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Abstract 

 
The determination of the first set of crystal structures for the family of G 
protein-coupled receptors (GPCRs) has opened up new opportunities in 
structure-based ligand discovery for this pharmaceutically relevant 
protein family. We have explored the possibilities and challenges of 
structure-based virtual fragment screening (SBVFS) against the 
histamine H4 receptor (H4R), a key player in inflammatory responses. 
Several SBVFS strategies, employing different H4R ligand 
conformations, were validated and optimized with respect to their ability 
to discriminate small fragment-like H4R ligands from inactive fragments, 
and compared to ligand-based virtual screening (VS) approaches. 
Interestingly, structure- and ligand-based methods performed equally 
well in terms of virtual screening accuracy while their hit lists were 
complementary. SBVFS experiments with an interaction fingerprint 
scoring method enabled the identification of H4R ligands that were not 
identified in ligand-based VS runs. Interestingly, SBVFS against H4R 
homology models based on the homologous histamine H1 receptor 
(H1R) crystal structure did not give higher VS enrichments than H4R 
models based on the more distantly related beta-2 adrenergic receptor 
(ADRB2). Optimized SBVFS methods were successfully used to find 
two new series of fragment-like H4R ligands. Of the 23 tested 
compounds, six fragments had affinities between 0.14 and 6.3 M at the 
H4R. The experimentally validated hits were inactive on ADRB2, but had 
approximately the same affinity for H1R, indicating that virtual screening 
for receptor subtype selective ligands is still challenging. The lessons 
learned from our comparative virtual fragment screening study can be 
used as a blueprint for future SBVFS campaigns. 
 
 
Keywords: structure-based virtual screening (SBVS), fragment 
screening, histamine H4 receptor (H4R) 
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1. Introduction 

The histamine H4 receptor (H4R), belonging to the family of G protein-coupled receptors 

(GPCRs),1 has been reported to play an important role in allergic and inflammatory 

processes.2-5 So far, one H4R ligand has entered the Phase II clinical trials2, 4, but no 

marketed drug currently targets this receptor. The quest to find new ligands for H4R 

therefore remains attractive. Most H4R ligands (incl. compound 2; Fig. 1) have resulted 

from high-throughput screening (HTS) campaigns and classical medicinal chemistry 

programs.4-8  
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Fig. 1. Structure and the biological activity of histamine (1), JNJ7777120 (2),, and VUF10497 (3).7-9 

 

Fragment-based drug discovery (FBDD) is a new paradigm in drug discovery that utilizes 

small molecules (molecular weight < 300 Dalton) as starting points for hit optimization.10 

Within the context of FBDD, fragment-based screening (FBS) is a more efficient way to 

sample chemical space and generally yields higher hit rates than classical high-

throughput screening (HTS) campaigns of larger, drug-like compound.11 Fragment-

based virtual screening (FBVS), the in silico prediction of fragment binding to protein 

binding sites, has the potential to explore protein-ligand space even more extensively.11-

13 Moreover, the computational prediction of protein-ligand interactions and ligand 

binding orientations by, for example, molecular docking simulations can be used to 

efficiently guide the optimization of experimentally validated fragment-like hits and to 

design target-specific fragment libraries.11, 12, 14 So far, the application of FBDD to 

GPCRs has been relatively scarce, but the first FBS studies for GPCRs have been 

reported,15, 16 and some small fragment-like ligands have recently been identified for 

GPCRs by virtual screening.17-23  
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Fig. 2. Structure and biological activity of H4R active compounds discovered in a SBVS campaign 
by Kiss et al.24-26  

 

Knowledge of the ligand binding site and the identification of important protein-ligand 

interaction features can be used to guide FBDD and FBVS studies. H4R ligand binding 

mode models have been derived from structure-activity relationships and site-directed 

mutagenesis studies and ligand-based modeling studies,4, 8, 27-30 but the emergence of 

GPCR crystal structures31-38 has enabled the construction of three-dimensional (3D) 

models of H4R-ligand complexes.4, 24, 27, 29, 39, 40 After the elucidation of the first GPCR 

crystal structure (of bovine rhodopsin) in 2000,38 only recently the first crystal structures 

of more druggable GPCRs have been solved providing more detailed insights in GPCR-

ligand interactions and GPCR activation mechanisms.19, 41-43 The new crystal structures 

furthermore offer new opportunities to construct higher resolution homology models of 

other GPCRs, including H4R, for structure-based ligand discovery.24, 44, 45 In particular 

structure-based virtual fragment screening (SBVFS),10, 25, 46, 47 the identification of 

smaller fragment-like molecules by docking simulations of large chemical databases in 

protein 3D structures, is considered as a new challenge in the area of in silico screening 

(VS).10, 14, 25, 45, 47 In fact, in an earlier structure-based virtual screening campaign against 

an H4R model based on the bovine rhodopsin crystal structure,24 Kiss et al. successfully 

identified five H4R ligands (compounds 4-8, Fig. 2).24, 26 These compounds, however, 

have too many heavy atoms (>22, 4 and 8), rotatable bonds (>5, 4-5, 8), hydrogen bond 
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donors (>3, 4-8), and hydrogen bond acceptors (>3, 4 and 8), or no ring systems (6) to 

be considered as fragment-like molecules,10, 25, 26 that can be used as suitable starting 

points for hit optimization. In fact, most of the hits discovered in SBVS campaigns 

against GPCRs are not fragment-like,19, 41 indicating that structure-based identification of 

fragment-like ligands for GPCRs is difficult indeed. There are several challenges in 

SBVFS: (i) Docking small fragments in a large binding pocket may result in multiple 

binding modes and allows simultaneous binding of multiple fragments; (ii) Docking 

scoring functions were not optimized for fragment-like molecules; (iii) Small fragments 

often have too low affinity to be accurately determined experimentally; and (iv) there are 

limited experimental data on true inactive fragment-like compounds.  

The aim of this study was to investigate the possibilities and limitations of SBVFS in the 

identification of fragment-like ligands for H4R. Three-dimensional receptor models of H4R 

with several bound ligands were constructed, based on crystal structure templates with 

varying sequence similarity to H4R, and guided by ligand structure-activity and selectivity 

relations28, 30, 39 and site-directed mutagenesis studies.4, 40, 48 SBVFS methods, 

combining docking with molecular interaction fingerprint scoring against representative 

H4R conformations, were validated by retrospective virtual screening of a chemically 

diverse in-house database of fragment-like molecules (with known H4R affinity) against 

compounds 1-3 (Fig. 1) as references.16, 39, 49 Optimal SBVFS approaches were 

compared with two-dimensional (2D) and three dimensional (3D) ligand-based virtual 

screening methods and successfully used to find new fragment-like H4R ligands. The 

lessons learned from our comparative virtual fragment screening study can be used as a 

blueprint for future SBVFS campaigns. 
 

