology model. Also the conservation of the cysteine residues in the N-terminus 
and TM7 between ORF74 and CXCR4 (Figure S7.2), forming a disulfide bridge, is an important 
chemokine-receptor specific feature499 that is not present in the structure of the κ receptor. 
The sequence of ORF74 was retrieved in fasta format (Uniprot accession code VGPCR_HHV8P) 
and aligned with the sequence of CXCR4 (as used in PDB entry 3ODU, after removal of the 
T4-lysozyme) using MOE420. The alignment was manually refined guided by the alignment of 
Montaner et al.454 and Daiyasu et al.500 and a PRALINE501 alignment of all 18 crystallized class A 
GPCRs with the sequence of ORF74. The resulting alignment was used as input for the homology 
modeling functionality of MOE. 10 main-chain models were generated and the side-chains were 
sampled 10 times at 310K, fine intermediate and fine final model refinement was performed 
using MMFF94x. The highest-ranking homology model was selected for virtual screening.

Preparation of the virtual screening database

11 215 compound structures were obtained in SMILES format from our in-house database. 
Subsequently the ionization states at pH 7.4 were computed with cxcalc after which the com-
pounds were protonated using standardizer (both are part of the JChem suite from ChemAxon502). 
The resulting compound structures were stored in SDF format. 3D conformations were gener-
ated using CORINA427 and stored in SYBYL MOL2 format according to the GOLD conventions. 
10 983 compounds remained after these steps (due to conversion errors for a selected set of 
compounds during this process), which were finally used for the prospective virtual screening.

Automated docking

The docking experiments were performed using PLANTS (version 1.2).46 PLANTS combines an 
ant colony optimization algorithm with an empirical scoring function345 for the prediction and 
scoring of binding poses in a protein structure. For each compound 50 poses were calculated 



151

Identification of the first small-molecule inhibitors for the constitutively-active viral GPCR ORF74 - Chapter 7

7 7

and scored by the ChemPLP scoring function at speed setting 2, clustering of the poses was set 
to a RMSD of 1Å, . The binding pocket was defined based on visual selection of the center of all 
TM helices at the height (with respect to the membrane) of the minor/major binding pocket, the 
radius was selected to enclose both the major and the minor pocket.

Prospective virtual screening

After docking the prepared in-house compound library in the homology model, the resulting 
ChemPLP scores were evaluated. Based on the score distribution a maximum ChemPLP score 
of -110 was selected for the first set of compounds. A second set of compounds was selected 
based on a maximum SCORE_NORM_CRT_HEVATOMS score of -32. This SCORE_NORM_
CRT_HEVATOMS score normalizes the ChemPLP score with respect to the cubic root of the 
number of heavy atoms. This was done to take into account that scoring functions can artificially 
enrich the docking score when compounds have more heavy atoms (thus making more contacts 
with binding site residues).396, 503 The two sets were merged, resulting in a total of 205 unique 
compounds that were subsequently visually clustered and for each cluster the fragment with 
most negative PLANTS score was selected. Finally, 18 compounds were selected based on visual 
inspection of the best scoring binding pose for each of the compounds (mainly focused on dis-
carding poses with buried polar atoms). 

Materials

Dulbecco's modified Eagle's medium and trypsin were obtained from Sigma-Aldrich (St. Louis, 
MO, USA), fetal bovine serum (FBS) and penicillin/streptomycin were purchased from PAA 
Laboratories GmbH (Paschen, Austria). Earle’s inositol-free minimal essential medium was 
from Life Technologies (Carlbad, CA, USA). Na125I and myo-[2-3H]inositol (1 mCi/ml) were from 
PerkinElmer Life Sciences (Boston, MA, USA). Recombinant human chemokines were obtained 
from PeproTech (Rocky Hill, NJ, USA). Linear 25-kDa polyethylenimine (PEI) for transfection 
was purchased from Polysciences (Warrington, PA, USA). Poly-L-lysine and dimethyl sulfoxide 
(DMSO) was obtained from Sigma-Aldrich. The cell titer blue cell viability assay was obtained 
from Promega (Madison, WI, USA).

