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. The ability of scoring functions to correctly select and rank docking poses of small molecules in protein
. binding sites is highly target dependent, which presents a challenge for structure-based drug discovery.
Here we describe a virtual screening method that combines an energy-based docking scoring function
. with a molecular interaction fingerprint (IFP) to identify new ligands based on G protein-coupled
. receptor (GPCR) crystal structures. The consensus scoring method is prospectively evaluated by: 1) the
discovery of chemically novel, fragment-like, high affinity histamine H, receptor (H,R) antagonists/
inverse agonists, 2) the selective structure-based identification of 3,-adrenoceptor (3,R) agonists, and
3) the experimental validation and comparison of the combined and individual scoring approaches.
Systematic retrospective virtual screening simulations allowed the definition of scoring cut-offs for the
. identification of H,R and ;R ligands and the selection of an optimal B-adrenoceptor crystal structure
. for the discrimination between 3,R agonists and antagonists. The consensus approach resulted in
. the experimental validation of 53% of the B,R and 73% of the H,R virtual screening hits with up to
- nanomolar affinities and potencies. The selective identification of B,R agonists shows the possibilities
of structure-based prediction of GPCR ligand function by integrating protein-ligand binding mode
information.

. In the past decade, there has been remarkable progress in the structural elucidation of G protein-coupled recep-
. tors (GPCRs), the largest family of transmembrane proteins in the human genome that plays an essential role
- in a plethora of cell signalling processes and has high potential as drug targets">. Currently, over 140 GPCR
crystal structures have been published, covering 33 different GPCRs and 72 unique small molecule GPCR lig-
ands with different functional effects on receptor signalling and with distinct binding modes in the receptor*
The increased amount of high resolution structural information on GPCRs has opened up new opportunities
for the identification of novel GPCR ligands by structure-based virtual screening (SBVS)*-. There are, how-
ever, still several hurdles for structure-based approaches for GPCRs, such as the efficient identification of chem-
ically novel fragment-like ligands with high hit rates*” (i.e. the portion of experimentally validated hits) and the
structure-based prediction of GPCR ligand function®®#. The last-mentioned hurdle has proven to be challenging
as the functional effect of a ligand is inherently linked to the binding mode(s) it can adopt, and the receptor
. conformations it can stabilize that are associated with specific receptor activation states>!. The development of
: structure-based, ligand-function specific virtual screening methods is hampered by the fact that for most crys-
- tallized GPCRs only one or few structures are available as well as the limited diversity of the functional effect and
. binding modes of the co-crystallized ligands. Whereas the efficient identification of fragment-like compounds
© was shown to be hampered primarily by the (target-dependent) inability of docking scoring functions to accu-
. rately rank and score the different binding modes with an estimation of their binding energies''. These chal-
. lenges are, for example, illustrated by a recent structure-based virtual screening study by Rodriguez et al. in
. which high-affinity adenosine antagonists were discovered while screening against an active-state agonist-bound
© X-rays of the A,, receptor in order to obtain A,, agonists'%. In another virtual screening study against the
3,-adrenoceptor (3,R), Weiss et al. were able to identify 1 fragment-like and 5 lead-like £3,-adrenoceptor (3,R)
agonists by making use of both an active-state agonist-bound and an inactive-state inverse-agonist bound struc-
© ture and selecting compounds that were only scored high in the agonist structure’®. In order to overcome issues

© Amsterdam Institute for Molecules, Medicines and Systems (AIMMS), Division of Medicinal Chemistry, Faculty of
. Sciences, Vrije Universiteit Amsterdam, De Boelelaan 1108, 1081 HZ Amsterdam, The Netherlands. Correspondence
and requests for materials should be addressed to C.d.G. (email: c.de.graaf@vu.nl)

SCIENTIFICREPORTS | 6:28288| DOI: 10.1038/srep28288 1


mailto:c.de.graaf@vu.nl

www.nature.com/scientificreports/

with scoring and ranking docking poses consensus approaches have been devised!'. These consensus scoring
approaches have been applied retrospectively'*!> and prospectively'®~'® in several studies. In those cases where the
consensus approach has been prospectively applied the individual approaches have, however, never been exper-
imentally validated. Only the prospective application, experimental validation and comparison of the individual
and combined scoring methods would allow the assessment of the added value of consensus scoring in virtual
screening.

In the current study we address both hurdles in virtual screening simultaneously by applying a novel docking
scoring approach for the identification of novel fragment-like GPCR ligands and the prediction of their func-
tional effect using GPCR crystal structures. This docking scoring approach combines a conventional docking
scoring function (ChemPLP) using PLANTS" docking with the molecular interaction fingerprint (IFP) rescoring
approach?®?!. This combination is based on the “complementary” hypothesis in which it is assumed that the com-
bination of two (fundamentally) different scoring functions can result in increased performance by combining
the strengths of each scoring function'®. ChemPLP is an empirical energy-based scoring function whereas IFP
compares the interaction pattern between the docking pose and the protein to a reference binding mode, most
often the co-crystallized pose of a known ligand. By combining these methods we aimed to use the strengths of
PLANTS to identify compounds with energetically favorable docking poses with the strength of IFP to select the
most probable binding modes by selecting those with an interaction profile closely resembling the reference IFP2
(in this case the IFP of the co-crystallized ligand with the receptor). Moreover, in this study we have validated
the performance of the consensus scoring approach in a truly prospective manner by also experimentally vali-
dating the results of the individual scoring approaches. We applied and systematically compared the combined
and individual IFP and PLANTS scoring approaches with respect to their ability to: 1) identify chemically novel,
fragment-like, high affinity histamine H, receptor (H,R) antagonists/inverse agonists, and 2) selectively retrieve
3,R agonists. The ,R represents a rewarding additional target as there are many crystal structures available and
we aim to selectively identify agonists, thereby representing a complementary case study to H,R. Building from
our successful prospective H,R VS study?! and retrospective 8,R VS study®? reported earlier, we have in the cur-
rent study for the first time explored and compared the virtual screening performances of the different scoring
approaches and combinations for H,R and ,R in a prospective manner.

The integration of protein-ligand interaction energy and interaction pattern similarity scores resulted in
a better performance than each of the individual methods, although in all cases high hit-rates were obtained.
Retrospective virtual screening studies based on multiple different 8-adrenoceptor crystal structures allowed us
to select an optimal combination of reference interaction fingerprint and protein conformation for the selective
retrieval of novel, fragment-like f3,R agonists. These results demonstrate the potential of structure-based predic-
tion of GPCR ligand function by the integration of protein-ligand binding mode information.