2. Results 

A dedicated training set, containing 100 unique fragment-like H4R ligands from our in-

house fragment library16, 49 and the ChEMBL database49 and 959 fragments inactive at 

H4R,16 was used for retrospective validation of different structure-based (SBVS) and 

ligand-based (LBVS) virtual screening approaches (Scheme 1). The chemical structures 

and binding modes of the H4R ligands histamine (1), JNJ7777120 (2), and VUF10192 (3) 

(Fig. 1) were used as reference compounds in the retrospective VS runs. Histamine (1) 

is the endogeneous ligand of H4R and JNJ7777120 (2) is the first published selective 

non-imidazole H4R ligands and have served as reference compounds in previous H4R 
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virtual screening studies.4-6 VUF10497 is highly active and a representative of an in-

house discovered scaffold.8, 30  

It is noted that the functional activity of these ligands various considerably. There are 

several reasons for taking along all compounds that have H4R affinity. Clearly, the 

fragments to be identified in these VS efforts do not represent optimized compounds. It 

is apparent from literature that even the smallest structural changes of a ligand during hit 

or lead optimization (i.e., for fragments but also for drug-like molecules) can completely 

alter the functional activity from agonist to antagonist and vice versa.50 Furthermore, the 

functional activity is highly dependent on the species investigated40 and on the signaling 

pathways studied.51  All these emerging issues complicate the use and evaluation of 

published literature. On a protein molecular level, it means that the differences between 

agonists and antagonists are probably relatively small, although obviously, some 

conformational differences are anticipated. For this fragment-based VS campaign, we 

have chosen not to try to derive the resolution needed to explain functional activity. Our 

models and VS can therefore be considered as H4R affinity focused.  

These selected ligands represent different steps in H4R ligand optimization strategies in 

the past few years:4-6 (i) modification of the basic amine, and (ii) substitution of the 

imidazole ring with bioisosteres.4 Histamine (1) was also employed as the reference 

compound in the constructions of the H4R model used for the H4R SBVS study of Kiss et 

al.,24 while JNJ7777120 (2) was used in the recently published LBVS campaigns against 

H4R.52 
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Scheme 1. Flowchart approaches employed in the retrospective VS protocols. See Experimental 
Section for more details. aCollected from our in-house libraries and appended by ChEMBL 
database.10, 16, 49, 53 bTrue H4R inactive fragments from our in-house libraries.16 cPLANTS docking 
against H4R models, followed by molecular dynamics (MD) simulations with AMBER.54, 55 dPLANTS 
docking against MD snapshots. eThe interaction fingerprint Tanimoto similarity (Tc-IFP) with the 
reference compounds (1-3) as the scoring finctions.44, 46, 55 

 

The retrospective VS flowchart is presented in Scheme 1. 2D-LBVS and 3D-LBVS 

similarity searches of the test set of actives and decoys were ranked according to ECFP-

4 (Tanimoto score)56 and ROCS-EON (Comboscore) similarity against reference ligands 

(1-3). In the structure-based VS (SBVS) runs compounds were docked against 

molecular dynamics simulation snapshots of ADRB2-based31, 39, 40 and H1R-based35 H4R 

homology models and docking poses were ranked according to PLANTSChemPLP scores55  

and interaction fingerprint (IFP)44, 46 similarity to reference binding modes of ligands 1-3.  
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ROC plots (% true positives (TP) versus % false positives (FP) in the ranked database)57 

of the retrospective analysis of 2D-LBVS, 3D-LBVS and SBVS hit lists are presented in 

Figure 3. The enrichment factor 1% (EF1%) of the VS protocols together with the area 

under ROC curves are summarized in Table 1.57-59 Table 1 and Fig. 3 indicate that 2D-

LBVS, 3D-LBVS and SBVS-IFP can give a good early enrichment (EF1% between 29 and 

40 using the best reference ligand or H4R model for each of the three approaches). 

SBVS using PLANTSChemPLP scoring on the other hand resulted in significantly lower 

enrichments (EF1% of 6 or lower). The 2D-LBVS runs result in a lower global virtual 

screening accuracy (reflected by the the area under ROC curves) compared to the 3D 

approaches. On the other hand, low early enrichments as well as global virtual screening 

accuracies were obtained with the 3D approaches using histamine (1) as the reference 

compound. JNJ7777120 (2) appeared to be the best reference for 2D- and 3D-LBVS 

runs, and the VUF10497 (3) binding mode the best reference for post-processing SBVS 

docking simulations. Interestingly, ADRB2-based SBVS gives slightly better results 

(EF1% of 23 and 40 using JNJ7777120 (2) and VUF10497 (3) reference binding modes, 

respectively) compared to H1R-based SBVS (EF1% of 17 and 29 using JNJ7777120 (2) 

and VUF10497 (3) reference binding modes, respectively). 
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Fig. 3. Graphs of % true positives vs % false positives in the ranked database resulted in 2D-LBVS 
(A), 3D-LBVS (B), ADRB2-based SBVS ranked by PLANTSChemPLP score (C), H1R-based SBVS 
ranked by PLANTSChemPLP score (D), ADRB2-based SBVS re-ranked by Tc-IFP score (E), and H1R-
based SBVS re-ranked by Tc-IFP score (F) based on histamine 1 (green), JNJ-7777120 2 (blue), 
and VUF10497 (purple) 3 reference ligands (A-B) and ligand-H4R IFPs (C-F).  
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Table 1. The enrichment factor 1% (EF1) and the area under ROC curves (AUC) of the 
VS protocols. 
 

VS protocols References 

Histamine (1) JNJ777120 (2) VUF10497 (3) 

EF1 AUC  

(CIa) 

EF1 AUC  

(CIa) 

EF1 AUC  

(CIa) 

2D-LBVS  32.6 0.61  

(0.54-0.98) 

37.4 0.71 

(0.64-0.78) 

29.7 0.73 

(0.66-0.80) 

3D-LBVS 5.7 0.77 

(0.74-0.81) 

37.4 0.89 

(0.85-0.93) 

25.9 0.85 

(0.81-0.90) 

ADRB2-based SBVS       

PLANTSChemPLP 0.0 0.58 

(0.52-0.65) 

2.9 0.69 

(0.64-0.73) 

5.7 0.66 

(0.61-0.71) 

Tc-IFP 4.8 0.62 

(0.57-0.67) 

23.0 0.78 

(0.73-0.84) 

40.3 0.94 

(0.92-0.97) 

H1R-based SBVS       

PLANTSChemPLP 2.9 0.67 

(0.62-0.72) 

1.0 0.58 

(0.52-0.63) 

3.8 0.68 

(0.63-0.73) 

Tc-IFP 1.9 0.68 

(0.63-0.73) 

17.3 0.73 

(0.66-0.79) 

28.8 0.89 

(0.86-0.93) 
aConfidence Interval of the AUC with level of confidence of 95% calculated using pROC packages 
in R statistical computing software.57-59 

 

We furthermore evaluated the ability of the different methods to identify “novel” fragment-

like molecules (Fig. 4). In our retrospective virtual screening studies “novel” fragments 

were defined as compounds that have an ECFP-4 Tanimoto similarity (Tc-ECFP4) score 

to any reference compounds of less than 0.26.60 ADRB2-based SBVS yields most novel 

hits (Fig. 4C), followed by H1R-based 3D-SBVS (Fig. 4D) and 3D-LBVS (Fig. 4B). 

