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ABSTRACT

The current study describes the validation of
high-throughput modeling procedures for the
construction of the second extracellular loop
(ecl2) of all nonolfactory human G Protein-
coupled receptors. Our modeling flowchart is
based on the alignment of essential residues
determining the particular ecl2 fold observed
in the bovine rhodopsin (bRho) crystal struc-
ture. For a set of GPCR targets, the dopa-
mine D2 receptor (DRD2), adenosine A3 re-
ceptor (AA3R), and the thromboxane A2 re-
ceptor (TA2R), the implications of including
ecl2 atomic coordinates is evaluated in terms
of structure-based virtual screening accuracy:
the suitability of the 3D models to distin-
guish between known antagonists and ran-
domly chosen decoys using automated dock-
ing approaches. The virtual screening results
of different models describing increasingly
exhaustive receptor representations (seven
helices only, seven helices and ecl2 loop, full
model) have been compared. Explicit model-
ing of the ecl2 loop was found to be impor-
tant in only one of three test cases whereas a
loopless model was shown to be accurate
enough in the two other receptors. An ex-
haustive comparison of ecl2 loops of 365
receptors to that of bRho suggests that
explicit ecl2 loop modeling should be re-
served to receptors where loop building can
be guided by experimental restraints.
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INTRODUCTION

G protein-coupled receptors (GPCRs) constitute a superfamily of
transmembrane proteins of utmost pharmaceutical importance. Knowl-
edge of the three-dimensional structure of GPCRs can provide important
insights into receptor function and receptor-ligand interactions, and can
be used for the discovery of new drugs.! GPCRs share a common topol-
ogy, with an extracellular N terminus, a cytoplasmic C terminus, and 7
transmembrane helices (TMs) connected by 3 intracellular (icls) and 3
extracellular loops (ecls).2>3 The importance of ecls for accommodating
high molecular weight GPCR ligands (peptides and proteins) is widely
accepted,? but recent studies indicate that not only the 7-TM domain®,
but also the ecls (and specifically ecl2) in GPCRs can play an important
role in binding lower molecular weight (drug-like) ligands®7 (additional
references in the Supplementary Table I). Specifically, in the bovine Rho-
dopsin (bRho) crystal structure,? 6 of the 24 residues in close contact
(<5 A) to cis-retinal are located in ecl2 (Fig. 1). The ecl2 of bRho is
structured in an antiparallel B-sheet and deeply folds into the centre of
the TM receptor core. This tight fold of ecl2 into the TM cavity is facili-
tated by a disulfide link between two highly conserved cysteines located
in ecl2 (C45.50) and TM3 (C3.25) in nearly all GPCRs12 (see residue
numbering scheme in the “Computational Methods” section). Numerous
studies have shown that this disulfide bond is critical for GPCR folding
and surface localization and affects ligand binding (Supplementary Ta-
ble I). Although it has been argued that the presence of ecl2 in the trans-
membrane domain may be a feature unique to th0,13’14 studies based
on the substituted-cysteine accessibility method (SCAM) have provided
evidence for a comparable ecl2 fold in the dopamine D2 (DRD2) recep-
tor.® Furthermore, many site-directed mutagenesis studies have reported
the effect of mutations of ecl2 residues other than C45.50 on GPCR
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Figure 1

The second extracellular loop (between transmembrane helices (H) 4 and 5,
panel A) of bRho is structured in an antiparallel -sheet (thickened coil) and
contains 13 residues upstream and 12 residues downstream of C45.50, the
cysteine residue which forms a disulfide bond with C3.25. Five out of the 16
residues in close contact (up to 4 A) to retinal (depicted in balls- and -sticks)
are located in the ecl2 of bRho (at positions 45.49, upstream, and 45.51, 45.52,
and 45.54 downstream, and C45.50 itself). Seven TMs are depicted as cylinders.
N-terminus (on top of ecl2), helix 8, and all icls are not depicted. The ecl2s of
the three GPCR ecl2 modeling test cases described in the current study are
aligned with the ecl2 of bRho in panel B, and the number of the residue at the
downstream end is indicated. Residues reported to be involved in antagonist
binding are in bold, and the portions of the ecl2 modelled according to the
flowchart depicted in Figure 2 are boxed. The Figure in panel A (as well as Figs.
5-7 and 91)1hus been prepared with MOLSCRIPT!? and rendered with
Raster3D.

agonist binding as well as antagonist binding. An over-
view of references describing these site-directed mutagen-
esis studies is provided in the Supplementary Table I
Interestingly, GPCR specific ecl2 residues that were found
to be critical for agonist-induced receptor activation did
not necessarily play an important role in agonist binding,
and often the residues identified to be involved in agonist
binding are different from the residues involved in antag-
onist binding.19=20 These specific effects on agonist and
antagonist binding suggest that these ligands bind to ecl2
via different binding modes, and possibly also to distinct
ecl2 loop conformations. This picture is confirmed by
recent studies of Baneres ef al. which showed that agonist
binding to the serotonin 5HT4A receptor is associated
with rearrangements in ecl2, while antagonist binding
does not induce any structural changes of ecl2.” In addi-
tion to its importance in structural integrity and ligand
binding, a novel role for ecl2 as negative regulator of
GPCR activation was recently postulated by Klco et al.2!
Site-directed mutagenesis studies in the complement C5a
receptor (C5AR) indicated that also in the absence of
ligands, ecl2 might be involved in stabilizing the inactive
state of the receptor.21

Our original in-house database of high-throughput
human GPCR models,22 as well as many other GPCR
homology models reported in literature23-24  only
include the 7-TMs. Such loopless GPCR models have al-
ready been shown to be suitable for in silico inverse
screening purposes,22 and for detecting key residues that
drive ligand selectivity.” Consideration of the ecls in
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GPCRs might however affect virtual screening accuracy.
Modeling ecls is generally achieved either on a case-by-
case basis by restrained knowledge-based procedures and
further molecular mechanics/dynamics refinement25—27
or by more sophisticated but low-throughput ab initio
simulations28 unfortunately unsuitable for addressing the
whole GPCR human proteome. Automated modeling of
GPCRs with explicit loop modeling has only been
reported in one recent study using a threading assembly
refinement method,2? but its suitability for structure-
based design has not been established so far.

The primary aim of the current study was to evaluate
the effect of different ecl2 modeling strategies on struc-
ture-based virtual screening for GPCR antagonists. We
have set up a high-throughput modeling procedure for
the construction of the second extracellular loop of
human GPCRs. Our loop modeling flowchart is based on
the alignment of essential residues determining the par-
ticular ecl2 fold observed in the bRho crystal structure.
For a set of unrelated GPCR targets, the dopamine D2
receptor (DRD2), the adenosine A3 receptor (AA3R),
and the thromboxane A2 receptor (TA2R), the implica-
tions of including ecl2 is evaluated in terms of structure-
based virtual screening accuracy: the suitability of the 3D
models to distinguish between known antagonists and
randomly chosen drug-like compounds using automated
docking approaches. These three GPCRs were selected
because of the availability of solid experimental evidence
for the involvement of ecl2 in antagonist bind-
ing6>17>20>30 (see Supplementary Table I), the fact that
they represent different GPCR clusters (biogenic amines
for DRD2, adenosines for AA3R, prostanoids for TA2R),
their wide range in ecl2 loop upstream and downstream
lengths (C45.50 being considered here as the central ecl2
residue), and finally their therapeutical relevance.31-33
The virtual screening results of four different models
have been compared: (i) one model including only the
seven transmembrane (7-TM) helices; two models con-
taining 7-TM helices and (parts of) the ecl2 constructed
using different high-throughput ecl2 modeling proce-
dures; (ii) loop threading (L1); (iii) comparative loop
modeling by satisfaction of spatial restraints (L2); (iv)
one full GPCR model containing all ecls constructed
using a tailored loop modeling procedure including
GPCR-specific SAR/pharmacophore and site-directed
mutagenesis data (F).

COMPUTATIONAL METHODS

Residue numbering and nomenclature

The Ballesteros—Weinstein residue numbering scheme34
was used throughout this manuscript for GPCR TM heli-
ces. To apply it to the ecl2 loop, corresponding residues
have been labeled 45.x, 45 indicating the location between
TMs 4 and 5 (therefore ecl2) and x a number relative to
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the conserved cysteine residue which is assigned number
50. Numbers lower than 50 thus describe upstream resi-
dues located between TM 4 and C45.50. Numbers higher
than 50 describe downstream residues located between
C45.50 and TMS5. For explicitly numbering ecl2 residue in
specific receptors, the UniProt3> residue number is given
before the ecl2 number in superscript (e.g. C182**° for
DRD2).