Results and Discussion

Discovery new fragment-like H;R ligands. In order to analyse to what extent the combined scoring
approach was responsible for the high hit-rate of our previously reported virtual screening on the doxepin-bound
(1) H,R crystal structure (PDB-code 3RZE?*) we experimentally validated the compound selections for each of
the individual scoring approaches (Fig. 1). For both the PLANTS as well as the IFP approach the top 500 scoring
compounds were selected and subsequently the compounds matching the combined approach were removed. The
remaining compounds were processed in the same fashion as the compounds from the combined approach. We
excluded hits that are similar to any known H;R ligand (ECFP-4%* Tanimoto score of >0.4), visually clustered the
compounds based on scaffold similarity, and discarded compounds with buried polar groups that were placed in
hydrophobic parts of the H, R binding site by visual inspection. In total 74 compounds were purchased and tested
for their H,R affinity (including the 26 compounds reported in the previous article?!). Table 1 gives an overview
of the results and Fig. 2a illustrates the robustness of the assays performed.

Discovery new 3,R agonists. For the selection of the optimal 3-adrenoceptor crystal structure we per-
formed a retrospective virtual screening study (in line with the study performed by De Graaf et al.”) on 6 ;R and
7 3,R ligand-bound crystal structures (PDB accessed May 2011)?°-*%. 3R structures were also taken into account
because of the high ligand and binding site similarity with 3,R%. This retrospective VS analysis highlighted that
the (first) active-state 3,R crystal structure with the G;-mimicking nanobody and the full agonist BI-167107
(47) (PDB-code 3P0G, Figs 1 and 3) was found to have one of the highest retrieval rate for agonists (EF,y, 76.9)
while maintaining a low retrieval rate for antagonists/inverse agonists (EF,y, 7.7) when using the IFP scoring
approach (see Supplementary Fig. S1). It should be noted that meanwhile, 35 3-adrenoceptor crystal structures
have been deposited in the PDB (see Table S1). Systematic retrospective virtual screening studies against 31 of the
B-adrenoceptor crystal structures indicated that docking and IFP scoring in 3P0G still gives one of the highest
and most selective enrichments for the discrimination of partial/full agonists versus decoy molecules and inverse
agonists/antagonists*. We performed a virtual screening on the selected active-state 3,R structure using the same
approach and fragment library as used for the H,R virtual screening. Based on the cut-offs used for the initial H;R
virtual screening a set of only 318 compounds was selected for the combined scoring approach (Table S2). The
consistency filter was not applied due to the low number of remaining compounds. A less strict novelty filter than
on the H R screening was applied (ECFP-4 Tanimoto score of <0.5 compared to any known f3,R ligand) as the
many known £3,R ligands show limited chemical diversity'**. The compounds for each of the individual scoring
methods were selected based on a similar procedure as for the H|R, after which the top 750 scoring compounds for
each scoring approach were selected. The final compounds were selected after MACCS and visual clustering of the
compounds based on scaffold similarity for each of the scoring methods. During the final selection process prior-
ity was given to compounds with a lower ECFP-4 score. It should be noted that despite our efforts to perform this
selection process systematically, the difference in size between the individual scoring selections (750 compounds)
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Figure 1. Workflow of the virtual-screening approaches performed on both the H,R and the 3,R. The
indicated PLANTS and IFP cut-offs for the top 500/750 compounds are indicative, only compounds within the
top 500/750 compounds were selected for further processing. Notes: (a) The definition of these cut-offs has been
described. (b) An ECFP-4 similarity cut-off of 0.4 and 0.5 was used for the H,R and 83,R selections, respectively.
(c) The number before the brackets indicate the number of compounds that are unique to this selection, the
number between brackets include compounds from the combined selection that match the criteria of the
individual approach (see Fig. 3).

versus the combined scoring selection (318 compounds) might have introduced a positive bias for the individual
approaches during the final compound selection as there was a larger pool of compounds to select from.

In total 63 compounds (Fig. 1) were purchased and experimentally tested for their ability to increase
GPCR signalling measured by a cAMP response element (CRE) controlled luciferase reporter gene assay in

SCIENTIFICREPORTS | 6:28288 | DOI: 10.1038/srep28288 3



www.nature.com/scientificreports/

—115.92

REF 1 —N 9.75+0.14 | 1.00 (1) o
o
doxepin
/
~< >—o
\N_/_N 085 | 10639
REF 2 ) VA 8.68+0.03 | (i (106) - - - -
mepyramine
HND*O 075 | —102.14 1416 HN
C+P 3 E 8205010 | 15 | (4) (16) | 0-16(8677) 0.34 G
VUF13816 CHEMBL127508
\
Ny E\>—\
N O NH
_N\_/N_</ 0.77 90.19 1.263 N
C 4 N= 7214003 | -0 - 0.06(102773) | 0.34 _ -
(1326) | (6205 | (3601) N N
@ NIV WY cl
VUF13810 CHEMBL452925
_</N H
HN N _NH,
H2N—<\N N:© \|N(
0.75 —923 1.287
c 5 6372006 | 1550 | (4270) (2519) | 009(68145) | 025 I
CHEMBL270177
VUF13806
H,N 079 | —109.00 1.305
C+I+P | 6 2 NN \/@ 627007 | (00 1) (2240) | 0-11(45055) | 023 HN O
VUF13803 CHEMBL609579
=N
s N
N 078 | —9221 1.379 /NmN N
C 7 \ N c15k008 | T |20 (6on) | 02101206) | 028 /<s /\/\s/<\ (<
N
VUF13798 CHEMBL271632
=N
g )N N
0.77 —90.44 1.406 \ N
c 8 NERY N 615010 | 130 | (s0u4) (o) | 007(17047) | 032 F
N\
vo—/ ./ N4 0
VUF13795 CHEMBL140872
C 9 O 6014028 | 077 | —9743 L3741 g 1417047) | 0.38 N
N0 - 01 (1229) | (1461) (707) : : - O
H
VUF13794 CHEMBL594138
T
o] Ny
- 0.81 —98.61 1.311
C+I 10 C/N/\/N 7 373004 | 519 (1095) (oe1) | O13(7979) | 0.25 CN Z
N=
VUF13789 CHEMBLS855
Continued

SCIENTIFICREPORTS | 6:28288| DOI: 10.1038/srep28288




www.nature.com/scientificreports/

N—<\ 0.79 —100.13 1.125
C 11 5722009 | (o7g (757) (1713 | 0040108215) | 027
O NH,
VUF13787 CHEMBL1935450
® ¢
=
N H
- _ 0.77 —91.51 1.402
. b H/\gH\ 5642003 | (3 | a030) (i25) | 01416574) | 024 _N O
VUF13814 CHEMBL594138
O g
|
e N
— 078 —98.13 1.178
C 13 N 5584014 | oo (1240) (10007) | 0-13(29867) | 032 N
\_/ CNN/NH
VUF13788
CHEMBL11879
\ Q 0.82 —97.56 1.356
C+I 14 N N N 5.49+0.04 0.11 (47280) | 030 —\ N
\N_// (183) (1419) 972) N Wl N
— N/ N_i >
VUF13790
CHEMBL261551
=N
N Kj
0.85 —93.98 1.325
C+I 15 \© 5382003 | (g (3060) (l603) | 011(40224) | 0.34 ﬁl\i\
CN \_NH
VUF13797 CHEMBL11879
~ 0 0.77 —92.53 1.356
C 16 \( 5342004 | (0 | o) (72 | 016(7054) | 026
VUF13809 >
CHEMBL10602
HO
0 ; s
0.78 —92.93 1.106
C 17 _/_N/_\N‘Q/?? 5274004 | h (3775) (25077 | 0-1239372) 0.31
HO — N= i)
VUF13796 CHEMBL716
D N I (C
081 | —100.63 1.296
C+1 18 H/\gH\ 5204013 | 350 (675) (2535) | 0160372 | 028 Qﬁ
(O
VUF13811 CHEMBL261551
C+I4+P | 19 N-N 5004007 | 08 | 10204 L3750y o060y | 0,20 AN
115 446 690
HzN\/\s/lN%Q o (o (0 H2NJ\&NH
VUF13793 CHEMBL157264
Continued