DNA constructs

The cDNA of ORF74 (Uniprot accession code VGPCR_HHV8P) with a silent G à T mutation 
at position 927) was a gift from Dr. Schwartz (University of Copenhagen, Denmark) and sub-
cloned into pcDEF3, which was a gift from Dr. Langer (Robert Wood Johnson Medical School, 
Piscataway, NJ). 

Cell culture and transfection

HEK293T cells were cultured at 37°C and 5% CO2 in DMEM supplemented with 10% FBS and 1% 
penicillin/streptomycin. Cells were transfected using PEI, as described previously.504 Briefly, 20 
ng ORF74 (adjusted with empty pcDEF3 to a total amount of 5 µg DNA) was diluted in a total 
volume of 250 µl NaCl solution (150 mM). Next, 250 µl NaCl solution containing 30 µg polyeth-
ylenimine (PEI) was added to the DNA solution, mixed and incubated for 20 min at 22˚C. The 
mixture was added dropwise to the medium of adherent HEK293T cells. The next day, cells were 
trypsinized, resuspended and seeded in poly-L-lysine coated assay plates. 
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Radioligand binding experiments

Radioiodination [125I] of CXCL8 was described previously.505 Briefly, 5 μg human CXCL8 and 0.5 
mCi 125I-Na were incubated for 12 min at 22°C in 35 μl Labeling buffer (125 mM Tris-HCl pH 6.8, 
150 mM NaCl) in a Iodo-Gen coated tube (Pierce Chemical Co., Rockford, IL, USA). Iodinated 
CXCL8 was separated from free iodine using a PD-10 column (GE Healthcare). Subsequently, 
incorporation of 125I and specific activity were determined using trichloroacetic acid protein pre-
cipitation.506 24h post-transfection, ORF74-expressing HEK293T cells were seeded in poly-L-ly-
sine-coated 96-well plates (5x104 cells/well). The next day, displacement binding experiments 
were performed on whole cells by incubating the cells with 100 pM 125I-CXCL8 in binding buffer 
(50 mM HEPES (pH 7.4), 1 mM CaCl2, 5 mM MgCl2, 0.5% bovine serum albumin, supplemented 
with 1% DMSO to correct for serial dilution of DMSO) in the absence or presence of indicated 
concentration unlabeled CXCL10 or compound for 3 h at 4°C. Incubations were terminated by 
washing the cells three times with ice-cold binding buffer supplemented with 0.5 M NaCl and 
cells were subsequently lysed and counted in a Wallac Compugamma counter. 

Phospholipase C activation assay

24h post-transfection, ORF74-expressing HEK293T cells were seeded in poly-L-lysine coated 
48-well plates (1 x 105 cells/well) (Greiner). After approximately 7h, medium was replaced with 
myo-[2-3H]-inositol (1 μCi/ml) in Earle's inositol-free minimal essential medium (Gibco) supple-
mented with 10% FBS and 1% penicillin/streptomycin. The next day, cells were incubated with 
indicated concentrations CXCL10 or compound in assay buffer (20 mM HEPES, 140 mM NaCl, 
5 mM KCl, 1 mM MgSO4, 1 mM CaCl2, 10 mM glucose, pH 7.4, supplemented with 1% DMSO to 
correct for serial dilution of DMSO) containing 0.1% BSA and 10 mM LiCl at 37°C and 5% CO2 for 
1.5h. After incubation, cells were placed on ice and stimulation buffer was aspirated. Generated 
[3H]-inositol phosphates (InsP) were extracted by incubating cells with ice-cold 10 mM formic 
acid for 90 minutes on ice, isolated by anion-exchange chromatography (Dowex AG1-X8 col-
umns; Bio-Rad) and counted by liquid scintillation in a Packard liquid scintillation analyzer.

Cell viability assay

The Cell Titer Blue cell viability assay was performed according to the manufacturer’s instruc-
tions. Briefly, 24h post-transfection, ORF74-expressing HEK293T cells were seeded in white 
96-well culture plates (Greiner) (5x104 cells/well). The next day, cells were incubated with indi-
cated concentrations compound in DMEM (supplemented with 1% DMSO to correct for serial 
dilution of DMSO) at 37°C and 5% CO2 for 1.5h. Next, 20μl/well CellTiter-Blue Reagent was 
added and incubated for 3h at 37°C and 5% CO2 prior to the measurement of fluorescence (ex/
em: 530/580 nm) on a Victor3 multilabel plate reader (Perkin Elmer). The obtained signal was 
corrected for background, as determined by the fluorescence in wells without cells.