Ecl2 amino acid sequence alignment and
analysis

The 7-TM amino acid sequence of 365 human GPCRs
were aligned in earlier studies using the in-house
GPCRmod program.”22 On the basis of this TM align-
ment (in which TM4 was assumed to end at position
4.62 and TM5 was assumed to begin at position 5.35),
ecl2 sequences where extracted for each receptor from
our GPCR database (http://bioinfo-pharma.u-strasbg/
hGPCRIig). A full amino acid sequence alignment of all
the ecl2s as well as separate sequence alignments of the
ecl2s of 22 GPCR clusters® were realized with the T-cof-
fee program3© showed multiple gaps (data not shown).
Therefore, ecl2 sequences were first analyzed in terms of

365 human GPCRS  swssrssssassssssnshp

the number of upstream and downstream residues from
C45.50. For receptors containing more than one cysteine
residue in their ecl2, experimental data alone37—40 or in
combination with alignment to other closely related
recept0r59’37_48 was used to determine C45.50. For each
cluster, receptors with 12-14 residues upstream from
C45.50 were aligned against an ecl2 profile alignment of
the opsins cluster (alignment “OPSINS” including 9
human opsin receptors and bRho), resulting in alignment
“RECEPTOR.” For each GPCR cluster, the receptors
showing no insertions/deletions in the (3-B4 sheet
region in this RECEPTOR alignment, a separate GPCR
cluster profile alignment was made (alignment “CLUS-
TER”). Subsequently, a profile alignment was performed
between this CLUSTER alignment and the OPSINS align-
ment, yielding a CLUSTER_OPSINS_PROFILE align-
ment.

Receptors not selected by the above-described proce-
dure were addressed considering the feasibility of model-
ing ecl2. On the basis of the ecl2 sequence alignment and
analysis, the 365 human GPCRs in our database were
classified according to their modeling feasibility as
depicted in Figure 2. In steps 1 and 2, receptors contain-
ing a cysteine residue at position 3.25 and a cysteine resi-

C3.25 conserved? E]

¥ s (328 no (37, i
get ecl2 sequence yes (526) (67 abort
align to bRho
+
C45.50 conserved? | 2 |
| ! ;
bort 4 » Insertions/deletions?
e no(3)  yes (325) | (=]
{ no(6)  yes(319)
use bRho ecl2 as in f-sheets? El
Modeller(L1)/Threading(L2)” |
template no (131%/26°)  yes (188%293° )4
before [i,? E| select 5-residue
window around C45.50
¥ no(28719°) yes (10397°) +
use up to 3, of bRho as use [}, and 3, of bRho as use bRho window as
Modeller(L1)/Threading(L2)® Modeller{L1)/Threading(L2)* Modeller(L1)/Threading(L2)®
template template template

!

Amber minimization'

Figure 2

ecl2 modeling flowchart based on the alignment of essential residues determining the particular ecl2 fold observed in the bRho crystal structure. The number of receptors
at each classification step is indicated in parentheses. Legend: (a) The “Modeller” and “Threading” loop modeling approaches are described in detail in the
“Computational Methods” section; (b) strict criterion: GPCR cluster ecl2 profile alignment against opsin ecl2 profile showing no insertions/deletions in  sheets; (c) mild
criterion: ecl2s containing 12 or 14 residues upstream from C45.50; (d) strict criterion: GPCR cluster ecl2 profile alignment against opsin ecl2 profile showing no
insertions/deletions before f5; (e) mild criterion: ecl2s containing 13 residues upstream from C45.50; (f) The three test cases described in the current study (DRD2, AA3R,
TAZ2R) the final energy minimization is performed with the presence of a known ligand (see Tables 1II-V) docked under pharmacophore restraints using GOLD, the other

322 GPCRs are minimized without a ligand.
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due located at least three positions from the N-terminal
or C-terminal ends were separated from receptors unable
to make the conserved TM3-ecl2 disulfide link. Receptors
containing exactly the same number of residues upstream
and downstream from C45.50 were separated from recep-
tors showing insertions/deletions in their ecl2 alignment
with bRho in step 3. The full ecl2 of bRho can be used
as a template for modeling the ecl2s of these receptors.
In step 4, receptors showing no insertions/deletions in
the B-sheet can be identified according to a strict or
milder classification criterion. The strict classification cri-
terion demand the receptors to have no insertions/dele-
tions in the PB-sheet region (see Fig. 1) of their CLUS-
TER_OPSINS_PROFILE alignment (see above). The
milder classification criterion states that the receptors
should have between 12 and 14 residues upstream from
C45.50. In step 5, receptors showing no insertions/dele-
tions up to the end of the B, strand can be identified,
again according to a strict or milder classification crite-
rion. The strict classification criterion demands the
receptors to have no insertions/deletions up to the end
of B4 in their CLUSTER_OPSINS_PROFILE alignment.
The milder classification criterion states that the recep-
tors should have 13 residues upstream from C45.50. The
bRho ecl2 Bsand B, strands can be used for constructing
ecl2s passing the strict or mild criteria of step 4, but not
passing the criteria of step 5. The bRho ecl2 segment
stretching from the beginning of ecl2 up to the end of B,
can be used for building the ecl2s passing the criteria of
both steps 4 and 5. The 5-residue window around
C45.50 of bRho can be used for constructing the ecl2s of
receptors possessing the TM3-ecl2 disulfide link, but not
passing any of the earlier described criteria.

Modeling antagonist-bound GPCR models

A ground-state homology model of the DRD2 receptor
has been earlier reported by our group.22 To get ground-
state models of the AA3R and TA2R receptors, we mainly
followed a previously-defined five-step protocol.25’26

Step 1: construction of a preliminary TM model

First, a preliminary high-throughput receptor model
was generated using the GPCRgen program,22 including
only the seven TM helices. The amino acid sequence
alignments used for constructing the receptor models are
shown in the Supplementary Figure 1. The preliminary
AA3R and TA2R models were derived from the previ-
ously validated DRD225 and OPRX22 models, respec-
tively, since the later templates were the closest among
our template collection?2 to the target structures. For the
TA2R receptor, an alternative conformation of TM5 was
constructed as the original conformation was not in satis-
factorily agreement with site-directed mutagenesis studies
of this receptor and other prostanoid receptors.20:49

602 FroTEINS

This was not considered to be the result of a wrong
alignment of TM5 of this receptor class against bRho,
but rather the result of structural differences caused
by the absence of the conserved P5.50 residue in prosta-
noid receptors. Despite the lack of the conserved
“FxxPxxxxxxY” motif in the TM5 of prostanoid recep-
tors,22 the alignment with a cysteine residue at position
5.57 (shown to be essential for PI2R stability38) and an
asparagine residue at position 5.58 (a conserved alterna-
tive to a tyrosine residue at this position)12 indicate the
validity of the TM5 alignment. TM5 of the prostanoid
receptor cluster does not contain the highly conserved
proline residue at position 5.50, inducing an opening in
TMS5 stabilized by a bulky aliphatic residue at position
3.40 in the bRho crystal structure. Instead, TA2R con-
tains glycine residues at positions 5.47, 5.48, and 5.52,
offering space for the 13.40 residue. The part of the TM5
helix of TA2R between G5.48 and F5.43 was unkinked by
changing ¢ and { angles using the Biopolymer module
implemented in the Sybyl 7.2 package,SO in such a way
that the F5.43 obtained approximately the same position
as L5.42 in the original TM5 helix while preserving the
a-helical structure intact. This preliminary TA2R model
was minimized with AMBER 8! using the AMBER03
force field to relax the structure and remove steric
bumps. The minimizations were performed by 1000 steps
of steepest descent followed by conjugate gradient until
the rms gradient of the potential energy was lower than
0.05 kcal/(mol A). A twin cut-off (12.0, 15.0 A) was used
to calculate nonbonded electrostatic interactions and the
nonbonded pair-list was updated every 25 steps.

Step 2: docking of a known antagonist
into the preliminary TM model

In a second step, a known antagonist (N-methylspiper-
one 1 for DRD2, antagonist 2 for AA3R, and SQ29,462 3
for TA2R, Fig. 3) was docked into this preliminary model
using the Gold 3.1 program.52 For each of the 15 inde-
pendent genetic algorithm (GA) runs, a maximum num-
ber of 1000 GA operations were performed on a single
population of 50 individuals. Operator weights for cross-
over, mutation, and migration were set to 100, 100, and
0, respectively. The active site centre determined by the
PASS program®3 was taken as the starting position of the
GOLD flood fill algorithm. To allow for poor nonbonded
contacts at the start of each GA run, the maximum dis-
tance between hydrogen donors and fitting points were
set to 5 A, and nonbonded van der Waals energies were
cut off at a value equal to k; (well depth of the van der
Waals energy for atom pair i,j). The Goldscore scoring
function®® was used for ligand docking to the DRD2
and TA2R receptor. The Chemscore scoring function as
implemented in the Gold program52 was used for ligand
docking into AA3R, as preliminary docking studies
showed that Gold docking simulations guided by this
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Structure of reference antagonists (N-methylspiperone 1, compound 2, SQ29,452 3 used to refine current DRD2, AA3R, and TA2R models, respectively. Atoms implicated
in H-bond restrains to guide automated docking in preliminary TM receptor models (see “Computational Methods” section) are indicated with an asterisk.

scoring function resulted in higher docking and virtual
screening accuracies than Gold simulations guided by the
Goldscore scoring function (results not shown). To fur-
ther speed up the calculation, the GA docking was stopped
when the top three solutions were within 1.5 A rmsd.
Experimentally-driven H-bond constraints!7>30,53,56 yere
used to preliminary guide the docking process in each re-
ceptor (see Fig. 3):

e DRD2: (1) between the protonable tertiary amine of
N-methylspiperone and both D3.32 carboxylate oxygen
atoms; (2) between the carbonyl oxygen of N-methyl-
spiperone and the hydroxyl moiety of T7.39.

e AA3R: between the exocyclic amino groups of the
[1,2,4]triazolo[1,5-c]pyrimidine ring of antagonist 2
(see Fig. 3), and the N6.55 sidechain carboxamide.

e TA2R: (1) between a carboxylate oxygen atom of
SQ29,462 and the NE2 guanidine atom of R7.40 and
(2) between an amide nitrogen atom of SQ29,462 (see
Fig. 3), and the hydroxyl group of T7.39.