Histamine (1) (and histamine-H4R binding modes) are only a suitable references in 2D-

LBVS runs (Fig. 4E), while both JNJ7777120 (2) and VUF10497 (3) are good references 

in different virtual screening protocols (Fig. 4F-G). Figures 4E-H show clear overlaps 

between 2D- and 3D-LBVS by using JNJ7777120 (2) or VUF10497 (3) as the reference. 

Fig. 4F shows high number of hits only identified by the LBVSs, which were not identified 

in the SBVSs by using JNJ7777120 (2) as the reference. In Fig. 4F, it is also clearly 

seen that by employing JNJ7777120 (2) in the SBVSs increases the chance to retrieve 

“novel” H4R fragments. The highest number of shared hits between all SBVS methods 

were retrieved in the VUF10497 (3) based SBVSs (Fig. 4G) has high number of with the 

diagrams using JNJ7777120 (2) or VUF10497 (3) as the references. Collecting the hits 

retrieved at a 1% false positive from all references gives Venn diagram presented in Fig. 

4H. Almost all active H4R fragments were retrieved using the LBVSs. The SBVSs here 
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provide higher probability to retrieve “novel” H4R fragments. In Fig. 6A, we present the 

pose of a representative “novel” compound 15, which was retrieved within 1% false 

positive rate of ADRB2-based SBVS using JNJ7777120 (2) as the reference. Compound 

15 is one of the compounds that have an ECFP-4 Tanimoto similarity (Tc-ECFP4) score 

of less than 0.26 to any reference compounds. 

     

 
 
Fig. 4. Venn diagrams of the number of actives at a 1% false positive rate resulted in 2D-LBVS (A), 
3D-LBVS (B), ADRB2-based SBVS re-ranked by Tc-IFP score (C), and H1R-based SBVS re-ranked 
by Tc-IFP score (D). The circles proportionally indicate the number of actives at a 1% false positive 
rate based on histamine (1) (green), JNJ777120 (2) (blue), or VUF10497 (3) (purple) references 
(Panels A-D). Venn diagrams of the number of actives at a 1% false positive rate resulted in all 
used VS methods using histamine (1) (E), JNJ777120 (2) (F), VUF10497 (3) (G) or consensus 
references (H). Red numbers indicate active H4R fragments in the database that have an ECFP-4 
Tanimoto similarity score of less than 0.26 to any of the references. 

 

The SBVS approach against the ADRB2-based H4R model was determined to be the 

best method in identifying novel fragment-like ligands (Fig. 4). We therefore used this 

model in a prospective in silico screening study to discover new active H4R fragments 

from a subset of fragment-like commercially available molecules extracted from the ZINC 

database (Scheme 2).61 Based on the results of the retrospective VS studies (Table 1, 

Fig. 4), two ADRB2-based H4R models and their corresponding IFP references were 

used in parallel: i) the first SBVS run rescored using Tc-IFP against the JNJ7777120 (2) 
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customized H4R model  (SBVS-1), and ii), a second in silico screen rescored using Tc-

IFP against the VUF10497 (3) based H4R model (SBVS-2). VS flowcharts are presented 

in Scheme 2. In the retrospective VS studies, the re-scoring using Tc-IFP clearly shows 

the increase of SBVS quality compared to the ones using ChemPLP scores (Table 1, 

Fig. 3). Our retrospective validation studies showed that many of the “novel” ligands (i.e., 

not identified with 2D ligand-based VS) were identified in the SBVS-1/SBVS-2 

consensus hit list and the SBVS-1 hit list (Fig. 4E). We therefore especially selected 

compounds from these lists in our prospective VS campaign.  

 
 
Scheme 2. Flowchart of the SBVS studies. See Experimental Section for more details. aFragment-like 
compounds collected from the ZINC database.10, 61 bFiltering fragments containing plausible reactive/toxic 
groups. cThe SBVS with JNJ7777120 (2) as the reference compound (SBVS-1).44, 46, 55 dThe SBVS with 
VUF10497 (3) as the reference compound (SBVS-2).44, 46, 55 eSelect the ones with ECFP-4 Tanimoto 
similarity score of less than 0.26 to any of the H4R ligands used in the retrospective VS.60 fCluster the hits 
into around 50 clusters based on the ECFP-4 value and select the hit with the highest Tc-IFP value from 
each cluster.46, 60 gVisual inspection to rank and the select clustered hits based on novelty and the 
plausible H4R-ligand interactions (i.e., no polar group buried in the H4R hydrophobic pockets; prioritize hits 
which have an ionic interaction with D3.32 and polar group nearby E5.46).39 
 
 

In total 23 fragments were selected and purchased (Supplementary Figure S1 and 

Supplementary Table S2), including 10 SBVS-1 specific hits, 3 SBVS-2 specific hits, and 
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10 compounds which ranked high in both SBVS-1 and SBVS-2 hit lists. Six of the 23 

fragment-like hits were experimentally confirmed as H4R ligands (Fig. 5, Table 2), 

including three piperazine-benzofuropyrimidines with submicromolar affinity (9-11), and 

three pyrimido-indole containing fragments with micromolar affinity (12-14). All of the 

validated hits also had affinity for H1R, but did not bind ADRB2 (Table 2). 

 
 
Fig. 5. [3H]-histamine binding displacement by compounds 1 and 9-11 Data shown are 
representative specific binding curves of at least three experiments performed in triplicate. Error 
bars indicate SEM values. 
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Table 2. The biological activities and the prospective VS parameters of the H4R confirmed hits. 
 