Screening compounds selected by SBVS

The 18 compounds selected by virtual screening were tested at 20 µM for their ability both to 
displace 125I-CXCL8 from ORF74-expressing HEK293T cells and to inhibit constitutive signaling 
of ORF74 as described under ‘Radioligand binding experiments’ and ‘Phospholipase C activation 
assay’, respectively. Next, a ChemBioFinder143 substructure search (on the methoxymethylened-
ibenzene moiety) and a LBVS with EDprints30 were performed to find analogues of the single 
hit GBR-13398. It should be noted that most of the compounds selected using the substructure 
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search were also present in the SBVS hit list, they were, however, removed during the visual 
clustering step due to their similarity to GBR-13398. The purity of all compounds was verified 
by liquid chromatography-mass spectrometry (LC-MS). All experimentally validated hits had a 
purity of 92% or higher (see Table S7.1). 

Data analysis

Sigmoidal concentration-response curves or bar graphs were plotted using Graphpad Prism 6 
software (GraphPad Software, San Diego). IC50 and EC50 values were determined by nonlinear 
regression. Statistical analyses were performed using Graphpad Prism 6 software. 

Assessment of the predicted binding mode of GBR-12818

Virtual assessment of the validity of the binding mode of GBR-12818 was performed by increas-
ing the sampled conformational space of the protein and the ligand. In order to do this a refined 
homology model was constructed based on CXCR4 (PDB-code 3ODU)97 in a similar manner. 
However, this time the side-chains were sampled 50 times at 310K resulting in a total of 500 
homology models. GBR-12818 was docked into each of the CXCR4-based homology models 
and the binding mode with the highest ChemPLP score was selected for each of the homology 
models. Visual inspection of the highest scoring docking pose of GBR-12818 in all homology 
models indicated a preferred binding mode for GBR-12818 (in-line with the docking pose ob-
tained during the prospective SBVS). From all poses portraying this preferred binding mode the 
binding mode with the highest ChemPLP score was selected for further refinement. This model 
was further optimized using NAMD (version 2.9, NAMD was developed by the Theoretical and 
Computational Biophysics Group in the Beckman Institute for Advanced Science and Technology 
at the University of Illinois at Urbana-Champaign).507 The model was embedded in a POPC lipid 
membrane508, TIP3P waters509 were added (including in the protein cavities to prevent a hydro-
phobic collapse), and the resulting complex was neutralized with 0.15 M NaCl. The CHARMM36 
force field510 was used and ligand parameters were estimated using CGenFF511.

7.2 Results 

7.2.1 Homology model-based virtual screening

In order to find ligands for ORF74, a homology model was built for the virtual screening of an 
in-house compound library. Despite the shared homology with human CXCR2 (Table 7.1), ORF74 
is missing several highly conserved residues compared to human chemokines and class A GPCRs. 
The highly conserved residues D2.50, S3.39, D3.49 (from the DRY motif), W4.50, W6.48 and N7.49 (from 
the NPxxY motif) are replaced by S932.50, D1323.39, V1423.49, L1694.50, C2646.48, and V3107.49 in 
ORF74, respectively. Moreover, the chemokine (and opioid) receptor TxP motif in TM2 is also 
not present. Interestingly, the mutation of D2.50 to S1182.50 is paired with the mutation of S3.39 
to D1603.39. This swap mutant, as identified by Montaner et al.454, possibly disrupts the recently 
described conserved sodium ion binding site.112, 113 The changes in this site are thought to result in 
constitutive active signaling by this viral GPCR.113, 454 The quality of GPCR homology models for 
structure-based virtual screening can be significantly improved by the consideration of ligand 
information.129, 417, 465 In the absence of ORF74 ligand information a ligand-free homology model 
was constructed based on the most closely related template that was available in the Protein 
Data Bank466 (PDB) at that time, namely CXCR4100 (see ‘Materials and Methods’). The sequence 
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of ORF74 could be properly aligned to CXCR4 by taking the conserved residues, the D2.50S/
S3.39D swap mutant, and the conserved cysteines that form the disulfide bridges N-terminus-TM7 
and TM3-ECL2 into account. The resulting alignment (Figure S7.2) was subsequently used to 
construct the homology model of ORF74. 
The in-house compound library used for homology model-based virtual screening predominantly 
contains drug-like molecules that adhere to the rule-of-5467 (86%) and 18% adheres to the frag-
ment-like rule-of-3468. The physicochemical properties of the compounds in this library have the 
following averages: a molecular weight of 305.9 Dalton, a LogP of 2.9, 21.8 heavy atoms, 4.9 
rotatable bonds, 1.4 H-bond donors, and 3.7 H-bond acceptors. The distributions of the physico-
chemical properties are given in Figure S7.1. 