Step 3: energy minimization refinement of the
preliminary TM-antagonist complex

In a third step, the antagonist-receptor complex was
minimized with AMBER 8°! using the AMBERO3 force
field to relax the structure and remove steric bumps as
described earlier.

Step 4: construction and energy minimization
refinement of the extracellular and intracellular loops

In a fourth step, a 5 residue window around C45.50
was added to the TM model by threading this part of
ecl2 onto the bRho crystal structure and changing the
residues in the respective residues of the AA3R and TA2R
receptors. The Q167*>" residue in AA3R was manually
rotated to form an intermolecular H-bond network with
N6.55. The W182*>*" residue in the ecl2 of TA2R was
manually rotated into the large cavity between TM1 and

TM2. The rest of ecl2 was constructed using two subse-
quent Modeller 8v1°7 runs with explicit disulfide bridge
constraints. In the first run, the bRho crystal structure
(PDB code 1U19.pdb)8 was used to model the part
upstream of ecl2. Of the 30 generated models, the model
with highest Modeller and DOPE scores and ecl2 loop
conformations properly accommodating the original an-
tagonist binding orientation in the original TM model
were selected as input for a second Modeller run. In this
second run, the ecl2 segment downstream from the 3,
sheet was constructed. One out of 30 models was again
selected based on the criteria described earlier.

After optimization of ecl2 conformation, ecls 1 and 3,
icls 1 and 2, as well as helix 8 were modeled based on
the bRho crystal structure (PDB code 1U19.pdb)® using
Modeller 8v1.57 The N-terminus and C-terminus were
not included in any of the three models. The third intra-
cellular was only included in the TA2R model. Extracellu-
lar and icls were aligned against bRho with T-coffee
using standard settings.3¢ Extracellular loop 3 (ecl3) of
TA2R is relatively large (22 residues), has low sequence
similarity with the ecl3 of bRho (13 residues), and initial
simultaneous modeling of all the loops yielded models
with ecl3 either flipped into the binding pocket or back
flipped onto TM6 and TM?7. Therefore, the ecl3 loops of
the model (out of 30 models) with the best Modeller
score were pasted on the initial 7TM model and this
structure was then used as template structure for a next
Modeller run to model ecl3. The final receptor model
was energy minimized with the initially minimized an-
tagonist docking pose as described earlier.

Step 5: molecular dynamics refinement of
the TM-antagonist complex

In the final step, the full antagonist—receptor complex
was embedded in a pre-equilibrated lipid bilayer consist-
ing of 77 (TA2R) or 66 (AA3R) molecules of 1-palmi-
toyl-2-oleoylphosphatidylcholine (POPC) and solvated
with 10,811 (TA2R) or 8190 (AA3R) TIP3P water mole-
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cules (box dimensions: 88.1 A X 85.1 A X 79.7 A
(TA2R) or 87.7 A X 755 A X 742 A (AA3R)) as
described by Urizar et al>8 A short minimization was
applied to the complex embedded in the hydrated lipid
bilayer using AMBER 8 and applying a positional har-
monic constraint of 50 kcal/(mol A) on Ca carbon
atoms. The entire system was then subjected to a 500 ps
constant pressure molecular dynamics (MD) simulation.
All bonds involving hydrogen atoms were frozen with the
SHAKE algorithm. During the first 250 ps, the Co car-
bon atoms were constrained as previously described and
the temperature was linearly increased from 0 to 300 K.
During the last 250 ps, the temperature was kept con-
stant at 300 K and 1 bar, using a coupling constant of
0.2 and the Berendsen approach. Interactions were calcu-
lated according to the AMBER 03 force field, using parti-
cle-mesh-ewald (MPE) summation to include the long
range electrostatic forces. Van der Waals interactions
were calculated using a cut-off of 8.0 A. The receptor-an-
tagonist H-bond constraints earlier used for docking
between were transformed into 3.5 A upper-bound dis-
tance restraints during the MD-simulations. Additional
distance restraints, supported by site-directed mutagene-
sis studies,17’20’30 were defined between:

e AA3R: (1) the oxygen atom of the furan ring of antag-
onist 2 and the Ql6745'2'51 amide nitrogen atom, the
Q167*°" amide nitrogen atom and the N6.55 amide
oxygen atom, (2) the Q167*°' amide oxygen atom
and the N6.55 amide nitrogen atom.

e TA2R: (1) the hydroxyl oxygen atom of $191**°® and
the OD2 carboxylate oxygen of D5.36, (2) the NE gua-
nidinium nitrogen of R173**° and the OD2 carboxy-
late oxygen of D5.36, (3) the NH2 guanidinium nitro-
gen of R173">* and the hydroxyl oxygen atom of
$191%%%,

Antagonist force-field parameters were derived using
the Antechamber program®! and partial charges for the
substrates were derived using the AM1-BCC procedure in
Antechamber.

Automated high-throughput ecl2 modeling

Preliminary TM receptor models of DRD2, AA3R, and
TA2R, lacking icls and ecls, were generated by the earlier
described GPCRmod program?2 by including the new
optimized ground-state TM receptor models of AA3R
and TA2R to the GPCR templates. The binding orienta-
tions of the antagonists in the F models were translated
to these TM models and a short energy minimization
was performed to relax the structure and remove steric
bumps. The antagonist-free protein structure was consid-
ered as the TM model of the receptor. Two different
modeling approaches were applied for automatically con-
structing partial ecl2 loops for the DRD2, AA3R, and
TA2R. The ecl2 loop of model L1 was built using com-
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parative distance restraint modeling with disulfide bridge
constraints, using the Modeller8vl program. The ecl2
loop of model L2 was constructed by threading onto the
bRho crystal structure ecl2 backbone and modifying the
bRho side chains into the corresponding ecl2 residues of
the receptor. In accordance with the ecl2 modeling flow
scheme described above and depicted in Figure 2, five-
residue windows around C45.50 were automatically mod-
eled for DRD2 and AA3R, while a 15-residue ecl2
segment up to the end of B, was modelled for TA2R

(Fig. 1).

Ligand database preparation

For the evaluation of the virtual screening performance
against the four different models (F, TM, L1, and L2) of
the three different GPCR targets (DRD2, AA3R, TA2R), a
database was prepared consisting of 990 drug-like com-
pounds randomly selected from our in-house collection
of commercially available compounds and 10 known
receptor-specific antagonists shown in Tables III-V. The
10 known antagonists of each receptor were manually
selected among existing chemotypes for each activity
class®20,59-65 for their specificity and high affinity, and
chosen to span the broadest chemical diversity for the
different receptors. To avoid biasing virtual screening
results, caution was given to select 990 drug-like decoys
covering similar property ranges as the true actives (see
property ranges in Supplementary Table II) but structur-
ally different from any known active (the highest similar-
ity coefficient, expressed by the Tanimoto coefficient on
SciTegic ECFP_4 circular fingerprint,®0 of any decoy to
any true active is 0.42).

DRD2, AA3R, and TA2R antagonists were manually
sketched in Isis Draw.67 Starting from the Isis Draw
sketch, 2D sd structures were subsequently protonated
using Filter268 and converted into 3D mol2 files with
Corina 3.1.69

Automated docking based virtual screening

The ligand database was automatically docked into
each refined receptor models using Gold-Goldscore (in
the DRD2 and TA2R receptors) and Gold-Chemscore
(AA3R receptor) as described above in step 2 of the
“Modeling Antagonist-Bound GPCR Models” section.