SCIENTIFICREPORTS | 6:28288| DOI: 10.1038/srep28288




www.nature.com/scientificreports/

< 2 \/w .
N 0.85 —102.63 1.301 YQ/ NN
C+I4+P | 20 N )\Q 497x010 | (5 (3799 (23s) | 015011737 | 024 N
NH
VUE13791 CHEMBL294519
H,N O
078 | —9517 1.016
C 21 ©/o 496002 2lo | sen | rres | “13(11736) | 034 HaN O
VUF13804 CHEMBL609579
HN
N__N
X0 ppee
0.82 —77.15 1.197 N7
I 22 SN 7055004 | God | lle | (gsy) | 0203461 | 039
VUF14040
CHEMBL261551
FF
F NH,
/—\N — N NékN
Ny 081 | —67.43 1.379 <
! 2 6880031 (370) | (s7897) | (763) | 021(26052) | 036 Oumn
F
F CHEMBL593103
VUF14029
/ N
N HN. N :@
A N
NN 085 | —84.67 1.261
I 24 HN J N I 661003 | g (14000) (og1) | 016(53254) | 037 o///
VUF14043 CHEMBL278053
\ N N/\/Q
I 25 /N\/\ = 6474001 | 08> | —8507 124 ) 65 30392) | 028 -
N— 470 (53) | (13290) | (5205) - :
r\LN,N N
VUF14048 CHEMBL592752
N
=N NN
- O
082 | -81.29 1215
1 26 ) 6345008 | (150 | 069y | (ago) | 17046194 | 032 N
HN’ P CHEMBL18355
VUF13987
Br N\
§ ) L
0.85 ~75.63 1314 Lg—@
I 27 HN <>O 6244003 | (on | DO | Gisgy | 022(22319) | 026 FQO
VUF14026 CHEMBL404956
/
—N -N
\_—\ _<N \SI N| \>_S S’_\<\‘
s~ 085 | —6552 1.36 N
1 28 N— 5902008 | oo | om0y | (o1 | 020227 | 022 \ \_\;N
N. N
N
VUF14014 CHEMBL271909
Continued

SCIENTIFICREPORTS | 6:28288| DOI: 10.1038/srep28288




www.nature.com/scientificreports/

\
N
N y wNH
I 29 ' se1+002| 082 | —6762 13271 621 (26584) | 032 N~ Br
BIE0021 5y | (s7419) | (1769) | :
Br CHEMBL313301
VUF14010
) \N /_\
s N 0.85 70.56 1.424 4
I 30 B ,— N—j s80£004| (55| J008 Gy | 0270526 | 027 X
VUF14045 CHEMBL610739
HoN
2 HoN
082 | —8057 | 1.09% \\%{“
I 31 5772005 | (5 | oootey | (aseyy | “13071979) | 031 N 1| :
CHEMBL24316
\T/\/O _N o
o
I 32 5734002 081 | —8169 14921 606 (10787) | 033 N NJV
7320021 334 | (19767) (125) - : H
cl cl
CHEMBL194837
VUF14028
|
/N\/\T\Q \N
7N /
N 081 | —71.94 1235
I 33 _ ses2009| 080 | (DO | e | 018(2968) | 027 ) \>
VUF14038 CHEMBL610739
/ \ -
Q—N N >—N N—\ 0
I 34 5684003 | 081 | ~88.64 1355 1 0 17(49860) |  0.31 N
680031 451y | (7932) ann | ¢ :
Cl
VUF14003 CHEMBL179234
SRt
O/ \©\ 0.64 | —10409 | 0885 \rN N ]
p 35 6972005 | oo | oor) (S35 | 023(18994) | 035 AN
VUF13982 o
CHEMBL1188215
NH, O
< o
074 | —1043 1.104
p 36 O(.‘ 6682005 | e | 206 (23705 | 026(11061) | 0.39 O
VUF14021
CHEMBL47482
OH
~ B >N
= N S 059 | —107.18 1.000 N
P 37 ENE;N on 6402005 | (S0 | 70 (53309) | 015(59403) | 030 A N0 o SN
N
VUF13983 =
CHEMBL420567
Continued

SCIENTIFICREPORTS | 6:28288| DOI: 10.1038/srep28288




www.nature.com/scientificreports/

NH
Ly
07 | —106.59 1.251 N
38 HO\/\H O N\_ 607001 | (374 o7) (a618) | 018 (41191) 0.26 @%H
VUF14032 CHEMBL17740
NH
s /=N H
/ H HN [
39 AN { 5784005 | 07 | T10556 | 1046 ) eessy | (30 MNYN
NH 7820051 6662) | (134 (39629) | : NH, O
VUF14031 CHEMBL514641
e 0
O~
40 HO O 5744005 | 074 | —10671 13051 028(5999) | 032 ° om N
: D1 (3372) (91) (2386) - : H
O a
VUF13381 CHEMBL58698
HO\/\ N o HO O
N
()“ I 7 / 0.71 105.4 1.160 IN/\ .
41 5.6940.07 . T : 0.15 (63756) 0.31
\,11 (6641) | (140) (12283) &NVLO O
VUF14007 CHEMBL92337
O\ 0.66 10429 | 0972 CN
12 o 5655009 | 200 | (208) (6ia6s) | 032(2480) | 033 4 @,o
VUF14024 ( j
7
N
<—N P
Cl s N /
43 (LH I3 5544008 | 000 | 10586 1 0900 41y 67637y | 023 © A _
o N o 2420081 13005 | (127) (79252) | " : o N
VUF14034
CHEMBL280164
N — N
= N N~
| ~ @J NEVARRN
NN
056 | —103.11 0.809
44 K/NV\Q 5545002 | (' | (30 (92823) | 022(21446) | 039 O/J
. O Q
HO\,& (\NU 0.63 103.68 0.898 =
45 o N 4725006 | im0 | o) (7orss) | 0-16(52958) | 035 Vs
VUF13988 N/
CHEMBL237087