Table 7.1 Overview of sequence identity and similarity of ORF74 with CXCR2, the top 5 most closely related 
crystallized GPCRs at that time (the opioid κ, δ, μ, and NOP receptor and CXCR4), and CCR5a. 

7TM + H8 Pocketb

Uniprot Identity Similarity Identity Similarity

CXCR2_HUMAN 29% 50% 30% 58%

OPRK_HUMAN 21% 49% 20% 46%

OPRD_HUMAN 20% 45% 18% 38%

OPRM_HUMAN 20% 46% 18% 40%

OPRX_HUMAN 20% 43% 18% 34%

CXCR4_HUMAN 22% 43% 22% 50%

CCR5_HUMANa 26% 44% 30% 40%

a) The crystal structure of CCR5 was published after the creation of the ORF74 homology model that was used for the pro-
spective virtual screening. b) Pocket definition as reported earlier.389

From the in-house compound library we screened 10 983 compounds against the homology 
model of ORF74 using molecular docking simulations with PLANTS. The scores of the obtained 
docking poses were subsequently processed and 18 compounds469-471 were selected from the set 
of highest-scoring compounds for experimental validation (see ‘Materials and Methods’). 
These 18 compounds were tested for their ability to inhibit 125I-CXCL8 binding to ORF74 and to 
modulate constitutive PLC activation by ORF74, revealing one potential hit compound (GBR-
13398) (Figure 7.1). However, GBR-13398 unfortunately portrayed cytotoxicity (Figure S7.3), 
this compound was therefore eliminated from further pharmacological testing. We therefore 
searched for analogues of GBR-13398 by a substructure search and ligand-based virtual screen-
ing (LBVS) using EDprints30 as described in ‘Materials and Methods’. This resulted in the identifi-
cation of 5 structural analogues of GBR-13398: GBR-11051, GBR-11490, GBR-12797, GBR-12818 
and GBR-12909 (Figure 7.1). 
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Figure 7.1 The molecular structures of the SBVS hit (GBR-13398) and the 5 first small molecule inhibitors of 
ORF74. 

7.2.2 Pharmacological characterization

The hit compounds from the SBVS and a subsequent analogue search and LBVS were first tested 
for cytotoxicity in view of the foreseen whole cell ORF74 assays (125I-CXLC8 binding and inhibi-
tion of constitutive activity) (Figure S7.3). All compounds, with the exception of GBR-12797 and 
GBR-12818, significantly decreased cell viability at 100 µM (albeit to a much smaller extent than 
GBR-13398 for which almost no viability was observed at 100 µM) as compared to vehicle-treat-
ed cells (dotted line). The 100 µM concentration was omitted in subsequent evaluations of these 
compounds. In contrast to GBR-13398, the selected hit compounds from the LBVS analysis did 
not significantly affect cell viability at 30 µM or 10 µM (Figure S7.3). 
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Figure 7.2 Binding of 125I-CXCL8 to intact HEK293T cells expressing WT-ORF74 was measured in the pres-
ence of increasing concentrations unlabeled CXCL10 (a), GBR-11490, GBR-12818, (b) GBR-11051, GBR-12797 
or GBR-12909 (c). Data are shown as percentage of specific 125I-CXCL8 binding and represent pooled data of 
four independent experiments each performed in triplicate. Error bars indicate SEM values.
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These compounds were subsequently tested for their ability to inhibit 125I-CXCL8 binding to 
ORF74-expressing cells (Figure 7.2). CXCL10 was able to displace 125I-CXCL8 with an affinity of 
8.7 ± 0.2, which is in line with previously reported data456 (Figure 7.2a). GBR-11490, GBR-12818 
(Figure 7.2b), GBR-11051, GBR-12797 and GBR-12909 (Figure 7.2c) inhibited 125I-CXCL8 binding 
to ORF74-expressing cells in a dose-dependent manner, albeit with high-micromolar affinity. 
The moderate affinity prevented the generation of full displacement curves. The ability of the 
identified compounds to inhibit constitutive ORF74 signaling was subsequently tested in a PLC 
activation assay. Expression of ORF74 in HEK293T cells resulted in an increased activation of 
PLC compared to mock-transfected cells (Figure 7.3, dotted line). 
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Figure 7.3 HEK293T cells expressing WT-ORF74 were incubated with increasing concentrations CXCL10 (a) 
or 30 µM ORF74 compounds identified by SBVS or 10 µM CXCL10 (shaded bar) (b) and PLC activation was 
determined by measuring inositol phosphate accumulation. Data are shown as percentage of PLC activation 
in the absence of compounds and represent pooled data of three independent experiments each performed 
in triplicate. Error bars indicate SEM values. Significant differences in PLC activation between vehicle- and 
compound-treatment were determined by one-way ANOVA followed by a Bonferroni test (* p ≤ 0.0001, NS 
means ‘not significant’).