Interaction fingerprint scoring

The binding poses of the three receptor-specific refer-
ence antagonists (Fig. 3) in each of the four different
minimized receptor-complexes (models F, TM, L1, and
L2 as defined above) of each of the three receptors
(DRD2, AA3R, TA2R), were used to generate reference
interaction fingerprints (IFPs) as previously described.”0
Seven different interaction types (negatively charged, pos-
itively charged, H-bond acceptor, H-bond donor, aro-
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matic face-to-edge, aromatic-face-to-face, and hydropho-
bic interactions) were used to define the IFP. The cavity
used for the IFP analysis consisted of the 30 residues ear-
lier proposed to define a consensus TM binding pocket®
plus two additional residues at positions 3.37 and 7.40
(which were added as they were accessible in the ligand
binding pockets of the DRD2, AA3R, and TA2R receptor
models and shown to be involved in antagonist binding
in AA3R!7 and TA2R20):

DRD2

Y1.35, L1.39, L1.42, 11.46, V2.57, M2.58, V2.61, E2.65,
F3.28, V3.29, D3.32, V3.33, C3.36, T3.37, 13.40, 14.56,
L4.60, F5.38, V5.39, S5.42, §5.43, S5.46, F6.44, W6.48,
F6.51, F6.52, H6.55, Y7.35, T7.39, W7.40, Y7.43, N7.45.

AA3R

Y1.35, E1.39, 11.42, Al.46, V2.57, M2.58, A2.61, S2.65,
M3.28, T3.29, L3.32, L3.33, T3.36, H3.37, 13.40, V4.56,
P4.60, M5.38, V5.39, §5.42, F5.43, W5.46, F6.44, W6.48,
L6.51, S6.52, N6.55, L7.35, 17.39, L7.40, S7.43, N7.45.

TA2R

S1.35, A1.39, F1.42, G1.46, T2.57, G2.58, V2.61, H2.65,
M3.28, G3.29, M3.32, 13.33, G3.36, L3.37, L4.56, P4.60,
F5.39, G5.40, F5.43, S5.44, G5.47, A6.44, W6.48, 16.51,
L6.52, 16.55, L7.35, L7.39, R7.40, T7.43, N7.45

Notice that the binding pocket residues in the TM5 of
TA2R have different numbers as the TM5 helix was
unkinked in the new homology model of this receptor.
Standard IFP scoring parameters, and a Tanimoto coeffi-
cient (Tc-IFP) measuring IFP similarity with the refer-
ence antagonist pose,70 were used to rank the docking
poses of 10 known antagonists (shown in Tables III-V)
and 990 drug-like molecules generated in virtual-screen-
ing studies against 12 different receptor models (four
models F, TM, L1, and L2 for each receptor).

Virtual screening analysis

Virtual screening accuracies are determined in terms of
yield (Y), and the area under the curve (AUC) of re-
ceiver-operator characteristic (ROC) plots.”! The yield is
defined as the percentage of true positive hits retrieved
by our virtual screening protocol at the top 5% of the
hit list (50 highest ranked hits of the 1000 molecules):

Yield = (t/T) X100

where t the number of true hits found in the hit list, and
T the total number of true hits in the full database (10).
The yield parameter was used as an indicator of the sen-
sitivity of the screening (how many true positives are
recovered), while the AUROC value (area under the ROC

curve) was used as an indicator of both the sensitivity
and the specificity (how many false positives are recov-
ered) of the VS docking-scoring strategy.

RESULTS

Sequence alignment and analysis of 365
human GPCR ecl2s

The TM sequences of 365 human GPCRs were aligned
in earlier studies using the GPCRmod program.f_”22 On
the basis of this TM alignment, ecl2 sequences were
extracted for each receptor and separate ecl2 alignments
were constructed for each GPCR cluster as defined by
Surgand et al> The results of the ecl2 sequence align-
ment and analysis per GPCR cluster are summarized
in Table I and exhaustively shown in Supplementary
Table III.

With the exception of 2 adhesion receptors (GP128,
GPR97), and one glutamate receptor (GP158), all GPCRs
under investigation contained at least one conserved cys-
teine residue less than three positions away from the N-
terminal or C-terminal ends of ecl2. However, 38 GPCRs
(10% of the database) did not possess the conserved cys-
teine at position 3.25. Among these GPCRs lacking the
conserved TM3-ecl2 disulfide link are all receptors
belonging to the MAS-related (11) and melanocortins (5)
clusters, all receptors belonging to the lipids cluster with
the exception of GP119 (13), some receptors belonging
to the glutamate cluster (4), and 5 receptors considered
as singletons in our previous GPCR classification study.”
Several GPCRs contain two (36), three (ADRBI-3,
AA2AR, P2Y11), or even four (AA2BR) cysteines in ecl2.
For some of these receptors an additional disulfide link
either with the N-terminal domain38:39 or within ecl240
have been postulated. In 31 of 42 cases, experimental
data alone>’~40 or in combination with the GPCR
CLUSTER alignment (see “Computational Methods”) to
other closely related receptors’>>7—48 could be used to
assign the disulfide bridge-forming cysteine residue in
ecl2 (C45.50). The furthest downstream located ecl2 cys-
teine residue was indicated to be the one connected to
C3.25 in most of these 31 cases. For the 11 remaining
receptors, C45.50 was assigned by either the CLUSTER_-
OPSINS_PROFILE alignment (i.e. for the 3 acid recep-
tors), or CLUSTER alignment alone (see Supplementary
Table III).

Table I shows that for some GPCR clusters, the physi-
cochemical properties of at least two of three residues in
the close vicinity of C45.50 (one position downstream
(45.49), one (45.51) and two positions (45.52) upstream
from C45.50 are conserved (among more than 80% of
the cluster entries): frizzled, prostanoids, glycoproteins,
and adhesion receptors. For other receptors at least one
position is conserved for more than 80% of the entries:
opsins, melanotonins, and opiates receptors. For many
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Table |

Upstream and Downstream ecl2 Loop Lengths for Different Human GPCR Clusters

Residue physicochemical property

# Residues (stdev)

GPCR cluster

Upstream Downstream Upstream Downstream

(number of

receptors) 45.49 45.51 45.52

Acids (7) S 11 (2) 9(2)
Adenosine (6) L F 21 (5) 8(2)
Adhesion (31) w L/I/M)V 14 (4) 4 (4)
Amines (42) 1/L/V 15 (5) 5(1)
Brain-gut peptides (10) 23 (14) 9(1)
Chemoattractants (16) 13 (1) 12 (6)
Chemokines (23) 12 (2) 11 (2)
Frizzled (11) F/Y 12 (0) 9(0)
Glutamate (18) 16 (5) 3(1)
Glycoproteins (8) [ P | 12 (3) 9(2)
Melatonin (7) V/i 14 (3) 7(2)
Opiates (13) LVIM/I 12 (2) 11(2)
Opsins (10) S/T/C 13 (0) 11 (1)
Peptides (26) 16 (4) 10 (1)
Prostanoids (8) I/L 13 (1) 10 (4)
Purines (35) D/E 14 (3) 11(1)
Secretin (15) 9(0) 4(1)
SREB (6) 12 (1) 8 (3)
Vasopeptides (7) W A 15 (2) 10 (1)
bRho S G | 13 12
all GPCRs (325)° 14 (5) 9(9)

Conserved residues one position upstream (45.49) and one and two positions downstream (45.51, 45.52) from C45.50
are coloured according to the degree of similarity among the receptor cluster entries (white foreground/black back-
ground, 100%; white foreground/grey background, >80%; black foreground/grey background, >60%; following the
similarity assignment in Surgand et al.”). Columns of the amino acid positions for which the physicochemical property
is not conserved (<60% of the entries for each cluster) are left blank. The standard deviations of the average upstream
and downstream ecl2 loop lengths are depicted in parentheses.

“Including the results for 25 singletons (not included in the chemogenomic classification of Surgand et al)* and

GP119 (belonging to the lipids cluster).

other GPCR clusters the 45.49, 45.51, and 45.52 residues
show some similarity (at least on positions conserved for
60-80% of the cluster entries: vasopeptides, adenosine,
acids, biogenic amines, purines) or no significant similar-
ity (SREB, glutamate, peptides, chemoattractants, chemo-
kines, brain-gut peptides). The supplementary Table III
provides the sequence analysis results for each receptor
individually.

The current GPCR sequence analysis study, in agree-
ment with an earlier studyl2 show that the total ecl2
loop length is rather variable. Our current analysis of 325
nonolfactory nonredundant human GPCRs containing
both C3.25 and C45.50, however, shows that this vari-
ability mainly occurs in the part of ecl2 downstream
from C45.50 (Table I and Fig. 4). The average number of
upstream residues is 12, and most of the GPCRs possess
11-15 residues upstream from C45.50 (66%), which is
close to the number of upstream residues in bRho (13).
In comparison, the same percentage of GPCRs possess 6—
14 residues downstream (9 residues on average and 12 in
bRho) and 20-33 residues in the total ecl2 loop (24 on
average and 26 in bRho). From Table I, it can be derived
that secretin receptors have a significantly shorter
upstream ecl2 loop, while adenosine and brain-gut pep-
tide receptors have significantly longer upstream ecl2

606 FroTEINS

loops compared to bRho. Secretin, adhesion, glutamate,
SREB, adenosine, amine, and melatonin receptors have
significantly shorter downstream ecl2 loops compared to
bRho. Only few GPCRs have a significantly longer down-
stream ecl2 loop than bRho, among which C3AR with
the longest downstream and total ecl2 loop length of 160
and 173 residues, respectively.