Compounds 

Biological Activities 
(pKi ± SEM)a 

Tc-IFP score 
(#rank) 

PLANTSChemPLP

score 
(#rank) 

Tc-ECFP4 similaritya to 

(#rank) 
ROCS-EON comboscoreb against 

(#rank) 

Tc-ECFP4  similarty to
closest known H4R ligands in 

ChEMBLdbc 

H4R H1R ADRB2 SBVS-1 SBVS-2 SBVS-1 SBVS-2 JNJ7777120 VUF10497 JNJ7777120 VUF10497 ChemBLdb-id 
Tc-

ECFP4 

 
VUF13682 (9) 

6.84 
± 

0.12 

6.45 
± 

0.05 
< 5 - 

0.909 
(#10) 

-90.757 
(#1948) 

-97.161 
(#847) 

0.121 
(#8124) 

0.178 
(#1790) 

1.513 
(#3945) 

1.506 
(#408) 

 
CHEMBL414183 

0.245 

 
VUF13686 (10) 

6.83 
± 

0.08 

6.33 
± 

0.03 
< 5 

0.750 
(#240) 

0.909 
(#7) 

-76.260 
(#10112) 

-99.754 
(#302) 

0.119 
(#8566) 

0.178 
(#1805) 

1.519 
(#3829) 

1.513 
(#352) 

 

 
CHEMBL414183 

0.264 

 
VUF13687 (11) 

6.57 
± 

0.06 

6.99 
± 

0.03 
< 5 

0.750 
(#242) 

0.909 
(#4) 

-68.907 
(#14340) 

-
101.757 
(#160) 

0.113 
(#10241) 

0.184 
(#1462) 

1.528 
(#3651) 

1.529 
(#244)  

CHEMBL414183 

0.267 

 
VUF13690 (12) 

5.20 
± 

0.06 

5.29 
± 

0.02 
< 5 

1.000 
(#1) 

0.864 
(#94) 

-92.650 
(#1333) 

-95.021 
(#1396) 

0.139 
(#5171) 

0.192 
(#1038) 

1.565 
(#2886) 

1.527 
(#257) 

 
CHEMBL260444 

0.261 

 
VUF13694 (13) 

5.23 
± 

0.06 

5.92 
± 

0.01 
< 5 

0.842 
(#22) 

0.955 
(#1) 

-83.531 
(#5373) 

-97.851 
(#684) 

0.159 
(#3191) 

0.223 
(#306) 

1.653 
(#1455) 

1.529 
(#243) 

 
CHEMBL185951 

0.238 
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Table 2. Continued 

Compounds 

Biological Activities 
(pKi ± SEM)a 

Tc-IFP score 
(#rank) 

PLANTSChemPLP

score 
(#rank) 

Tc-ECFP4 similaritya to 

(#rank) 
ROCS-EON comboscoreb against 

(#rank) 

Tc-ECFP4  similarty to
closest known H4R ligands in 

ChEMBLdbc 

H4R H1R ADRB2 SBVS-1 SBVS-2 SBVS-1 SBVS-2 JNJ7777120 VUF10497 JNJ7777120 VUF10497 ChemBLdb-id 
Tc-

ECFP4 

 
VUF13695 (14) 

5.23 
± 

0.03 

5.75 
± 

0.05 
< 5 

0.810 
(#45) 

0.909 
(#19) 

-78.414 
(#8676) 

-91.514 
(#2596) 

0.141 
(#4888) 

0.179 
(#1721) 

1.554 
(#3102) 

1.588 
(#62) 

 
CHEMBL260444 

0.25 

 

apKi values are calculated from at least three independent measurements as the mean ± SEM  
bMeasured by displacement of [3H]-histamine binding using membranes of HEK293T cells transiently expressing the human H4R. 
cMeasured by displacement of [3H]-histamine binding using membranes of HEK293T cells transiently expressing the human H1R. 
dMeasured by displacement of [3H]-dihydroalprenolol binding using membranes of HEK293T cells transiently expressing the human ADRB2. 
eIFP Tanimoto similarity with the pose of either JNJ7777120 (SBVS-1) or VUF10497 (SBVS-2) in the H4R model. Tc-IFP ranking is given between 
brackets. 
fPLANTSChemPLP docking score using H4R model bound to JNJ7777120 (SBVS-1) or VUF10497 (SBVS-2). The ranking is given between brackets. 
gECFP-4 2D Tanimoto similarity to histamine (1), JNJ7777120 (2), or VUF10497 (3). A similarity higher than 0.26 is considered as significant.60 ECFP-4 
ranking is given between brackets. 
hROCS/EON shape/electrostatic-based 3D similarity to histamine (1), JNJ7777120 (2), or VUF10497 (3) based on Comboscore. A similarity higher than 
1.30 is considered as significant.62 Comboscore ranking is given between brackets. 
iECFP-4 circular fingerprint Tanimoto similarity to closest known H4R active in ChEMBLdb49. A similarity of higher than 0.26 is considered as 
significant.60  
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3. Discussion 

The aim of the current study was to investigate the possibilities and limitations of 

structure-based virtual fragment screening (SBVFS) in the identification of fragment-like 

ligands for H4R.  

 

3.1. H4R training set of active and inactive fragment-like compounds to validate 

virtual screening methods 

One of the challenges in SBVFS is the limited experimental data on true inactive 

fragment-like compounds to properly validate and optimize virtual screening approaches. 

Our in-house fragment screening against H4R provided invaluable data that enabled us 

to construct a balanced training set of true active and inactive H4R fragments.16 The H4R 

active fragments from our in-house screens were appended by active fragment-like H4R 

ligands from the ChEMBL database to further increase the number of true H4R active 

fragments.16, 49 This dedicated training set of fragment-like compounds enabled us to 

retrospectively validate different ligand- and protein-based virtual fragment screening 

protocols (Scheme 1). 

 

3.2. Ligand- and protein-based virtual screening methods are complementary 

Both (2D and 3D) ligand-based and structure-based (IFP) virtual screening approaches 

gave good early enrichment in our retrospective virtual screening studies (Fig. 3, Table 

1). SBVS using PLANTS scoring on the other hand resulted in significantly lower 

enrichments (Fig. 3, Table 1). Although 2D-LBVS gave high early enrichments, the 

global virtual screening accuracies (AUC values) of the ECFP-4 2D similarity searches 

were relatively low, indicating that this method, as expected, is rather dependent on the 

reference ligand. 3D-LBVS runs also gave high enrichments for the relatively larger 

reference ligands (Fig. 3, Table 1), and retrieves ligands that are not identified in 2D-

LBVS simulations (Fig. 4). 3D-similarity screens based on the relatively small histamine 

reference ligand (only 8 heavy atoms) is however significantly lower than histamine-

based 2D-similarity screens (5-fold lower EF1%). This suggests that very small fragments 

are less distinguishable based on shape and electrostatic/pharmacophore similarity. 
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Indeed, histamine-based runs give relatively higher ROCS-EON scores (% number of 

hits in the database with score  1.3 = 32 %), than in JNJ- (26 %) and VUF-based (15 %) 

3D-LBVS runs. Another explanation could be that only disconnected groups are common 

between reference and target compound (maximum common edge subgraph MCE).63 

This is supported by the fact that 41 % of the actives and 21% of the inactives share an 

imidazole ring with histamine. It should be noted that in a recent 3D-LBVS campaign, 

using JNJ7777120 (2) as the reference compound, new H4R ligands were discovered52 

that are similar to the experimentally confirmed hits 9-11 independently identified in our 

prospective SBVS study. It should however be emphasized that the compounds 

discovered in this ligand-based screening were not yet included in the ChEMBL 

database version used in our study. 