CXCL10 inhibited ORF74-induced PLC activation almost completely (92.0% ± 0.6) compared 
to mock-transfected cells (dotted line) in a dose-dependent manner with a potency (pEC50 = 
8.1 ± 0.1), which is in line with previous findings456 (Figure 7.3a). Since the compounds inhibited 
ORF74-induced PLC activation with relatively low potencies (pEC50 < 5, data not shown), they 
were further evaluated at single point concentrations (30 µM) (Figure 7.3b). GBR-11490 and 
GBR-12818 reduced constitutive ORF74 signaling to PLC with almost 50%, while GBR-12797 
and GBR-12909 had significantly (p<0.001) smaller effects (30%) at 30 µM (Figure 7.3b). On the 
other hand, GBR-11051 did not significantly modulate basal PLC activation of ORF74 at 30 µM as 
compared to vehicle-treated cells (Figure 7.3b).

7.2.3 Binding mode assessment

GBR-12818 was identified as the ligand with the highest affinity and portrayed the highest inhibi-
tion of the constitutive activity of ORF74. Therefore, this ligand was chosen for refinement and 
assessment of the docking pose in the ORF74 homology model through increased conformation-
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al sampling of the protein and the ligand. After docking GBR-12818 into a series of refined ho-
mology models (see ‘Materials and Methods’) the highest-ranking homology model-GBR-12818 
docking pose combination was used for further investigation. This proposed binding mode of 
GBR-12818 (Figure 7.4a) suggests that these inhibitors predominantly bind to the minor pock-
et389 (between TMs 1, 2, 3, and 7). The diphenylmethane moiety targets a deep hydrophobic 
region between TMs 2, 3, and 7, whereas the piperazine has a H-bond and ionic interaction with 
E1032.60 in this proposed binding mode. It should be noted that the binding mode of GBR-12818 
is comparable to the binding mode that was obtained for the initial SBVS hit GBR-13398 (that 
was not pursued due to cytotoxicity), which can be ascribed to their high structural similarity. 
Currently, crystal structures of small molecule-bound chemokine receptors are available for 
CXCR4 and CCR5. Small molecule IT1t in CXCR4 binds to the minor pocket (Figure 7.4b). 
Maraviroc in CCR5, however, binds to both the major389 (between TMs 3, 4, 5, and 6) and the 
minor pocket (Figure 7.4c). Both co-crystallized ligands have an ionic anchor in TM7 (E7.39), but 
IT1t also has an ionic interaction with an acidic residue in TM2 (D2.60). 
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Figure 7.4 An overview of the ligand binding modes of the highest scoring docking pose of GBR-12818 in 
ORF74 (a) and the crystal structures of CXCR4 (b) and CCR5 (c) in complex with the small molecules IT1t 
and maraviroc, respectively. Sequence alignment (d) of the pocket residues of the human chemokine recep-
tors and the viral GPCRs ORF74 and US28. Indicated are the minor pocket (blue), the major pocket (orange) 
and the interface between these pockets (gray). Contacts between the ligand and the protein as observed in 
the docking pose (a) and the crystal structures (b, c) are colored green. Important residues for ligand binding 
determined by mutagenesis studies100, 472-485 are colored gray.
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7.3 Discussion