The three receptor targets selected as ecl2 modeling
and virtual screening test cases in the current study,
DRD2, AA3R, and TA2R, span a relatively wide range of
upstream and downstream ecl2 loop lengths. Compared
to the bRho crystal structure template, DRD2 has a rela-
tively short upstream (7), as well as downstream (3) ecl2
loop. AA3R has a relatively long upstream (18) and me-
dium sized downstream (7) ecl2 loop, while TA2R has
the same upstream loop length (13) and a somewhat
smaller downstream ecl2 loop (9), compared to bRho (13
residues upstream, 12 residues downstream).

Classification of GPCRs in terms of ecl2
modeling feasibility

On the basis of the ecl2 sequence alignment and analy-
sis, the 365 human GPCRs in our database were classified
according to their modeling feasibility as depicted in
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Figure 4

The number of ecl2 residues downstream from C45.50 plotted against the
number of residues upstream from C45.50 for 325 GPCRs containing the
conserved C3.25-C45.50 disulfide link. The upstream ecl2 loop length (showing
an optimum at 12—13 residues) is less variable then the downstream ecl2 loop
length (showing optima between 3 and 12 residues). Compared to bRho, many
GPCRs have approximately the same number of residues upstream and
downstream (e.g. TA2R), but other GPCRs have a somewhat shorter (e.g.,
DRD2) or longer (e.g. AA3R) upstream ecl2 loop, and/or significantly shorter
(DRD2) or longer (TA2R) downstream ecl2 loop (see also Table II). Note that
CMLI (27 upstream, 12 downstream), C3AR (160, 12), GP150 (35, 11), DRD5
(39, 4), and MTLR (59, 8) are not depicted in the plot. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]

Table I
ecl2 Modeling Feasibility for 365 Human GPCRs

Modeling class® %°

Figure 2. The results of this ecl2 modeling classification are
summarized in Table II. The supplementary Table III pro-
vides the classification results for each receptors individu-
ally. Five ecl2 modeling classes are considered:

1. No C3.25-C45.50 disulfide link: receptors lacking the
TM3-ecl2 disulfide link for which no obvious ecl2
model can be generated;

2. 5-residue window: receptors with insertions/deletions
in the ecl2 B-sheet region, for which a 5-residue win-
dow cantered on C45.50 can be generated;

3. B5.B4 aligned: receptors without any insertion/deletion
in the ecl2 B-sheet region, but with insertions/dele-
tions before strand s, for which B; (4 residues) and
B4 (4 residues) sheets can be generated;

4. Up to end [3, aligned: receptors without any insertion/
deletion before or in the ecl2 B-sheet region, but with
insertions/deletions after strand B4, for which an ecl2
segment stretching from the beginning of ecl2 until
the end of B4 (16 residues) can be generated;

5. Fully aligned: receptors without any insertion/deletion
in the whole ecl2 loop, for which a full ecl2 loop (26
residues) can be generated.

Mild and strict classification criteria were defined for
defining “B3.B,4 aligned” and “up to end B, aligned” ecl2
modeling classes, based on upperstream ecl2 loop length,
and GPCR cluster profile alignments with the opsins
cluster, respectively (see “Computational Methods” sec-
tion). According to the mild as well as the strict classifi-

GPCR clusters® # res upstream®

no €3.25-C45.50 link 1
5 residue window 80 (40)

Lipids,® melanocortins,” MAS-related,” glutamate,®" adhesion (GP128, GPR97)°
Brain-gut peptides, acids, purines, chemokines, chemo-attractants,

311, >14

opiates, lipids (GPR19), peptides, melatonin, amines, adenosine, vasopeptides,
SRB (GPR27), glutamate, adhesion, secretin, frizzled

Bs-B,4 aligned 2 (29)

acids, vasopeptides (Q6W5P4, OXYR), brain-gut peptides (MCHR1, MCHR2) 12,14

(chemokines, opiates,® chemoattractants,® purines,® peptides,® amines,® SRB}
glycoproteins,® glutamate,® adhesion,® frizzled®)

Up to end B, aligned 5(18)

Opsins, prostanoids, SRB, singletons (GPR87) 13

(adhesion," peptides," melatonins (GPR63, GPR45)" amines," chemokines," opiates,”

chemoattractants,” purinesh)

Fully aligned 2 Opsins

As described in the Computational Methods section and Figure 2.

13

PPercentage in parentheses in italics is based on upstream ecl2 length only, percentage in parentheses is after application of T-coffee profile alignment (as described in

the Computational Methods section).

“In cases were clusters are represented by less than 3 entries, the GPCRs are mentioned explicitly in parentheses.

“Number of residues upstream from C3.25.

“Lacking cysteine residue at least two residues upstream from the N-terminal end or two residues downstream from the C-terminal end of ecl2.

fC3.25 lacking.

SClusters in parentheses in italics classified into the “B;-B4 aligned” group based on upstream ecl2 length compatibility with bRho, but are classified into the “5 residue
segment” group when applying T-coffee profile alignment against the opsin cluster (as described in the Computational Methods section).

"Clusters in parentheses in italics classified into the “up to end By aligned” aligned group based on upstream ecl2 length only, but are classified into the “5 residue seg-
ment” group when applying T-coffee profile alignment against the opsin cluster (as described in the Computational Methods section).
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cation criteria, most of the receptors were classified in
the “5-residue window” group (40 and 80%, respec-
tively). According to the mild classification criteria, many
receptors however could be classified in the “B;.4
aligned” and “up to B, aligned” groups (in total 29%
and 18% of the receptors, respectively), including recep-
tors belonging to the frizzled (11 out 11), prostanoids (8/
8), SRB (5/6), chemoattractants (16/18), purines (24/35),
chemokines (15/23), melatonins (5/8), opiates (8/13),
and opsins (4/10) GPCR clusters, some of the peptides
(8/26), biogenic amines (14/42), and vaso-peptides (2/7)
clusters, together with some singletons (11/30). Accord-
ing to the strict classification criteria, however, only 2%
of the receptors were classified in the “P; 3, aligned”
group (some acids (3), some vasopeptides (2), and some
brain-gut peptides (2)), and only 5% of the receptors
(prostanoids (11), some opsin receptors (4), and most
SRB receptors (4)) were classified in the “up to B,
aligned” group. The ecl2s of most of the opsins receptors
could be aligned to the ecl2 of bRho without any inser-
tions, nor deletions, classifying them in the “fully
aligned” group (accounting for 2% of GPCRs).

Construction and validation of antagonist-
bound models of DRD2, AA3R, and TA2R
receptors

To get 3D coordinates of the antagonist-bound state of
the DRD2, AA3R, and TA2R receptors, we chose N-
methylspiperone (1, DRD2 receptor), antagonist 2 (AA3R
receptor), and SQ29,452 (23, TA2R receptor), docked
them according to known experimental data into their
respective receptors, energy minimized the complexes,
and used the receptor-ligand interactions observed in the
minimized complexes as interaction fingerprint (IFP) ref-
erence for scoring ligands in our virtual screening exer-
cise. These three reference ligands (Fig. 3) were selected
in the light of their conformational freedom (as rigid as
possible), high binding affinity®2%72, and other known
experimental (site-directed mutagenesis) data to guide us
in the initial docking.6’17>20’73_75 Moreover, mutating
residues one to two positions downstream from C45.50
in DRD2 (1183*'C, 1184*>°%C)® and TA2R (F184"°?A/
Y)20, was shown to affect N-methylspiperone and
SQ29,452 binding, respectively. MRS1220 (Compound
14, Table IV), a selective AA3R antagonist structurally
related to the AA3R reference antagonist 2, was shown to
be affected by a point mutation 14 residues upstream
from C45.50 in AA3R (K152*>7°A)17, while CGS15943, a
nonselective adenosine receptor antagonist, was shown to
be affected by point mutations one residue downstream
from C45.50 (Q167*>*'A/E/R).30 Later follows a detailed
description and validation of our DRD2, AA3R, and
TA2R receptor homology models and receptor—antagonist
binding modes.
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DRD2

The proposed binding mode of N-methylspiperone to
the full DRD2 model (Fig. 5, panel F) is consistent with
known experimental data. Like many aminergic GPCRs,
the dopamine D2 receptor (DRD2), binds its ligands
through the conserved aspartic acid residue D3.32. Site
directed mutagenesis studies have further identified
V2.61, F3.28, V3.33, C3.36, F5.47, W6.48, F6.51, F6.52,
Y7.35, Y7.43, 1183*>°', and 1184*? as antagonist bind-
ing partners.6’73’76 Three serine residues in TM5 (S5.42,
S5.43, and S5.46) are involved in binding of agonist and
some antagonists,” and mutation of H6.55 only affects
binding of specific antagonists.”” Furthermore, mutation
of T7.39 was shown to significantly affect agonist and
antagonist binding to the closely related dopamine D3
receptor.>® Figure 5 shows the typical binding mode of
dopamine D2 receptor antagonists observed in the cur-
rent study, in line with the reported site-directed muta-
genesis studies, and earlier reported homology modeling
studies.2278:79 The protonatable amine of the antago-
nist forms a salt bridge with the negatively charged car-