Table 1. Experimentally validated H,R hits based on the IFP and PLANTS approach. *The letters C, I, and
P, refer to the distinct compound selections from each the Combined, IFP, and PLANTS scoring approach,
respectively. Combinations like C +I indicate that the compound was present in both the selection of the
Combined and the IFP scoring approach but not the PLANTS approach. Further details are shown in Fig. 3.
bpK; values are calculated from at least three independent measurements as the mean + SEM. Measured by
displacement of [*H]-mepyramine binding using membranes of HEK293T cells transiently expressing the

human H;R. ‘TFP Tanimoto similarity to the pose of doxepin in the H,R crystal structure. Optimized IFP score
cut-off >0.75. IFP ranking is given between brackets. ¢Score and rank according to PLANTS scoring function.
Optimized PLANTS score cut-off <—90. PLANTS ranking is given between brackets. (ROCS shape-based 3D
similarity to doxepin based on Comboscore®. ROCS ranking is given between brackets. ‘ECFP-4 2D Tanimoto
similarity to doxepin. A similarity higher than 0.40 is considered as significative?!. ECFP-4 ranking is given
between brackets. SECFP-4 circular fingerprint Tanimoto similarity to closest known H,R active in ChEMBLdb.
A similarity higher than 0.40 is considered as significative?!. "The closest known H;R active in the ChEMBLdb
as determined by the ECFP-4 similarity.
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Figure 2. Representative radioligand displacement (H,R, reference compounds 1 and 2) and functional-
response (f3,R, reference compound 46) curves of the reference ligands and selected compounds identified
using the structure-based virtual screening on H;R (a) and 3,R (b). Curves for selected compounds from each
of the scoring approaches curves are presented in Supplementary Fig. S2.
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Figure 3. Hit rate analysis for each of the scoring approaches. Bar-plots summarizing the hit-rates and the
affinity/potency of the experimentally validated hits for both (a) the H,R and (b) the 3,R virtual screening.

(c) Analysis of the hit-rates for each of the scoring methods and all possible combinations thereof (as highlighted
in panel (d)) for both H,R and 3,R. Hit rates for each set (panel (d)) are reported as the number of hits and

the total number of tested compounds followed by the hit rate percentage. (d) Venn diagram highlighting the
different scoring combinations used for the analysis of H,R and (3,R hit-rates in panel (c).

B,R-transfected HEK293T cells. Table 2 gives an overview of the results and Fig. 2b illustrates the robustness of
the assays performed.

Dissecting the contribution for each of the scoring methods. It has been frequently claimed that the combina-
tion of two virtual screening approaches resulted in increased performance in retrospective evaluations'*!* and
prospective applications'®~'®. However, in these prospective applications the performance of the individual vir-
tual screening approaches has, to the best of our knowledge, never been experimentally validated to allow true
comparison of combined and individual virtual screening methods. Here we have validated both our combined
PLANTS-IFP scoring approach as well as the individual IFP and PLANTS scoring functions on two different test
cases in order to assess if the combination actually performs better than the individual approaches and is not the
result of overfitting by retrospective optimization. The systematic evaluation of virtual screening strategies has
enabled us to: i) assess the impact of the consensus and single scoring methods on chemical diversity and novelty
of the hits, ii) to estimate the target-dependent performance of the approaches, and iii) to dissect the contribu-
tions of the individual scoring methods to the consensus method.
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Table 2. Experimentally validated 3,R hits based on the IFP, PLANTS and combined approach. *The
letters C, I, and P, refer to the distinct compound selections from each the Combined, IFP, and PLANTS scoring
approach, respectively. Combinations like C 4 I indicate that the compound was present in both the selection
of the Combined and the IFP scoring approach but not the PLANTS approach. Further details are shown

in Fig. 3. REF indicates reference compounds. ®pECs, values are calculated from at least three independent
measurements as the mean £ SEM. ‘Maximum CRE-luciferase response values normalized to isoproterenol
(100%) and basal activity (0%) using HEK293T cells transiently expressing the human (3,R. For values preceded
by “>” the maximum response plateau was not observed, therefore the response at 100 uM was reported (except
for compounds 50, 53, 59, 65, and 71, for which the response at 10uM is reported). 4[FP Tanimoto similarity

to the pose of BI-167107 in the 3,R crystal structure. Optimized IFP score cut-off >0.75. IFP ranking is given
between brackets. ¢Score and rank according to PLANTS scoring function'. Optimized PLANTS score cut-

off <—90. PLANTS ranking is given between brackets. 'ROCS shape-based 3D similarity to BI-167107 based
on Comboscore®. ROCS ranking is given between brackets. SECFP-4 2D Tanimoto similarity to BI-167107. A
similarity higher than 0.40 is considered as significative®!. ECFP-4 ranking is given between brackets. "ECFP-4
circular fingerprint Tanimoto similarity to closest known 3,R active in ChEMBLdb. A similarity higher than
0.40 is considered as significative?!. 'The closest known (3,R active in the ChEMBLdD as determined by the
ECFP-4 similarity. 'The rankings indicated for reference BI-167107 and isoprenaline were determined as if they
were included in the screening library.

The experimental validation of the compounds (Fig. 2 and Supplementary Fig. S2) showed that, although
the combined-scoring approach was the most successful, the individual approaches resulted in high hit-rates as
well. For the H,R VS hit rates of 73%, 61%, and 45% were obtained for the combined, IFP, and PLANTS approach
respectively (Tables 1 and 2, Fig. 3a,c). For the 3,R VS the hit rates were 53%, 44%, and 39% for the combined,
IFP, and PLANTS approach respectively (Table 2, Fig. 3b,c). In short, both virtual screens show the same trends:
the combined IFP and PLANTS scoring approach is most successful, followed initially by IFP-score ranking and
finally by PLANTS-score ranking.

The compound sets for each of the individual scores overlap partially with the compound sets of the combined
scoring approach as is illustrated by the Venn diagrams in Fig. 3d. By breaking the compounds sets (and thus
hit-rates) down into unique subsets, the contribution of each approach individually can be derived more accu-
rately (Fig. 3¢c,d) as the differences in hit-rates between the individual approaches are subtle (specifically for the
B,R screening). Interestingly, the majority of the 3,R hits that were identified in the individual IFP and PLANTS
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selection were also identified by the combined approach as well (11 of 16 and 8 of 11 hits respectively). Although
similar results were observed in the H,R screening, they were less pronounced (7 out of the 20 hits and 4 of 15
hits respectively). This can mainly be ascribed to the fact that the distribution of the IFP and PLANTS scores for
the docked compounds differ greatly between the H;R and 3,R screening, as can be derived from the IFP versus
PLANTS scoring scatterplots in Fig. 1. Overall the PLANTS scores are higher for the H,R than for the 3,R and the
IFP scores are more widely spread for the H R (Fig. 1, Table S2). For the IFP scores this can be explained by the
difference in size of the reference ligand of both targets. Compound 1 (Fig. 4a) is a fragment-like ligand with only
21 heavy atoms, thereby matching the size of the compounds in the screening library. Compound 47 on the other
hand contains 27 heavy atoms thereby making more contacts and interactions than the fragments in the screen-
ing library are able to make based on their size. This discrepancy in size logically results in a reduced IFP-score
for the compounds in the fragment-library. In the future this effect could be addressed by e.g. taking a different
reference ligand using a fragment of the original reference ligand or by using a different similarity coefficient. The
PLANTS scoring differences represent the differences in the shape and composition of the binding site®, thereby
clearly demonstrating that each protein target benefits from a customized SBVS approach even if two targets are
closely related like these two aminergic GPCRs. Thorough retrospective validation and optimization of a virtual
screening method is therefore essential to maximize the potency of a method during a prospective application. It
must, however, also be recognized that customization of a VS approach often introduces a subjective element (as
do the visual clustering and visual inspection steps).