In contrast to most human chemokine receptors, ORF74 is highly constitutively active. This 
chemokine-independent signaling might arise from several substitutions in the sequence of 
ORF74 at positions that are highly conserved in human (chemokine) GPCRs, including the swap 
mutant in the conserved sodium ion binding site.113, 454 This constitutive activity results in the ac-
tivation of proliferative, pro-inflammatory and angiogenic pathways via autocrine and paracrine 
mechanisms and has been correlated with the onset of KS.486 Hence, inhibitors of constitutive 
ORF74 signaling represent attractive candidates for novel KS therapies. 

7.3.1 Discovery of the first small molecule inhibitors of ORF74 

Finding small molecule inhibitors of chemokine receptors using homology models has proven to 
be difficult487 and the affinity of the inhibitors identified is generally low.144, 172, 173 Moreover, creat-
ing an accurate homology model of a ligand-chemokine receptor complex is challenging, as was 
revealed during the GPCR-dock 2010 challenge.126, 129, 487 These difficulties are also demonstrated 
by the homology model-based virtual screening for CXCR4 inhibitors by Mysinger et al.173 and 
Kim et al.172, which both resulted in the identification of only one inhibitor that binds CXCR4 
with (high-)micromolar affinity (IC50 = 107 μM and IC50 = 5.5 μM, respectively) despite the avail-
ability of mutagenesis data and several known ligands that could be used to train and refine the 
homology models. It should be noted that the arrival of CXCR4 crystal structures100has provided 
new structural insights resulting in structure-based virtual screening studies with a much higher 
success rate.173, 464, 488

Notwithstanding these challenges, in the present study we obtained one hit based on homol-
ogy model-based virtual screening (6% hit rate) that allowed us to ultimately identify 5 small 
molecules that act as inverse agonists or antagonists for ORF74. GBR-12909 (Vanoxerine) and 
its 4 close analogues (Figure 7.1) were all able to inhibit 125I-CXCL8 binding to ORF74 and to 
partly inhibit the constitutive activity of ORF74. These compounds were originally designed as 
dopamine reuptake inhibitors489 for the treatment of cocaine dependence,490 but they are also 
known to have affinity for several GPCRs including opioid and aminergic GPCRs.291 Vanoxerine 
successfully completed phase IIb clinical trials only last year for the treatment of atrial fibril-
lation due to its inhibitory effect on hERG, calcium and sodium channels.491 To the best of our 
knowledge, no bioactivity data has been published for GBR-11051, the compound identified using 
EDprints30. However, a close analogue of GBR-11051, the marketed drug flunarizine, is a calcium 
channel blocker492 and reported in the DrugMatrix (https://ntp.niehs.nih.gov/drugmatrix/) to be 
an inhibitor of dopamine transporters as well as several aminergic GPCRs. 