Figure 5

The binding mode of antagonist 601 (green carbon atoms, see Table III for 2D-
representation) in different models of the dopamine D2 receptor (DRD2): the F
model with all icls and ecls (except the N-terminal and C-terminal loops), the
TM model without any loops, the L1 model with only a 5 residue segment of
ecl2 modeled with Modeller, the L2 model with only a five residue segment of
ecl2 modeled by direct threading onto the bRho crystal structure backbone (see
the “Computation Methods” section). The binding mode of the template
antagonist N-methylspiperone (1, see Fig. 3 for 2D-representation) is depicted in
model F (transparent orange carbon atoms), and is similar to the binding modes
in the other three models. Important ligand binding residues in the DRD2
pocket (magenta backbone ribbon) are depicted as balls and sticks and the ecl2
backbone is depicted in cyan. Oxygen, nitrogen, sulphur, and fluor atoms are
coloured red, blue, yellow, and brown, respectiveoly. The figures [as well as Figs.
6,7, and 10(A-C)] were made using Molscriptl and Raster3D.1! [Color figure
can be viewed in the online issue, which is available at www.interscience.wiley.
com.]
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boxylate group of D3.32, and additional H-bonds are
formed between antagonist hydroxyl and/or amide
groups and the T7.39 (and Y7.35) hydroxyl group(s).
Dopamine D2 antagonists occupy both subpockets i
(TMs 1, 2, 3, and 7) and ii (TMs 3, 4, 5, 6),5 making ar-
omatic interactions (F3.28, F6.51, F6.52, and Y7.43) and
hydrophobic contacts (V2.61, V3.33, C3.36, 14.56, W6.48,
[183*°°1) and 1184*-?) with the receptor. Especially,
interactions in subsite i have been shown to be responsi-
ble for D2/D4 selectivity.80 The above described binding
mode of the template antagonist N-methylspiperone was
used for refining our DRD2 receptor homology model
and rank database ligands with our IFP-scoring function
as described in the “Computational Methods” section.

AA3R

Like many adenosine receptors, the adenosine A3 re-
ceptor (AA3R), accommodate its ligands through a con-
served asparagine residue N6.55.17 Mutational studies
have further identified H3.37 and Q167*°' as binding
partners for both agonists and antagonists.17>30 Muta-
tion of K152*7® and W6.48 was only shown to signifi-
cantly affect antagonist binding, while having only
slightly effects on agonist binding.!”7 E1.39 and H7.43
were found to be important for constraining the inactive
ground structure of AA3R by forming an intramolecular
H-bond network between TM1 and TM7.8! Further-
more, Y7.53 was shown to be involved in agonist bind-
ing,82 while mutation of $6.52 showed only very minor
effects on agonist and antagonist binding.!”7 These site-
directed mutagenesis studies and recent molecular model-
ing studies”> suggest that distinct binding domains exist
in AA3R for agonists and (non-nucleoside) antagonists.
Both agonists and antagonists are proposed to form H-
bond interactions with N6.55 and Q167**! and bind in
pocket ii between TM3 (L3.32, L3.33, T3.36, H3.37,
13.40), TM5 (F5.43, 15.47), TM6 (F6.44, W6.48, 16.51), as
is the case for the non-nucleoside antagonists investigated
in the current study (Fig. 6). Agonists form additional H-
bond interactions with TM7 (S7.42 and H7.43). Addi-
tional interactions with non-nucleoside antagonist occur
at the upper regions of TM5 (V5.39, F5.43), TM6 (Y6.59),
and ecl2 (F16845‘52), as is shown in Figure 6 for MRE
3008-F20 (compound 15, Table IV) and template antago-
nist 12 (Fig. 3). The above described binding mode of
compound 12, in agreement with the reported site-
directed mutagenesis studies and earlier proposed binding
modes presented in molecular modeling studies,75 was
used for refining our AA3R receptor homology model and
rank database ligands with our IFP-scoring function as
described in the “Computational Methods” section.

TA2R

Like other prostanoid receptors, the thromboxane A2
receptor (TA2R), recognized its ligands via an ionic bond

Figure 6

The binding mode of MRE 3008-F20 (antagonist 15, green carbon atoms, see
Table IV for 2D-representation) in different models of the adenosine A3 receptor
(AA3R): the F model with all icls and ecls (except the N-terminal and C-
terminal loops), the TM model without any loops, the L1 model with only a 5
residue segment of ecl2 modelled with Modeller, the L2 model with only a 5
residue segment of ecl2 modeled by direct threading onto the bRho crystal
structure backbone (see the “Computational Methods” section). The binding
mode of the template antagonist 12 (see Fig. 3 for 2D-representation) is depicted
in model F (transparent orange carbon atoms), and is similar to the binding
modes in the other three models. Rendering and colour coding is the same as in
Figure 5. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

between a conserved arginine residue R7.40 and the
ligand carboxylate group.”® The involvement of other
residues in ligand binding was found to be rather ligand-
specific. S5.43 and S6.35 seem to be involved in agonist
binding, but not in antagonist binding. Mutation of
F184*°! T186 *°°°, and S191*°°% in ecl2 did not affect
agonist binding, but did affect antagonist binding.20
Mutation of C3.22 and D5.36 affected both agonist and
antagonist binding. The binding mode of the SQ29,452
antagonist (compound 3, Fig. 3) we used for refining our
TA2R receptor homology model and IFP-scoring was in
line with the ligand binding mode proposed for PI2R,
based on extensive site-directed mutagenesis studies for
this closely related prostanoid receptor.’4 The ligand
binds in pocket i, between TM2 (G2.57), TM3 (M3.28,
M3.32, 13.33), TM6 (W6.48, 16.51), and TM7 (L7.39,
R7.40, T7.43, N7.46), and ecl2 (W182*>*°) F184%"1) as
illustrated in Figure 7 for antagonist S-145 (compound
28, Table V) and template antagonist SQ29,452. Subsite i
of prostanoid receptors is delimited by conserved small
or medium-sized residues at positions 1.46 (G), 2.58 (S/
T/G), 2.61 (V/T/A), and 7.43 (T/S/A), and thereby
extends relatively deep between TMs 1 and 2.° This
leaves room for the bulky W42 residue, conserved
throughout all prostanoid receptors (Fig. 8). The
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HE

Figure 7

The binding mode of S-145 (antagonist 28, green carbon atoms, see Table V for
2D-representation) in different models of the thromboxane A2 receptor (TA2R):
the F model with all icls and ecls (except the N-terminal and C-terminal loops),
the TM model without any loops, the L1 model with ecl2 up to two residues
downstream of C45.50 modeled with Modeller, the L2 model with ecl2 up to
two residues downstream of C45.50 modeled by direct threading onto the bRho
crystal structure backbone (see the “Computational Methods” section). The
binding mode of the template antagonist SQ29,452 (23, see Fig. 3 for 2D-
representation) is depicted in model F (transparent orange carbon atoms), and
is similar to the binding modes in the other three models. Rendering and colour
coding is the same as in Figure 5. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com. |

observed hairpin conformation of the receptor-bound
antagonists is furthermore supported by earlier modeling
studies, indicating this conformation to be very close in
energy to more extended conformations.”0 The residues
C3.22, D5.36, T186%, and S191%°°% are located far
away from this postulated ligand binding pocket, but
were nevertheless found to be involved in antagonist
binding. C3.22 might be involved in disulfide bonding
with CI1 in the N-terminal loop, in the same way as a
second nonconserved disulfide link (in addition to the
conserved C3.25-C45.50 link) was proposed for PI2R,
which is essential for the structural integrity of this re-
ceptor.38 Our homology model suggests a similar struc-
tural role for D5.36, T186*%, and $191**%%, which form
an intramolecular H-bond network between ecl2 and
TMS5 (also involving R173% ‘40), and, in this way, controls
the conformation of ecl2 and its interactions with the
ligand. In the same way, an intramolecular H-bond net-
work can be observed in the bRho crystal structure
between N5.36, R177***!, and D190**".9 TM5 of
GPCRs in the prostanoid receptor cluster does not con-
tain highly the conserved proline residue at position
5.50, which usually induces an opening in TM5 stabilized
by a bulky aliphatic residue at position 3.40 in the bRho
crystal structure. Instead, TA2R contains glycine residues
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at positions 5.47 and 5.52, offering space for the L3.40
residue. The TM5 of TA2R was unkinked, as described in
the “Computational Methods” section, accommodating
D3.36 to participate in the above described H-bond net-
work. PI2R mutation studies suggesting F150 and Y188
(located at positions 4.56 and 5.43 in our homology
models, respectively) to form an aromatic cluster essen-
tial for receptor activation,49 offered further circumstan-
tial evidence for an alternative prostanoid receptor-spe-
cific conformation of TM5.