The percentages of hits versus inactives for sets matching the combined scoring criteria are consistently higher
(Fig. 3¢). Moreover, of the tested H,R compounds that are unique to the combined scoring function (section 1
in Fig. 3d) 84.6% were found to be active. On the other hand, for the 3,R screening most of the hits (16 of the
26 identified hits) were in the individual IFP selection (sections 3 and 4 in Fig. 3d) of which 69% also inter-
sected with the combined scoring approach. This emphasizes once more that the presence of active compounds
compared to inactive compounds is higher in the compound selection based on the combined scoring, as was
hypothesized based on the retrospective H,R virtual screening study?'. Other successful, non-GPCR, examples
of prospective IFP-driven virtual screening studies such as for the Trypanosoma Brucei phosphodiesterase B1¥’
and ligand-gated ion channel GABAA? also demonstrate the added value of using IFP for the hit identification.
Moreover, another advantage from a medicinal chemistry point of view is that the hits obtained through the
(combined) use of IFP have reliable predicted binding modes as they are similar to previously observed and
experimentally validated binding modes. These binding modes can serve as starting points for further ligand
optimization efforts and can even be effectively combined with interaction-annotated chemogenomics databases
(such as KLIFS* for kinases and PDEStrIAn* for phosphodiesterases) to drive optimization programs® in order
to target specific subpockets or to obtain interaction patterns associated with a specific functional effect?.

A comparative analysis of 29 GPCR structure-based virtual screening studies®!”#!~*8 shows that the hit rate
of the combined PLANTS-IFP H,R virtual screening study (73%) is the highest reported and the percentage of
submicromolar-affinity hits (27%) is amongst the highest reported (the average submicromolar hit rate was 7%),
together with the SBVS studies on the 5-HT, B serotonin receptor*' (36%), the c; ,-adrenoceptor® (30%), and the
D; dopamine receptor'” (40%).

Diverse scaffolds with conserved binding modes. Both virtual screening studies have resulted in the identification
of novel and (relatively) potent fragment-like small molecules. The ligands identified with the combined or the
IFP approach have a high IFP score indicating that they are expected to have similar interactions within the bind-
ing pocket, which translates to comparable binding modes obtained with diverse scaffolds. For H,R for example,
hits 3, 22, and 1 (as shown in Fig. 4) occupy almost the same space in the binding site and make comparable
interactions with the pocket residues despite their different molecular structure. However, many of the H;R hits
that are unique for the PLANTS scoring method, e.g. 35 (Fig. 4c), 37, 40, and 45, are linear ligands (shape-wise)
that therefore also address part of the minor pocket (between TM 2, 3, and 7) according to their predicted binding
mode, unlike 1. This might be the result of the docking scoring function as molecules with more protein-ligand
contacts (artificially) obtain higher interaction scores!®, whereas molecules selected with IFP are ligands that
adopt a similar binding mode (and thus shape) as the reference ligands. It should also be noted that the use of
IFP can compensate for the fact that the PLANTS docking was performed with a rigid receptor (except for the
hydroxyl groups, which could freely rotate). The PLANTS score does therefore not take binding site flexibility
into account that could potentially compensate for less optimal binding poses, while the use of IFP is able to select
compounds that do meet the IFP requirements while it prevents potential over-fitting of the pocket to accommo-
date the ligand docking pose. Since the reference molecule for the 3,R screening, 47, is larger than the reference
molecule for the H,R screening 1 and already addresses both the major (between TM 3, 5, 6, and 7) and the minor
pocket, this effect is not observed for the (3,R hits.

Interestingly, an analogue of the most potent hit from our previous study?' (3, pK; = 8.20, Fig. 4b), fragment
42, was selected using PLANTS scoring. In this analogue the piperidine is substituted on the 3-position instead
of the 4-position and the benzyl has shifted from the 2 to the 4 position of the phenoxy moiety, resulting in a
400-fold lower affinity. Another hit obtained using PLANTS scoring is the bulky compound 36, which fully occu-
pies the aromatic region between TM5 and TM6* with its 9,10-dihydro-9,10-ethanoanthracene moiety. The most
potent H,R hits that were identified are 3 (pK; = 8.20, Fig. 4b), 22 (pK;=7.05, Fig. 4d) and 35 (pK;=6.97, Fig. 4c)
for the Combined, IFP and PLANTS scoring approach respectively.

For 3,R the well-known ethanolamine scaffold is prevalent within the hits (e.g. 50 and 66), however, more
than 50% of all identified agonists do not have this scaffold (e.g. 53 and 69, Fig. 5b,d). Interestingly, a few ligands
contain groups that are able to form a similar H-bond interaction network with N3127% as the conserved ethanol-
amine alcohol moiety (e.g. 72, Fig. 5¢). It should be noted that Christopher et al.* also reported the identification
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Figure 4. Proposed binding modes of a H,R hit from each of the scoring approaches compared to the X-ray
structure. Binding modes in H,R of (a) the co-crystallized 1 (magenta carbon atoms), (b) combined PLANTS-
IFP-scoring hit 3 (orange carbon atoms), (¢) PLANTS-scoring hit 35 (green carbon atoms), and (d) an IFP-
scoring hit 22 (gold carbon atoms). (e) The interaction fingerprints of the compounds with each of the depicted
residues.

(and subsequent crystallization with 3,R) of fragment-like 3,R ligands without an ethanolamine moiety using
biophysicial fragment screening. It was suggested by the authors that these fragment-like ligands were expected to
be antagonists®. Hit 53 forms an H-bond with $203°4? via its indole moiety (Fig. 5b). Interestingly, although this
indole moiety is also observed in known 3,R ligands like pindolol, the indole of 53 is substituted at the 3-position
instead of the 4-position (e.g. hit 54). More surprising is that most of the identified agonists do not contain
hydrogen-bond donors or acceptors for interacting with the serines in TM5, which were previously deemed
essential for activation®*32**5°, However, some of the identified agonists do contain halogen-substituents (e.g.
50 and 52) that could allow for halogen bonding. Strikingly, compounds like 66 are able to increase cAMP forma-
tion but do not contain any H-bonding partners for the serines in TM5 but do have a short linker to the aromatic
head-group that was previously proposed to play a role in inducing the active-state via aromatic stacking with
aromatic residues in TM6°!. 61 has a 2-(methylamino)-1-phenylethan-1-ol scaffold similar to 66 and 58. Despite
the different substituents on this scaffold for 66 (2,4,6-trimethylbenzyl), 61 (methyladamantane), 58 (benzoni-
trile) all have comparable potencies (pECs, around 6). However, compound 66 has a significantly higher efficacy
(Emnax 85% £ 6) compared to the other compounds (E,,,, ~60%). Based on the binding modes of these ligands
(data not shown) this indicates that not only substitutions near TM5 and TMS, but also between TM3 and TM7
can result in a gain in efficacy. Interestingly, 58 is similar to 49 without the ethanolamine moiety. Their binding
modes (not shown), however, are very different as the benzonitrile of 49 interacts with $203%4? whereas it inter-
acts with W31374 for 58.