Structure-based virtual screening with a molecular interaction fingerprint (IFP) scoring 

method to rank PLANTS docking poses in JNJ7777120- and VUF10497-customized H4R 

homology models (based on ADRB2 and H1R crystal structure templates) gave 

comparably high enrichments as 2D and 3D ligand-based virtual screening methods 

(Fig. 3, Table 1). In fact, SBVS against the ADRB2-based H4R model refined with 

VUF10497 (6) gave the best early enrichment of all methods used in the retrospective 

evaluation. Comparison of the overlap of ligands retrieved by the different methods 

furthermore shows that SBVS methods are capable of identifying of novel ligands that 

are chemically dissimilar from the ligands used to define the reference IFP, and that are 

not retrieved by 2D or 3D LBVS methods (Fig. 4). This indicates that our ligand- and 

structure-based virtual screening methods are complementary as previously shown by 

by Krüger and Evers.64 Our results furthermore highlight the scaffold hopping potential of 

SBVS in combination with IFP, as shown in previous studies.19  

 

3.3. Structure-based virtual screening is template independent  

We have constructed H4R models based on ADRB2 and H1R crystal structure templates 

for structure-based virtual screening studies. It should be noticed that the H1R crystal 

structure35 was released during the preparation of this manuscript and shares more 

similarity with H4R in the ligand binding pocket65 than ADRB2. 
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Fig. 6. Comparison of ADRB2-carezolol (light green) crystal structure31 (E) based H4R models (A, C) and H1R-
doxepin (dark green) crystal structure (F) based H4R models35 (B, D). H4R models are constructed with 
JNJ7777120 (2, orange carbon atoms, A and B) and VUF10497 (3, magenta, C and D). The docking pose of a 
representative known H4R ligand with ECFP-4 similarity < 0.26 to any of the references 1-3 is presented in A (cpd 
15, yellow). Protein-ligand interaction fingerprints (IFPs) of the binding modes in A-F are presented in Figure G. 
The backbone of TM helices 4, 5, 6, and 7 are represented by yellow ribbons and part of TM3 is shown as ribbon 
(the top of the helix is not shown for clarity). Important binding residues identified previously4, 29, 39, 40 are depicted 
in grey. 
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Fig. 6 shows the binding pockets of the initial ADRB2-based H4R model (Fig. 6A and 6C) 

and the initial H1R-based H4R model (Fig. 6B and 6D) together with their templates 

(Figures 6E-F). In Fig. 6A, a docking pose of the representative “novel” fragment 

(compound 21) identified in the retrospective SBVS with JNJ7777120 (2) as the 

reference is also shown. The bound ligands used as the references in the retrospective 

VS (JNJ7777120 (2) and VUF10497 (3)) show similar H-bond interactions for both 

models to D943.32 and E1825.46. Mutagenesis studies have indicated that these residues 

are essential H-bond acceptor interaction points for H4R ligands27, 66 and suggest that 

D943.32 and E1825.46 form H-bond interaction networks with Q3477.42 and N1474.57, 

respectively.39, 40 While the TM binding pocket is very similar in both models, there are 

differences in especially the second extracellular loop, which slightly affect the 

orientation of ligands. In the ADRB2-based the chlorine atom of JNJ7777120 (2) is 

located between EL2 (F168), TM5 (L1755.39), and TM6 (T3236.55), while in the H1R-based 

model the chlorine atom of JNJ7777120 is accommodated between TM5 (L1755.39 and 

T1785.42) and EL2 (F168). While the TM fold of the ADRB2 and H1R crystal structures 

are indeed very similar,35 the different EL2 loop conformations (in particular the 

orientation of F168) results in different H4R models. These subtle differences in both 

binding pocket structure and reference ligand binding mode result in relatively small 

differences in retrospective VS accuracies. In fact, both modeling templates yield H4R 

models with good early enrichments (Table 1 and Fig. 3-4), indicating that SBVS 

accuracy is robust and modeling template independent. It should be noted, however, that 

the quality of the ADRB2-based models is somewhat higher than the H1R-based H4R 

models in terms of virtual screening accuracy. Although H1R is expected to be a better 

modeling template as it shares higher sequence similarity with H4R, also ADRB2 

belongs to the same bioaminergic GPCR cluster as H4R (and H1R).65 Our results are in 

line with recent comparative GPCR modeling studies which showed that comparable 

virtual screening results can be obtained with GPCR homology models and crystal 

structures.67-69 In a recently published article,19 H1R crystal structure based prospective 

VFS using similar protocols we used here shows high hit rates (73%) and remarkably 

can identify a novel H1R fragment with Ki value of 6 nM.19 Similar to the results of our 

retrospective SBVS here, the IFP46 for post processing the docked poses after 

employing PLANTS55 docking software increases the quality of the SBVS (Fig. 3 and 

Table 1). 
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3.4 Structure-based virtual screening is an efficient way to identify novel fragment-

like H4R ligands 

The SBVS approach against the ADRB2-based H4R model was determined to be the 

best method in identifying novel fragment-like ligands (Fig. 4). Based on the results of 

the retrospective VS studies (Table 1, Fig. 4), two ADRB2-based H4R models and their 

corresponding IFP references were used in parallel in prospective in silico screening 

runs to discover new active H4R fragments from a subset of fragment-like commercially 

available molecules extracted from the ZINC database (Scheme 2). The first docking run 

(SBVS-1) was performed against the ADRB2-based H4R model refined with 

JNJ7777120 (2), while the second run (SBVS-2) was performed against the ADRB2-

based model refined with VUF10497 (3). For both models the JNJ7777120 and 

VUF10497 binding poses were used to define IFP reference for post-processing and 

ranking of the docking poses. 2D chemical similarity runs against active the H4R 

fragments used in the retrospective VS studies were performed to remove in silico 

fragment-like hits that are similar to known H4R ligands. Six out of 23 purchased in silico 

hits were experimentally confirmed as active H4R fragments with pKi values of 5.2 – 6.8 

(Table 2). Interestingly, five out of the six confirmed hits are present in both SBVS-1 and 

SBVS-2 runs (10-14), another validated hit was found only in SBVS-2 (9). It should be 

noted that compound 9-11 (Table 2) has a similar scaffold as a H4R ligand very recently 

discovered by Cramp et al.52 in an independent ligand-based virtual screening campaign. 