Virtual screening of receptor antagonists

The virtual screening accuracies of the four different
models (F, TM, L1, L2) of the three receptors (DRD2,
AA3R, and TA2R) were subsequently evaluated in terms
of yield and AUROC values (see “Methods”) for a virtual
screening experiment involving 10 known receptor-spe-
cific antagonists and 990 drug-like decoys. Gold-Gold-
score (DRD2 and TA2R) and Gold-Chemscore (AA3R)
generated docking poses were further ranked using our
IFP-scoring program70 and taking reference IFPs from
N-methylspiperone (D2DR), compound 2 (AA3R), and
SQ29,452 (TA2R). For all receptor models, IFP-scoring
outperformed the native Goldscore and Chemscore scor-
ing in terms of VS accuracy (results not shown). The
results of the VS studies are shown in Tables III-V and
Figure 9 and described in detail below for each receptor
separately.

DRD2

The VS accuracy obtained against the full DRD2 recep-
tor (F) was much higher than the VS accuracies of the
two models containing an automatically modelled 5-resi-
due window around C45.50 (L1 and L2), and also signif-
icantly better than the VS accuracy of the model contain-
ing only the seven TMs. Table III and Figure 9 show that
in the full DRD2 model hit list, 60% of the known
antagonists (6 of 10 molecules) are ranked in the top 5%
(50 molecules) of the database, while only 50, 30, and
30% of the true hits are ranked in the top 5% of the hit
lists models TM, L1, and L2, respectively. AUROC values
also indicate that the F model of DRD2 (AUROC of
0.92) is a significantly more sensitive as well as selective
virtual screening target structure than the TM (0.79), L1
(0.81), and L2 (0.79) models.

Figure 5 illustrates for compound 6 (Table V), the
effect of DRD2 ecl2 modeling on antagonist binding
mode prediction and VS accuracy. All models, excepted
for model L1, show an ionic interaction between the pos-
itively-charged protonated nitrogen of antagonist 6 and
the negatively charged carboxylate group of D3.32, and
hydrophobic and aromatic ligand-receptor interactions in
binding pocket i (delimited by TMs 1, 2, 3, and 7) and
binding pocket ii (delimited by TMs 3, 4, 5, and 6).
Additional hydrophobic interactions between antagonist
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Amino acid sequence alignments of parts of the second extracellular loop automatically modelled in the current study of a sub class of the biogenic amine receptor cluster
(A), the adenosine receptor cluster (B), and the prostanoids receptor cluster (C), coloured according to the degree of similarity (white foreground/black background, 100%;
white foreground/grey background, >80%; black foreground/grey background, >60%; following a previous similarity assignment in reference.” Residues shown to be
involved in antagonist binding (hold)20’83’84, agonist binding (underlined)38’85_87, and antagonist binding as well as agonist binding (bold underlined)6’20’30’88’89
are indicated in the sequences of underlined receptors. Note that the ecl2 residues indicated for ADAIA, ADAIB, PE2R3, and the R45.53 residue indicated for PI2R are
shown to be involved in the receptor of nonhuman species (while the other indicated residues are shown to be involved in ligand binding in human GPCRs).

6 and 1184*>°2 (located in ecl2) are observed in all three
loop models. Models F and TM show additional H-bond
interactions between the ligand and T7.39 and S5.42 that
are not observed in models L1 and L2, respectively. In
the L1 model, T7.39 forms an intramolecular H-bond
with ecl2 residue E181**° instead. This loss of ligand—re-
ceptor H-bond interactions compared to the binding
mode of the N-methylspiperone-DRD2 reference complex
results in lower IFP ranking of the antagonist 6 in mod-
els L1 and L2 (Table III).

AA3R

The VS accuracy of the full AA3R receptor (F) was sig-
nificantly better than the VS accuracies of the two models
containing an automatically modeled 5-residue window
around C45.50 (L1 and L2), and much better than the VS
accuracy of the TM model. Table IV and Figure 9 show
that in the full AA3R model hit list, 40% of the known
antagonists are ranked in the top 5% (50 molecules) of
the database, while only 30, 30, and 10% of the true hits
are ranked in the top 5% of the hit lists models L1, L2,
and TM, respectively. AUROC values also indicate that the
F model of AA3R (AUROC of 0.81) is a significantly more
sensitive as well as selective virtual screening target struc-
ture than the L2 (0.72), L1 (0.59), and TM (0.57) models.

Figure 6 illustrates for antagonist MRE 3008-F20
(compound 15, Table IV) the effect of AA3R ecl2 model-
ing on antagonist binding mode prediction and VS accu-
racy. In all models H-bond interactions are observed
between the urea moiety of compound 15 and the car-
bonyl oxygen atom of N6.55, and hydrophobic and aro-
matic ligand-receptor interactions in binding pocket ii
(delimited by TMs 3, 4, 5, and 6). The F and L1 models
show additional ligand-receptor H-bond interactions
with Q167*! located in ecl2. Models E L1, and L2
show intramolecular H-bonds between N6.55 and
Q167*" and m-n stacking of the O-methyl substituted
aromatic ring of MRE 3008-F20 between the phenyl rings
of F5.43 and F168"*>°. The later ligand—receptor interac-
tion is lacking in the loopless TM model, causing MRE
3008-F20 to bind close to transmembrane helix 4 (in an
area occupied by ecl2 in the other models). This results
in the loss of hydrophobic and aromatic ligand-receptor
interactions observed for the AA3R- antagonist 2 refer-
ence complex and a lower IFP ranking of compound 15
(Table IV).

TA2R

The VS accuracy of the full TA2R receptor (F) was
higher than the VS accuracies of the two models contain-
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Table Il
Virtual Screening of a Database of 990 Decoys and 10 Known DRD2
Antagonists
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Table Il
(Continued)
Model
Ligand® Nr F ™® L1¢ L2¢
H 12
e
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H
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0: =0 i H 13
~B H
e ry
H\"°
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Yield' 60 50 30 30
AUROC value? 0.92 0.79 0.81 0.79

"Ligands have been selected from the literature. %7257 Black, dark grey, and light
grey shades indicate that the current antagonist has been ranked in top 5, 10, and
20% of the database, respectively.

Full model with all intracellular and extracellular loops (except the N-terminal
and C-terminal loops).

“Loop less TM.

9TM Model with only a 5 residue segment of ecl2 modeled with Modeller.

°TM model with only a 5 residue segment of ecl2 modeled by direct threading
onto the bRho crystal structure backbone.

fPercentagge of known D2DR antagonists ranked among the top 5% scorers (IFP
scoring6 using N-methylspiperone 1 (Fig. 3) as reference.

8Area under the curve of the ROC plot.

ing an automatically modelled ecl2 loop segment until
the end of the B, sheet [L1 and L2, see Fig. 1(B)], but
slightly lower than the VS accuracy of TM model. Table V
and Figure 9 show that in the full AA3R model hit list,
50% of the known antagonists are ranked in the top 5%
of the database, while 60, 20, and 20% of the true hits
are ranked in the top 5% of the hit lists of models TM,
L1, and L2, respectively. AUROC values also indicate that
the F and TM models of TA2R (AUCROC of 0.87 and
0.88, respectively) are significantly more sensitive as well
as selective virtual screening target structures than the L1
(0.74), L2 (0.71) models.

Figure 7 illustrates, for antagonist S-145 (compound
28, Table V), the effect of TA2R ecl2 modeling on antag-
onist binding mode prediction and VS accuracy. In all
models S-145 (28) binds in pocket i (delimited TMs 1, 2,
3, and 7). Models F, TM, and L2 show an ionic interac-
tion between the negatively charged carboxylate group of
S-145 and the positively charged guanidinium group of
R7.40. Additional H-bond interactions between R7.40
and the sulfonamide oxygens of S-145 are observed in
models F and TM. In model F an intramolecular H-bond
network is formed between R173, T186, S191 (all located
in ecl2), and D5.35. Aromatic and hydrophobic ligand—
receptor interactions are observed with ecl2 residues
W182%%° and F184*>°!, respectively (in F, L1, and L2).
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Table IV
Virtual Screening of a Database of 990 Decoys and 10 Known AA3R
Antagonists
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“Ligands have been selected from the literature.32-58,62,83-85 Black, dark grey,
and light grey shades indicate that the current antagonist has been ranked in top
5, 10, and 20% of the database, respectively.

"Full model with all intracellular and extracellular loops (except the N-terminal
and C-terminal loops).

‘Loop less TM.

9TM Model with only a 5 residue segment of ecl2 modeled with Modeller.

“TM model with only a 5 residue segment of ecl2 modeled by direct threading
onto the bRho crystal structure backbone.