The agonist with the highest potency of all identified 3,R agonists (pECs,=7.42), 48, was identified using the
combined approach. However, due to the relatively high similarity of 48 to the well-known 3,R agonist salbutamol
(ECFP-4 similarity = 0.48) this is not surprising. The more novel agonists 50 and 71 have the highest potencies
(pEC50=6.73 and pEC;,=6.81) of the hits from the IFP and PLANTS approach, respectively.

It should be noted that the potency of isoprenaline as observed in these assays is relatively low (pECs, = 6.51),
which might be due to oxidation of the catechol moiety. We tried to address this using ascorbic acid (as was
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Figure 5. Proposed binding modes of representative 3,R hits from each of the scoring approaches
compared to the X-ray structure. Binding modes in 3,R of (a) the co-crystallized 47 (salmon carbon atoms),
(b) combined PLANTS-IFP-scoring hit 53 (slate carbon atoms), (¢) PLANTS-scoring hit 72 (grey carbon
atoms), and (d) an IFP-scoring hit 69 (brown carbon atoms). (e) The interaction fingerprints of the compounds
with each of the depicted residues.

previously proposed??) but this unfortunately interfered with the reporter gene assay. It is noteworthy that the
potency of isoprenaline varies throughout scientific publications and seem to be highly assay dependent, as pre-
viously reported potencies (pECs,) for isoprenaline range from 6.62% to 10.1'2.

The combined scoring approach did select the compound with the highest affinity for H;R and potency for
B,R. Despite this, there does not seem to be a clear correlation between affinity (pK;), potency (pECs,), and effi-
cacy (E,,,,) when analysing the hits from the three selection approaches (Fig. 3a,b). Based on the ECFP-4 simi-
larity compound 28 is the most novel hit for H,R. Although the structure of compound 28 is different from most
known H;R ligands, the typical H;R pharmacophore elements can still be recognized. Compound 43, the second
most novel H;R hit, on the other hand, has a very different scaffold with its furan, tetrahydrofuran and chloroben-
zene moieties. From the identified 3,R hits compound 56 is the most novel hit according to its ECFP-4 similarity
to known (3,R ligands. Interestingly, 56 has a similar scaffold as the novel H,R ligand 43 but the tetrahydrofuran
group has been replaced with a thiophene and the chlorine atom was removed.

When comparing the entire screening library to the co-crystallized reference ligand using 2D topological
(ECFP-4) and 3D shape-based (ROCS) similarity searches we observe two very different distributions for the
targets (Fig. 6). This can be ascribed to the differences in size, shape, and pharmacophore features of the two
reference ligands, 1 and 47. As 1 itself also matches the fragment-like criteria of the screening library the overall
similarity is much higher (Fig. 6a). The higher heavy atom count and thus volume of 47 results in a generally
lower ECFP-4 and ROCS scores for the compounds from the fragments library (Fig. 6b). For the H R hits only
3 of the identified ligands were present in the top 500 as selected by ROCS and 0 as selected by ECFP-4 (Fig. 6a).
For (3,R 7 and 4 of the ligands were present in the top 750 based on ROCS and ECFP-4 scoring, respectively, albeit
with low similarity scores (Fig. 6b).

We furthermore assessed the novelty of the identified ligands by performing SEA> predictions (functional and
binding) and the ChEMBL target prediction models in myChEMBL® (using both the 10puM and 1 uM models). The
ChEMBL models predicted 1 of the 26 3,R SBVS hits as a human (3,R ligand, another 2 hits as human (3, R ligands
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Figure 6. 2D/3D ligand-based virtual screening on the fragment library using (a) the H,R reference ligand 1
and (b) the 3,R reference ligand 47. The experimentally validated hits (blue) as well as all screened fragments
(grey) are scattered based on their ECFP-4?* and ROCS similarity to the doxepin reference ligand. The
horizontal dotted line indicates the cut-off?! of 1.4 for the ROCS ComboScore. The vertical dotted lines indicate
the cut-offs*! of 0.26 and 0.40 for ECFP-4.

and 4 of the 43 H,R SBVS hits as human H,R ligands. SEA (binding and functional combined) predicted 1 of the
26 3,R SBVS hits as a human (3,R ligand, 2 as human 3;R ligands and another 2 as animal 3,R ligands, and none
of the 43 H R SBVS hits as H|R ligand.

Predicting both ligand binding affinity and functional activity. The 3,R screening tries to combine the identi-
fication of new compounds with affinity for 3,R as well as predicting the functional activity by only searching
for 3,R agonists. Only limited studies with a similar goal have been performed on GPCRs of which most were
retrospective analyses®*>*0. However, as described in the introduction, more recently a prospective virtual screen-
ing for (3, as well as D, receptor agonists was published using the same active-state 3,R structure (PDB 3P0G)
as used in this study. Weiss et al. performed a systematic prospective study to investigate the effect of receptor
conformation on virtual screening'. In this study, a library of 2.7 million lead-like and 0.4 million fragment-like
molecules from the ZINC database was screened against the active-state 47-bound 3,R crystal structure (PDB
3P0G) and carazolol-bound crystal structure (PDB 2RH1)"*. During the docking the dipole moment of $203%42,
$204°#, or S207°46 was increased to augment docking scores for poses in polar contact with these residues.
Compounds ranking within the top 0.2% of the active-state structure and ranking at least 5000 positions higher
for the active-state compared to the carazolol-bound structure were selected for further processing. Compounds
that had at least a positive charge, an ionic interaction with D113*%? and at least one H-bond with any of the three
aforementioned serines were visually inspected. In total 5 fragment-like and 17 lead-like molecules were experi-
mentally validated resulting in the identification of 1 fragment-like and 5 lead-like 3,R agonists, of which 1 known
B,R agonist and 3 compounds with an ECFP-4 similarity higher than 0.4. Moreover, based on a homology model
of an active-state D, receptor a similar virtual screening was performed with the aim to identify new D, agonists.
15 compounds were selected for experimental validation of which 3 were found to be hits with marginal potencies
(of which 2 with an ECFP-4 similarity higher than 0.4): 2 agonists and 1 antagonist.