It should be emphasized however that the compounds discovered in this ligand-based 

screening were not yet included in the ChEMBLdb database version used in our study, 

and therefore were identified after completion of our own prospective structure-based 

virtual screening study. The other experimentally validated H4R hits (12-14) have a 

scaffold that is an isostere of the scaffold recognized in compounds 9-11. These 

scaffolds were found frequently in the virtual hits after the independent clustering of 

SBVS-1 and -2 virtual hits, and the consensus hits (Scheme 2). The IFP calculation after 

the docking using PLANTS increases the rank of the confirmed hits from #302 - #14340 

to #1 - #242 (Table 1). Similar to the SBVFS on H1R crystal structure,19 this combine 

approaches can lead in to a good hit rate (6 out of 23) of H4R small fragments. Although 

the hit rate is lower than the SBVFS on H1R crystal structure,19 these results of the 

prospective virtual screening exercise validate our structure-based virtual fragment 

screening method. Furthermore, the newly discovered fragments are potential new 

starting point for structure-based hit optimization, based on their predicted binding 

modes.  
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Fig. 7. Binding modes of JNJ7777120 (2, orange, panel A) and the validated hits VUF13686 (10, yellow, C) and 
VUF13694 (13, purple, E) in H4R model, compared to the binding modes of doxepin (B, green), 10 (D), and 
VUF13687 (11, F) in the H1R crystal structure. The interaction fingerprints of the binding modes in A-F are 
presented in G. Rendering is similar to Fig. 6.  
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3.5. Virtual screening for receptor subtype selective ligands is still challenging 

One advantage of the SBVS approaches is that the predicted binding pose of the 

experimentally confirmed hits can guide hit optimization exercises. Interestingly, all H4R 

hits were found having comparable affinities at the H1R (Table 2; Fig. 7D and F). This 

demonstrates that to discovery receptor subtype selective ligands by employing virtual 

screening approaches is challenging. A recent SBVFS campaign against the H1R crystal 

structure19 however yielded mainly H1R selective fragment-like ligands.19 Out of 19 

confirmed hits, only 2 had affinity for H3R and 2 others had affinity for H4R
19, indicating 

that subtype selective virtual screening is feasible. It should be noted however that dual 

H1R and H4R active ligands can in fact be beneficial in the therapy of allergic reactions 

and inflammations.8, 70 In fact, the compound VUF10497 (3) used as the reference in the 

SBVS-2 here is a dual H1R and H4R active compound.8, 30 The dual H1R/H4R hits were 

therefore also docked in the recently solved H1R crystal structure to investigate the 

molecular determinants of histamine receptor selectivity. The ethyl substituted 

VUF13687 (11) has a 2-fold lower affinity for H4R, but a 6-fold higher affinity for H1R than 

its methyl substituted in H4R VUF13686 (10). Comparison of the poses of VUF13686 

(10, Fig. 7D) and VUF13687 (11, Fig. 7F) with the highest IFP similarity to the binding 

mode of the co-crystallized doxepin ligand (Fig. 7A) in H1R suggest that it is favorable to 

grow from the pyrimidine ring into the hydrophobic pocket between TM4 (W4.57) and 

TM5. The docking pose of VUF13686 (10) with the highest IFP similarity to the 

JNJ777120 binding mode (Fig. 7A) in H4R (Fig. 7C) suggests that growing into the 

hydrophobic pocket between TM3, 5, and 6 (close to W6.48) might be more restricted. 

The relatively lower affinity for the pyrimido-indole ligands 12-14 compared to the 

pyrimido-furan ligands 9-11 suggests that the indole H-bond donor is not satisfied in the 

H1R and H4R binding pockets, as demonstrated for VUF13694 (13) in H4R (Fig. 7E). In 

this way the docking poses provide hints to optimize the confirmed hits in order to 

develop selective (or dual) H1R and H4R active ligands.  

 

4. Conclusion 

We have investigated the possibilities of structure-based virtual fragment screening 

(SBVFS) against optimized homology models of the histamine H4R receptor. Structure- 

and ligand-based methods performed equally well in retrospective virtual screening 

studies, but SBVFS runs using an interaction fingerprint (IFP) scoring method enabled 
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the identification of H4R ligands that were not identified in ligand-based VS runs. 

Surprisingly, retrospective virtual screening validation studies against H4R homology 

models based on the H1R crystal structure did not give higher VS enrichments than H4R 

models based on the more distantly ADRB2 crystal structure. Optimized SBVFS 

methods were successfully used to find two new series of fragment-like H4R ligands. Six 

out of 23 tested compounds had affinities at the H4R with binding affinities between 0.14 

and 6.3 M. The experimentally validated hits had approximately the same affinity for 

H1R, indicating that virtual screening for receptor subtype selective ligands is still 

challenging. The results of our comparative virtual fragment screening study can be used 

to guide future SBVFS campaigns. 

 

5. Methods 

5.1. Residue numbering and nomenclature 

The Ballesteros–Weinstein residue numbering scheme71 was used throughout this manuscript. For 

explicitly numbered residues in specific receptors, the UniProt72 residue number is given before the 

Ballesteros–Weinstein residue number in superscript (e.g. D943.32 in H4R). 

 

5.2. Construction of retrospective validation database 

Known H4R active fragments were compiled from in house libraries (defined as fragments that result 

in more than 50% displacement of radioligand [3H]histamine at 10µM, were collected from in house 

libraries compounds)10, 16 and ChEMBL database (defined as fragment-like compounds with pKi 

more than 7.0).10, 49, 53 The decoys were collected from fragments that result in less than 30% 

displacement of radioligand [3H]histamine at 10µM in our in house libraries.16 The tautomers and 

microspecies distributions at pH 7.4 of the ligands were generated by employing cxcalc tool of 

ChemAxon 5.2.5.1.73 The species with abundance of more than 1% were selected. The 3D 

structures were generated using CORINA 3.46 subsequently.74  

 

 

5.3. Preparation of prospective virtual screening database 

From 16 vendors we downloaded their commercial compound datasets in SMILES format from the 

ZINC website (~6.7 million compounds). With use of Openeye’s filter (version 2.1.1),67, 75 only 

fragment-like compounds were selected (43326 compounds). Plausible tautomers and protonation 

states at pH 7.4 were computed for these compounds with cxcalc tool of ChemAxon 5.2.5.1.73 The 
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species with abundance of more than 20% were selected. The 3D structures were generated using 

CORINA subsequently.74, 76 Second filter was applied to select only compounds with a formal 

charge of at least +1, this selection ensures that all selected compounds have the possibility for an 

ionic bond with key residue D943.32 in the pocket (42620) compounds). Subsequently, third filter was 

applied to remaining compounds to select compounds which do not have plausible reactive 

groups.53 This selection decreases the probability to have hits which can lead to be toxic 

compounds.53  

 

5.4. Construction and refinement H4R homology models 

Starting from a previously published 3D model of H4R
40, 48, based on the ADRB2 crystal structure,31 

new structural models of H4R were constructed and refined by docking and molecular dynamics 

simulations with three representative H4R ligands: histamine (1), JNJ7777120 (2), and VUF10497 

(3). For each H4R-ligand complex optimal structures were selected based on their ability to 

discriminate between known fragment-like H4R ligands and true fragment-like H4R inactives (see 

section 5.2) in retrospective virtual screening studies. A second set of H4R models was built based 

on the recently solved H1R crystal structure35, 41, 48 using Modeller (using the same protocol as the 

previously published ADRB2-based H4R model)40, 48 and subjected to the same optimization and 

validation protocols as the ADRB2-based H4R homology models. 