7.3.2 The predicted binding mode of GBR-12818 

Chemokines are believed to bind to their receptors via a two-step mechanism.316, 493 In the first 
step, chemokines bind to the N-terminus and extracellular loops of chemokine receptors such 
as ORF74.494 In the second step, the N-terminus of the chemokine interacts with the TM domain 
of the receptor, mediating activation.316, 495 Most small molecule inhibitors bind the major and/or 
minor binding pocket389 of chemokine receptors,316, 487, 496 therefore it is likely that these inhibi-
tors are able to prevent the second step of chemokine binding by preventing the N-terminus of 
the chemokine from binding.495, 497 Mutations in the minor pocket of CCR5, for example, resulted 
in a significant effect on the affinity and efficacy of CCL3 and CCL5.495 While most crystal struc-
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tures of class A GPCRs show binding of inhibitors to the major pocket, the minor pocket was for 
the first time found to be targeted by the small molecule IT1t in complex with CXCR4 (Figure 
7.4b).100 In the more recent CCR5 crystal structure maraviroc was found to target both the major 
and the minor pocket (Figure 7.4c).97 Also for not yet crystallized chemokine receptors, mu-
tagenesis studies suggest that small molecule inhibitors are targeting the minor pocket (e.g. 
CCR8, CXCR1), the major pocket (e.g. CXCR2, CXCR3) or both (CXCR3, US28).485 This diversity 
in ligand binding modes can probably be ascribed to the large cavity of chemokine receptors that 
allows for chemokine binding. 
The proposed binding mode of GBR-12818 (Figure 7.4a) suggests an ionic interaction with 
E1032.60. Most chemokine receptors have a tryptophan at position 2.60 (88% according to the 
GPCRdb62). However, the glutamic acid at this position is uniquely present in ORF74. A simi-
lar ionic interaction is observed between IT1t and D972.63 and E2887.39 in CXCR4 (Figure 7.4b) 
and is also suggested between VUF2274 and E2777.39 in US28 based on mutagenesis studies.474 
Other potential interaction partners for the piperazine in GBR-12818 are the acidic E1213.28 or 
D2746.58 of ORF74 (also unique for ORF74 compared to other chemokine receptors). In the pro-
posed binding mode the diphenylmethane moiety is lined by the hydrophobic residues L1002.57, 
L3017.40, A3047.43, and the aromatic residue Y1253.32. The suggested binding of GBR-12818 to the 
minor pocket probably results from the relatively low hydrophobicity in the major pocket, as the 
major pocket of ORF74 contains several polar residues, e.g. R2125.39, S2155.42, H2686.52, N2716.55, 
D2746.58 (Figure 7.4d). Especially N2716.55 stands out as most human chemokine receptors (with 
the exception of CXCR6) have either and (iso)leucine or valine at this position (Figure 7.4d). 
Moreover, ORF74 has a serine instead of a glutamic acid at position 7.39 like CXCR2, CXCR4, 
and CCR5 have (Figure 7.4d), for example, which is an ionic anchor of maraviroc in CCR597 
(Figure 7.4c-d). 
Surprisingly, there were no clear differences between GBR-12818 and its analogues in their abil-
ity to inhibit 125I-CXCL8 binding to ORF74, despite their (small) structural differences. However, 
the compounds with both a but-2-ene linker and difluorophenylmethane group (GBR-11490 and 
GBR-12818) portrayed a significantly higher inhibition of the constitutive activity than the two 
compounds that did not have these properties (GBR-12909 and GBR-12797). Between the two 
GBR compounds that showed the highest inhibition of this series there was no clear difference in 
affinity/potency despite the introduction of two methoxy moieties (GBR-12818). 
Interestingly, while GBR-11051 is able to inhibit 125I-CXCL8 binding to ORF74-expressing cells it 
does not modulate the basal signaling of ORF74, suggesting that GBR-11051 acts as an antag-
onist. The most striking difference between GBR-11051 and the other GBR compounds is the 
different spacer length between the diphenylmethane and the piperazine moiety. Based on the 
proposed binding mode of GBR-12818 (Figure 7.4a) this could suggest that the ionic interaction 
between the E1292.60 and the piperazine moiety is affected. The importance of the acidic resi-
dues in ORF74 in TM2 was emphasized in a study by Ho et al.498 in which acidic residues in TM2 
were mutated (although not E1032.60), which affected the constitutive activity of ORF74. A SAR 
analysis and binding mode validation of GBR-11051 is required to provide further insights into 
this mechanism. This binding mode validation is essential for the creation of higher resolution 
homology models of ORF74 and for structure-based hit optimization. The latter might, however, 
be challenging as demonstrated by the relatively unsuccessful optimization efforts of small mol-
ecules for the US28469-471, also a constitutively-active viral GPCR. 
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7.4 Conclusions

Taken together, we have identified the first small-molecule inhibitors for ORF74 using a homol-
ogy model-based and ligand-based virtual screening on an in-house compound library. These 
inhibitors might serve as lead compounds for future optimization efforts. Optimized ORF74 in-
hibitors may have therapeutic potential but might also act as valuable research tools to elucidate 
the role of ORF74 in KSHV-associated pathologies and the life cycle of the virus. 

Supporting information is available at: http://www.vu-compmedchem.nl/kooistra
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