Although most structure-based virtual screenings tend to identify ligands with the same functional effect as
the co-crystallized ligand or the ligand(s) used to refine a homology model?#3-#¢, there have been multiple pro-
spective virtual screenings based on homology models of GPCRs that have resulted in the identification of ligands
with a different functional effect>!74247,

Despite the difficulties that come with these types of predictions, as illustrated by the examples above, we were
able to selectively identify 26 3,R agonists. It should be noted that the (3,R was also the ideal receptor for such
an analysis, as much information is available for this receptor including (and most importantly) multiple crystal
structures in different activation states and in complex with both agonists and antagonists/inverse agonists>*¢-34,
Generally, aminergic GPCRs have a deep and well-defined binding site without a large solvent-exposed area which
make them suitable for docking simulations as demonstrated by other successful prospective structure-based vir-
tual screening studies against aminergic GPCR crystal structures®!”4144-4648_Qther GPCRs such as, for example,
the chemokine receptors CXCR4°¢ and CCR5%, have a larger and more open pocket, which provide challenges
with respect to conformational sampling in molecular docking simulations and subsequent scoring of docking
poses, and structure-based virtual screening against chemokine receptors crystal structures have so far resulted
in lower hit rates of larger hits with lower affinity®*»*. Moreover, for many GPCRs structure-function relation-
ships are not as well defined as for beta-adrenergic receptors®, thereby preventing the training of predictive
models such as the one presented in the current study. On the other hand, the growing amount of GPCR crystal
structures in complex with different ligands will provide structural information to guide and optimize ligand
function-specific structure-based virtual screening studies against more and more GPCR targets. At this point in
time, function-selective structure-based screenings such as described here are already in reach for the A,,*°, M,%,
P2Y,,%, and p-opioid® receptor for which both small molecule agonist and antagonist/inverse agonist bound
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crystal structures are available. As the insights for the different signalling pathways that ligands can block or
induce is growing® (together with the aforementioned availability of GPCR crystal structures) this could also
open up new opportunities® to finding ligands portraying specific biased signalling profiles*.

Conclusions

Conventional docking approaches are hampered by challenges in the prediction of the right binding mode and
the correct ranking of those binding modes. To overcome these hurdles we have devised a novel docking scoring
approach that combines a conventional energy-based scoring function with an interaction-profile-based res-
coring approach. This approach was successfully applied by prospectively screening a fragment-like compound
library on two GPCRs for which crystal structures are available. For both the H, and (3, receptor high hit-rates
were obtained. Moreover, besides the consensus approach also the individual approaches were experimentally
validated in order to evaluate if the combination indeed resulted in an increased performance (hit-rates) in a pro-
spective manner. Although the individual scoring approaches were effective as well, the combined approach did
result in increased hit-rates and the retrieval of ligands with up to nanomolar affinities and potencies. It should
also be noted that despite the fact that the combined scoring approach was proven to be effective for multiple pro-
tein targets, the scoring distributions for the targets did highlight a highly-target-specific score distribution due
to the pocket composition and the impact of the reference ligand. It is therefore recommended to optimize this
combined approach for each targeted protein using careful retrospective validation to e.g. optimize the docking
scoring function and IFP scoring cut-offs. Accordingly, if multiple crystal structures are available, the selection of
the right structure (or combination of structures'®) will influence the outcome of the virtual screening in terms of
retrieval rates but also functional effect of the obtained hits. For the 3,R we were able to selectively retrieve novel
fragment-like ligands with the desired functional effect. Moreover, this approach led to the identification of novel
scaffolds for 3,R agonists. Surprisingly, some of these hit compounds did not contain hydrogen bond acceptors
or donors that would be able to interact with serines $203°4?, $204%%, or $207>4¢ in TMS5, previously thought to
be crucial for 3,R activation®*%3+_ The results show that the advances in GPCR crystallography open up new
opportunities to selectively discover new GPCR ligands with the desired functional effect. These advances could
ultimately lead to the prediction and structure-based optimization of ligands with designed (biased) signalling
profiles*6>6,

Experimental Procedures

Residue numbering and nomenclature. The Ballesteros—-Weinstein residue numbering scheme®” was
used throughout this manuscript. For residues in specific receptors, the UniProt residue number is given before
the Ballesteros—Weinstein residue number in superscript (e.g. D107 in H,R).

Preparation of prospective virtual screening database. The compound libraries of 15 vendors were
obtained from the ZINC database in SMILES format totaling ~13 million unique compounds. Openeye’s filter
(version 2.1.1) was used to only select fragment-like compounds were resulting in a subset of 757.728 com-
pounds. Tauthor (version 1.4.90) and Blabber (version 1.4.90) from MolDiscovery’s MoKa package were used
to compute plausible tautomers and protonation states. Subsequently, another filter was applied to remove all
compounds without a positive formal charge to ensure only compounds, which could potentially form an ionic
bond with key residue D** were selected. These steps resulted in a final prospective virtual screening library
comprising 108 790 compounds.

Automated docking and IFP post-processing. The dockings were performed using PLANTS!" and
the resulting H,R and (3-adrenergic docking poses were post-processed and ranked with IFP?*2!, Using PLANTS
25 docking poses for each compound were calculated (speed setting 2) and scored using the ChemPLP scoring
function. The docking site of 3,R and H,R was defined by the coordinates of the center of cocrystallized ligand
(BI-167107 and doxepin, respectively) and a radius around it based on the maximum distance from this center to
the edge of the crystallized ligand 45 A. All other options of PLANTS were left at their default setting. PLANTS
employs an ant-colony-optimization algorithm for the prediction of binding poses of small molecules in a pro-
tein structure and an empirical scoring function, ChemPLP, for the scoring of the resulting binding poses. IFP
evaluates a (predicted) binding mode of a compound in a protein structure by annotating the absence or pres-
ence of different types of interactions (hydrophobic, aromatic, H-bond, ionic) between each pocket residue and
the molecule based on a set of rules®. This results in a molecular interaction fingerprint representing all interac-
tions between the molecule and the protein in bit-string, allowing for the easy comparison and scoring (using the
Tanimoto coefficient) of the similarity of multiple IFPs. The H,R and (3-adrenoceptor pockets were defined by 33
pocket residues based on the consensus pocket definition by de Graaf et al.?: L/M!33, L/M"%, 1142, T/1146, V257,
M/Vz.SS) N/GZAGI, L/Iz'“, W3'28, L/TSAZQ’ D3A32, Y/V3'33, S/v3A36’ T3'37, ISAO’ W/T4‘56, I/P4‘60, F/Y5'38, K/A5A39) T/SS‘42,
A/SS‘43, N/SS'46, F5‘47, F6‘44, W6‘48, Y/FS'SI, F6'52, F/N6'55, H/Y7'35, I/N7'39, W7'40, Y7'43, N7‘45 21. In the BIR/BZR retro-
spective validation the binding mode of the co-crystallized compound for each respective crystal structure was
used for the calculation of the reference IFP. These reference IFPs were subsequently used to score the docking
poses.