The reference compounds were docked using PLANTS version 1.1 to the H4R binding pocket, 

which was defined using PLANTS bind tool.55 The best pose of each reference was selected. The 

selected poses show interaction to D3.32 and E5.46 and have highest IFP similarity Tanimoto 

coefficient (Tc-IFP)44, 46 to the previously described 3D model of compound 6 in the H4R.40, 48 The 

selected protein-ligand complex was then minimized using AMBER 10 to relax the structure.54 

Force-field parameters for the ligands were derived using the Antechamber program and partial 

charges for the ligands were computed using the AM1-BCC procedure in Antechamber.54 Upper-

bound distance restraint of 3.5 Å to maintain the interaction of the ligand to D3.32 was applied. The 

minimized model was subsequently embedded in a pre-equilibrated lipid bilayer consisting 

molecules of 1-palmitoyl-2-oleoylphosphatidylcholine (POPC) and solvated with TIP3P water 

molecules (box dimensions: 82.3 Å x 74.8 Å x 80.4 Å) as described by Urizar, et al.77, 78 The 

complexes embedded in the hydrated lipid bilayer were minimized shortly using AMBER 10.54 The 

hydrogen bond to D3.32 constraint and a positional harmonic constraint of 50 kcal/mol.Å on Cα 

carbon atoms were applied. The entire system was then subjected to a 1.1 ns constant pressure 

molecular dynamics (MD) simulation. All bonds involving hydrogen atoms were frozen with the 

SHAKE algorithm. During the first 100 ps, the Cα carbon atoms were constrained and the hydrogen 
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bond of the ligand to D3.32 was restrained as previously described and the temperature was 

linearly increased from 0 to 300 K. During the last 1000 ps, the temperature was kept constant at 

300 K and the pressure at 1 bar, using a coupling constant of 0.2 ps and the Berendsen approach. 

Interactions were calculated according to the AMBER03 force field, using particle-mesh-ewald 

(PME) summation to include the long range electrostratic forces. Van der Waals interactions were 

calculated using a cut-off of 8.0 Å. MD snapshots were clustered with the GROMACS g_cluster tool 

with respect to the Cα atoms of the defined binding residues and according to the Jarvis-Patrick 

method, using a cutoff of 3 Å for defining the nearest neighbors.79 This yielded 3 to 8 clusters per 

simulation run. The binding pocket regions of MD snapshots were then fitted to the corresponding 

binding pocket regions of the initial 3D model. The MD-snapshots of the complexes were finally 

energy minimized as described before. The minimized ligand-protein complexes from the MD-

snapshots were subjected to perform SBVS campaigns retrospectively using PLANTS docking 

software. The IFP for each docked pose was calculated subsequently. Pose with hydrogen bond to 

D3.32 and highest Tc-IFP value for each ligand was selected. Early enrichment (EF1%) values 

derived from receiver operating characteristic (ROC) curves were used as virtual screening criteria 

to evaluate the applicability of the MD snapshots to discriminate between known fragment-like H4R 

ligands and true fragment-like H4R inactives (see section 5.2) in retrospective virtual screening 

studies. Two best snapshots performing SBVS were used further in prospective virtual screening. 

 

5.5. Automated docking 

All virtual screenings were performed by docking program PLANTS (version 1.1).80 PLANTS 

combines an ant colony optimization algorithm with an empirical scoring function55 for the prediction 

and scoring of binding poses in a protein structure. For each compound, 15 poses were calculated 

and scored by the ChemPLP scoring function at speed setting 2. The binding pocket of H4R was 

defined by the coordinates of the center of the reference ligand and a radius of 5 Å (which is the 

maximum distance from the center defined by a 5 Å radius around the reference ligand). All other 

options of PLANTS were left at their default setting. The same docking approach was used to dock 

experimentally confirmed hits in the H1R crystal structure.35 

 
 
 
5.6. IFP post-processing  

The reference ligand binding modes in the corresponding H4R-ligand complex models were used to 

generate reference interaction fingerprints (IFPs) as previously described.46 Seven different 

interaction types (negatively charged, positively charged, H-bond acceptor, H-bond donor, aromatic 



Structure-based Virtual Screening on H4R Fragments 

127 

face-to-edge, aromatic-face-to- face, and hydrophobic interactions) were used to define the IFP. 

The cavity used for the IFP analysis is consisted of a set of residues in the binding pocket of H4R 

defined in subsection 5.5. Note that for each PLANTS docking pose, a unique subset of protein 

coordinates with rotated hydroxyl hydrogen atoms were used to define the IFP. Standard IFP 

scoring parameters, and a Tanimoto coefficient (Tc-IFP) measuring IFP similarity with the reference 

molecule pose (of histamine (1), JNJ7777120 (2), and VUF10497 (3) in the H4R models (e.g., Fig. 

6), was used to filter and rank the docking poses of 100 known fragment-like H4R ligands, 959 

fragment-like compounds that are inactive at H4R, and the focused database of 23112 fragment-like 

molecules (only poses forming an H-bond and ionic interaction with D943.32 are considered). For the 

H4R confirmed hits presented in Table 1, the docking protocols against H1R crystal structure were 

performed.19, 35 The doxepin binding mode in the original H1R X-ray structure19 was used to 

generate reference IFP. The H1R cavity used for the IFP analysis consisted the same set of 33 

residues used in previously SBVS studies.19, 47   

 

5.7. ROCS 3D similarity search 

The conformer database was generated using standard settings OMEGA81 and searched with 

ROCS82 using standard settings as well. The conformations of histamine (1), JNJ7777120 (2), and 

VUF10497 (3) in the H4R models were used as query molecules for independent ROCS runs. 

Compounds were ranked by decreasing EON score82 (combination of the shape and the 

electrostatic potential Tanimoto similarity in this optimized overlay). 

 

5.8. ECFP-4 2D similarity search 

Two-dimensional similarity searches were carried out using ECFP-4 (extended connectivity 

fingerprints)56 descriptors available in Pipeline Pilot version 6.1.583 and compared using the 

Tanimoto coefficient. 

 

5.9. Retrospective virtual screening analysis 

A hundred known fragment-like H4R ligands and 959 fragment-like compounds that are inactive at 

H4R were subjected to 2D-LBVS (ECFP-4) and 3D-LBVS (ROCS-EON) runs and docked into H1R 

and scored with PLANTS and IFP. Virtual screening accuracies were first determined in terms of 

area under the curve of receiver-operator characteristic (ROC) plots, and its 95% confidence 

interval was computed with R statistical computing software version 2.11.1.58 Enrichment E in true 

positives (TP) is reported at a false positive rate (FP) of 1% as follows: 

E = TP/FP1% 

Early enrichment at 1% rate was computed for each virtual screen.84 
 



Chapter 6 

 

128 

5.10. Prospective virtual screening 

Prospective fragment virtual screenings were performed on compounds from ZINC database.61  

Fragment-like compounds,10 which come from selected vendors in the database (presented in Table 

S1 in the Supporting Information) were selected. The tautomers and microspecies distributions at 

pH 7.4 of the ligands were generated as described in section 5.3. The species with abundance of 

more than 20% were selected. The 3D structures were then generated using CORINA as described 

in section 5.3.74 The structures were objected to the SBVS campaigns using two selected MD 

snapshots (SBVS-1 and -2). The Tc-IFP values of enrichment factor of 1% ranked false positives 

(EF1%) of the selected SBVS protocols were used as the cut-offs: 0.733 and 0.810 for SBVS-1 and 

SBVS-2, respectively. To avoid similar scaffolds to the known H4R fragments, the hits with ECFP-4 

similarity values of less than 0.26 against all known H4R active fragments used in the retrospective 

VS were selected.60 The remaining hits were clustered using ECFP-4 similarities in Pipeline Pilot to 

select about 50 prospective fragments. The compounds with the best Tc-IFP value were selected in 

each cluster and subsequently subjected to visual inspection. 

 
5.11. Compounds selected by virtual screening 

The compounds selected by virtual screening were purchased from available screening collections 

of 7 vendors (Supplementary Table S2): Asinex (www.asinex.com), Chembridge 

(www.chembridge.com), Enamine (www.enamine.com), IBScreen (www.ibscreen.com), Matrix 

Scientific (www.matrixscientific.com), TimTec (www.timtec.net), Vitas-M (www.vitasmlab.com). 

 

 
5.12. Pharmacology 

HEK293T cells were cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with 

10% fetal bovine serum, 50 IUml penicillin and 50 μg/ml streptomycin at 37°C and 5% CO2. 

Approximately 4 x 106 cells in 10-cm dishes were transiently transfected with 5 μg receptor DNA 

using 25-kDa linear polyethylenimine (PEI; Polysciences, Warrington, USA) as transfection reagent 

(1:4 DNA/PEI ratio). The cells were harvested 2 days after transfection and homogenized in 50 mM 

Tris-HCl binding buffer (pH7.4). Cell homogenates were co-incubated with indicated concentrations 

of compounds and ~3 nM [3H]-mepyramine (human H1R), ~10 nM [3H]-histamine (human H4R), or 

~2 nM [3H]-dihydroalprenolol (human ADRB2) in a total volume of 100 μl/well. All radioligands were 
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purchased from PerkinElmer Life Sciences. The reaction mixtures were incubated for 1-1.5 hrs at 

25°C on a microtiter shaker (750 rpm). Incubations were terminated by rapid filtration through 

Unifilter glass fiber C plates (PerkinElmer Life Sciences) that were presoaked in 0.3% 

polyethylenimine and subsequently washed three times with ice-cold binding buffer (pH7.4 at 4°C). 

Retained radioactivity was measured by liquid scintillation using a MicroBeta Trilux (PerkinElmer 

Life Sciences). Nonlinear curve fitting was performed using GraphPad Prism 4.03 software. The Ki 

values were calculated using the Cheng-Prusoff equation Ki = IC50/(1+[radioligand]/Kd).
85 

 

Acknowledgements 

This work was supported by the Top Institute Pharma [project number D1.105: the 

GPCR Forum], the Netherlands Organization for Scientific Research [VENI Grant 

700.59.408], and COST Action BM0806. 

   

  



Chapter 6 

 

130 

Supporting information 

Table S1. Vendors selected the prospective SBVS campaigns 
 

Vendor Website 
Acros Organics www.acros.be 
Ambinter www.ambinter.com 
Apollo Scientific www.apolloscientific.co.uk 
Asinex www.asinex.com 
ChemBridge www.chembridge.com 
ChemDiv www.chemdiv.com 
Enamine www.enamine.net 
Fluorochem www.fluorochem.co.uk 
IBScreen www.ibscreen.com 
Labotest www.labotest.com 
Matrix Scientific www.matrixscientific.com 
Maybridge www.maybridge.com 
Sigma-Aldrich www.sigma-aldrich.com 
Specs www.specs.net 
TimTec www.timtec.net 
Vitas-M www.vitasmlab.com 
 

 

Table S2. The selected fragments from the prospective SBVS campaigns and related 
vendor information. 
 
  
VUF code ZINC code Vendor Vendor Code Vendor websites 
VUF13681a ZINC19719617 Asinex SYN23712742 www.asinex.com 
VUF13682c ZINC03152027 Asinex BAS01530286 www.asinex.com 
VUF13683c ZINC23506801 ChemBridge 82740504 www.chembridge.com 
VUF13684a ZINC00182698 ChemBridge 5411809 www.chembridge.com 
VUF13685b ZINC20541314 ChemBridge 86508374 www.chembridge.com 
VUF13686a ZINC05141827 ChemBridge 9102853 www.chembridge.com 
VUF13687a ZINC05216266 ChemBridge 9114126 www.chembridge.com 
VUF13688b ZINC32819436 Enamine T6368600 www.enamine.net 
VUF13689b ZINC30660859 Enamine T6600538 www.enamine.net 
VUF13690a ZINC05025356 IBScreen STOCK4S-01947 www.ibscreen.com 
VUF13691a ZINC00526020 IBScreen STOCK1N-19344 www.ibscreen.com 
VUF13692a ZINC14630922 Matrix Scientific 22889 www.matrixscientific.com 
VUF13693b ZINC04010314 TimTec ST50950074 www.timtec.net 
VUF13694a ZINC05041012 Vitas-M STK550071 www.vitasmlab.com 
VUF13695a ZINC04834654 Vitas-M STK530114 www.vitasmlab.com 
VUF13696a ZINC05033346 Vitas-M STK549702 www.vitasmlab.com 
VUF13697c ZINC40268952 Vitas-M STK935769 www.vitasmlab.com 
VUF13698b ZINC00360026 Asinex BAS00232858 www.asinex.com 
VUF13699b ZINC00118611 Asinex BAS05154618 www.asinex.com 
VUF13700b ZINC04997152 ChemBridge 5539301 www.chembridge.com 
VUF13701b ZINC05730526 ChemBridge 9116861 www.chembridge.com 
VUF13702b ZINC16622482 ChemBridge 9117436 www.chembridge.com 
VUF13703b ZINC04721959 ChemBridge 6107275 www.chembridge.com 
aSelected from the SBVS-1 and the SBVS-2. b Selected from the SBVS-1 only. c Selected from the 
SBVS-2 only. 
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Figure S1. Structure of the fragments selected in the prospective VS campaigns.    
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