Retrospective virtual screening databases and analysis. The H,R retrospective validation was
performed by docking a compound library comprising 543 known H;R ligands from ChEMBL, 59 CNS active
drugs acting as inverse agonists on H,R, and 7 088 physicochemically similar decoy molecules into the H,R
crystal structure. Subsequently all docking poses were postprocessed using IFP and only docking poses in which
the compounds made an ionic interaction with D107°32 were analyzed. For each compound the best PLANTS
and the best IFP score were selected and used for defining the score cut-offs for prospective application. With a
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PLANTS score cut-off of <—90 and an IFP score cut-off >0.75 high enrichment factors for the ligands over the
decoys were obtained (EF,y, of 39.3 and 57.6 for the ChEMBL and CNS HR ligands respectively)?'. The test set
by de Graaf et al.?® was used for the retrospective virtual screening study on all 6 3;R and 7 3,R crystal structures
available at that time (PDB accessed May 2011). This test set exists of 13 agonists, 13 antagonist/inverse agonists,
and 980 physicochemically-similar decoys and was extended with 7 agonists and 8 antagonists/inverse agonists
from Baker et al.®®. From each 3-adrenergic crystal structure one chain was selected and used for the retrospective
validation. The test set was docked into all selected chains and scored using PLANTS and IFP. Subsequently, the
enrichment factors at a 1% false positive rate for the f/pAGO and ANT/iAGO over decoys were determined for
each of the crystal structures (Supplementary Fig. SI1).

Prospective virtual screening. The PLANTS and IFP scoring cut-offs (as described in the previous para-
graph) were used for prospective virtual screening of a library of 108 790 fragment-like basic molecules* against
both H,R and (3,R targets. For the combined scoring approach the filtering was performed by applying the D332
interaction filter, the PLANTS and IFP cut offs, the consistency cut off in case of H,R (only compounds with
an IFP score of >0.7 according to the best PLANTS pose as well as a PLANTS score of <—75 according to the
best IFP pose were kept), and a novelty filter (ECFP-4 < 0.4 for H,R and ECFP-4 <0.5 for 3,R). H,R and 3,R hit
selection consisted of a visual clustering of the remaining compounds, after which from each cluster the frag-
ment with the highest IFP and/or PLANTS score was selected and fragments with docking poses in which polar
atoms were buried in hydrophobic parts of the binding site were discarded?'. For the individual PLANTS and
IFP scoring approaches the top 500 (H;R) and top 750 (3,R) scoring compounds were selected, and compounds
matching the combined approach were removed. Hits that were similar to any known ligand of the respective H;R
(ECFP-4 Tanimoto score of 0.4) or 3,R (ECFP-4 Tanimoto score of >0.5) receptors were removed, compounds
were visually clustered based on scaffold similarity, and compounds with buried polar groups that were placed in
hydrophobic parts of the receptor binding site were discarded by visual inspection.

ROCS 3D similarity search. The conformer database was generated using standard settings OMEGA
(version 2.3.2; OpenEye Scientific Software: Santa Fe, NM.) and searched with ROCS (version 2.3.1; OpenEye
Scientific Software: Santa Fe, NM.) using standard settings as well. The conformation of 1 found in the H,R X-ray
structure (PDB-code 3RZE?) and the conformation of 47 in the 3,R X-ray structure (PDB-code 3P0G) were
used as query molecules for independent ROCS runs. The compounds from the screening library were ranked
by decreasing Comboscore (combination of shape Tanimoto and the normalized colour score in this optimized
overlay).

ECFP-4 2D similarity search. Two-dimensional similarity searches were carried out using ECFP-4
(extended connectivity fingerprints®!) descriptors available in Pipeline Pilot (version 6.1.5; Accelrys Software Inc.:
5005 Waterridge Vista Dr, San Diego, CA 92121, United States.) and compared using the Tanimoto coefficient.

Compounds selected by virtual screening. The compounds selected by virtual screening were pur-
chased from available screening collections of six vendors: Asinex (www.asinex.com), Chembridge (www.
Hit2Lead.com), Enamine (www.enamine.com), IBScreen (www.ibscreen.com), Matrix Scientific (www.matrix-
scientific.com), Vitas-M (www.vitasmlab.com). Suppliers and supplier identifiers for each of the virtual screening
hits are given in Table S3. The purity of all compounds was verified by liquid chromatography-mass spectrometry
(LC-MS), all experimentally validated hits had a purity of 90% or higher (see Table S4), except compounds 40,
26, and 44, which in our hands had a purity of 75%, 76%, and 88% respectively (reported to be at least 90% pure
according to the suppliers).

Materials. Human H,R ¢cDNA was kindly provided by Dr. H Fukui (Japan). The cDNA clone for Human
B,R in pcDNA3.1+ was obtained from Missouri S&T cDNA Resource Center (www.cdna.org). Cell culture media
were purchased from PAA (Pasching, Austria). Isoproterenol was bought from Sigma-Aldrich (St. Louis, MO,
USA). Compounds used in the assays were obtained from different suppliers (see Supplementary Table S4). The
cDNA clone for Human (3,R in pcDNA3.1+ was obtained from Missouri S&T ¢cDNA Resource Center (www.
cdna.org).

Cell culture and transfection. The cell culture and transfection for H;R was performed as previously
described?'. HEK293T cells were cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with
10% fetal bovine serum, 50 IU/ml penicillin and 50 pg/ml streptomycin at 37 °C and 5% CO,. Approximately
2 x 10° million cells were seeded per 10-cm dish 1 day prior to transfection. Approximately 4 x 10° cells were
transiently transfected with 5 g of cDNA using 25 the polyethylenimine (PEI) method. Briefly, 10 ng 3,R cDNA,
2,5pg CRE-luc plasmid, and 2.490 pg empty pcDNA3.1 were mixed with 20 ug of 25kDa linear PEI (Polysciences,
Warrington, PA, U.S.) in 500 pL of 150 mM NaCl. The transfection mix was incubated at 22 °C for 30 min.
Meanwhile, medium in the 10 cm dish was replaced with fresh culture medium and transfection mix was subse-
quently added drop-wise to the cells. The next day, cells were collected and transferred to white-bottomed 96-well
plates (50,000 cells/well).

Radioligand displacement assay. The radioligand displacement assay for H,R was performed as previ-
ously described?'.

CRE (cyclic AMP response element) luciferase reporter gene assay. Two days after transfection, the
medium was removed and the cells were stimulated for 6 h with ligands in serum-free DMEM supplemented with
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1 mM thiourea to slow the oxidation of compounds, at 37°C, 5% CO,. After 6h, the medium was aspirated and
25l of luciferase assay reagent (LAR, 0.83 mM ATP, 0.83 mM D-luciferine, 18.7 mM MgCl,, 0.78 uM Na,HPO,,
38.9mM Tris-H;PO, (pH 7.8), 0.39% glycerol, 0.03% Triton X-100 and 2.6 M dithiotreitol) was added to each
well. Luminescence (1s per well) was measured in a Victor® 1420 multi-label reader (Perkin Elmer Life and
Analytical Sciences) after 30 min of incubation at 37 °C, 5% CO,. Non-linear curve-fitting and statistical analysis
were performed using GraphPad Prism 6. Results are shown from pooled data (mean &= SEM) from at least three
independent experiments performed in triplicate.
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