‘Percentage of known AA3R antagonists ranked among the top 5% scorers (IFP
scoring6 using compound 2 (Fig. 3) as reference.

$Area under the curve of the ROC plot.

R7.40 is less accessible in model L1, and the orientations
of the two bulky WI182** and F184*°' residues
decrease the volume of pocket i, as compared to models
F, TM, and L2. This results in the loss of ionic/H-bond,
hydrophobic, and aromatic ligand-receptor interactions
observed for the SQ29542-TA2R reference complex and a
lower IFP ranking of compound 28 (Table V).

DISCUSSION

The primary aim of the current study was to evaluate
the effect of different ecl2 modeling strategies on struc-
ture-based virtual screening for GPCR antagonists. For a
set of 3 unrelated GPCR targets (DRD2, AA3R, and
TA2R) for which the second extracellular loop is experi-
mentally known to affect antagonist binding, the implica-
tions of including ecl2 was evaluated in terms of struc-
ture-based virtual screening accuracy: the suitability of
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Table V Table V
Virtual Screening of a Database of 990 Decoys and 10 Known TA2R Antagonists (Continued)
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“Ligands have been selected from the literature.20°%57 Black, dark grey, and light
grey shades indicate that the current antagonist has been ranked in top 5, 10, and
20% of the database, respectively.

Full model with all intracellular and extracellular loops (except the N-terminal
and C-terminal loops).

“Loop less TM.

9TM Model with only a 5 residue segment of ecl2 modeled with Modeller.

°TM model with only a 5 residue segment of ecl2 modeled by direct threading
onto the bRho crystal structure backbone.

fPercenta§e of known TA2R antagonists ranked among the top 5% scorers (IFP
scoring6 using compound 4 (Fig. 3) as reference.

8Area under the curve of the ROC plot.

the 3D models to distinguish between known antagonists
and randomly chosen drug-like compounds using auto-
mated docking approaches.

Bovine rhodopsin is an ffall-round?” template
for modeling the ecl2 of GPCRs

Our amino acid sequence analysis of the ecl2s of 325 non-
olfactory nonredundant human GPCRs containing the con-
served C3.25-C45.50 disulfide link shows that the ecl2 loop
length downstream from C45.50 is less variable than the total
ecl2 loop length (Fig. 4, Table II). Moreover, most of the
receptors have an ecl2 loop length similar (11-15) to that of
bRho (13). Although this does not necessarily mean that the
structure of the upstream ecl2 loop is conserved among
GPCR receptors, this suggests that bRho is a relatively suita-
ble structural template for constructing ecl2s for other
GPCRs. Nevertheless, automated high-throughput modeling
of ecl2s should be performed with great caution. Despite the
conservation of upstream ecl2 loop length, automatic align-
ment of GPCR ecl2s is not straightforward since ecl2 sequen-
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Enrichment in virtual screening of a database of 990 drug-like compound59 L
and 10 known antagonists (true positives, see Tables I[I-V) against: F (solid
black line, model with all full icls and ecls), TM (dash-dot black line, model
without any loops), L1 (solid grey line, model with (partial) ecl2 automatically
modeled with Modeller), and L2 (dash-dot grey line, model with (partial) ecl2
automatically modeled by direct threading onto bRho crystal structure backbone)
models of DRD2, AA3R, and TA2R. Docking simulations are performed with
GOLD-Goldscore (DRD2 and TA2R) or GOLD-Chemscore (AA3R) in
combination with IFP scoring. The dotted black line represents the fraction of
actives expected by random picking.

ces show homology for only some GPCR receptor clusters
(opsins, prostanoids, glycoproteins, secretin, adhesion) sepa-
rately, and primarily in the region close to C45.50. Secondly,
bRho seems to be a less suitable template for modeling the
downstream part of the ecl2 loop, as it is relatively long (12
residues) compared to most of the other GPCRs (Table I).
Furthermore, the ecl2 conformation can be greatly influenced
by interactions with other parts of the receptor. In bRho, the
N-terminal part is in direct contact with ecl2, while in some
GPCRs, possibly additional disulfide links exist between ecl2
and other cysteine residues than C3.25.38-40
High-throughput modeling of the TM helices has
shown to yield structures suitable for in silico inverse
screening purposes,22 and for detecting key residues that
drive ligand selectivity.> A reasonable way to model
GPCR ecl2s in a high-throughput fashion would be to
only model the biggest possible loop segment one has
the most confident in. The herein proposed ecl2 model-
ing flowchart utilizes several strategies according to local
homology of the ecl2 target sequence to that of bRho
(Fig. 2). Decreasing homology scenarios ranging from
full sequence homology (with absolute length and C3.25-
C45.50 conservation) to local homology on a C45.50-cen-
tered five residue window (see classification in Table II)

enable the selection of the most appropriate modeling
strategy for the longest possible loop segment.

Picking the pose: interaction
fingerprint scoring

Selection of the most appropriate docking/scoring pro-
tocol in structure-based virtual screening is very much de-
pendent on physicochemical details of target-ligand inter-
actions?1=94 and fine details of the protein structure.9>96
This makes it necessary to evaluate different docking-scor-
ing approaches or even to optimize scoring functions for
protein/ligand training sets before applying them to
unknown test cases. Post-processing strategies for selecting
and ranking docking poses have recently received much
attention as an alternative approach to solve the problem
of protein-ligand docking and scoring accuracy.97 In the
current study, we have used a recently developed Tanimoto
metric measuring the similarity between protein-ligand
IFP for ranking docking poses.”0 For each of the three
receptors (DRD2, AA3R, TA2R), binding modes of known
high-affinity antagonists in line with available SAR/phar-
macophore and site-directed mutagenesis data were used
as IFP references. Docking simulations of low-molecular
weight compounds, but also docking simulations in open
protein cavities (such as in GPCR receptor models lacking
ecl2 on top of the TM binding pocket) can yield multiple
different binding modes with comparable binding energies
according to fast energy-based scoring functions.”0 Fur-
thermore, omitting ecl2 from GPCR receptor models can
provoke docking solutions of large, highly flexible
“Inactive” compounds that are artificially oriented into
the unoccupied region.?® Our IFP scoring protocol, how-
ever, could discriminate between irrelevant ligand docking
poses and docking poses comparable to that of high affin-
ity reference antagonists, as exemplified for the TA2R re-
ceptor in Figure 10. In the current study, IFP-scoring per-
formed significantly better than the native Goldscore/
Chemscore scoring functions in distinguishing between
known antagonists and randomly chosen drug-like mole-
cules. Of course, IFP ranking assumes the choice of a refer-
ence compound and corresponding binding mode. In the
present report, a single reference antagonist was manually
selected for each target receptor, based on its high affinity
and selectivity, and the availability of site-directed mu-
tagenesis data (in ecl2) to guide the definition of the
reference binding mode. Its is however advised, in a pro-
spective VS experiment, to define as many different IFP
references as possible and later use machine learning algo-
rithms (e.g. Bayesian modeling) to discriminate relevant
from irrelevant poses in the hit triage step.70
Loopless transmembrane models of GPCR
receptors can be suitable targets

for virtual screening

As the total number of compounds in the database
(1000 molecules), the number of true positives (10
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5: || H-bond donor (ligacceptor (prot), 6:

Figure 10
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Interaction Fingerprint (IFP) scoring of docking poses of ramatroban (compound 25, Table V) in the TM model of TA2R (panel A), using SQ29,452 (orange carbon
atoms, panel B and C) as a reference. Rendering and colour coding is the same as in Figure 5. Only parts of TMs 2, 3, 6, and 7 are shown, of which the last one is
shown semitransparent. Seven different interaction types (hydrophobic interactions, aromatic face-to-edge, aromatic face-to-face, negatively charged, positively charged,
H-bond acceptor, H-bond donor) were used to define the IFP. The cavity used for the IFP analysis consist of the 30 residues used earlier to define the TM binding
pockets5 and two extra residues at positions 3.37 and 7.40 (see “Computational Methods”). The IFP bit-strings (panel D) of the ramatroban docking poses with the
highest Tc-IFP Tanimoto score (panel B) and highest Goldscore (panel C) are compared to the IFP of the SQ29452 reference pose. For reasons of clarity, the bit strings of
only seven residues are shown as an example. The ecl2 loop and ecl2 residues W182">*° and F183*' as located in the F model of TA2R (Fig. 7) are depicted
semitransparent in cyan (panels B and C). [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

known antagonists), and the number of compounds in
the hit list considered for analyzing our virtual screening
studies (top 50-ranked molecules), is the same for all
models, the enrichment factor over random picking can
be directly derived from the reported yields at the top
5% (Enrichment Factor = Yield/5). The enrichment fac-
tors (8-12) and yields (40-60%) obtained in our virtual
screening studies using full (F) receptor models are com-
parable to the enrichment factors and yields obtained
with optimal single and double consensus scoring proto-
cols in previous antagonist screening studies against
DRD3, ACM1, and V1AR homology modelszs, as well as
the enrichment factors and yields obtained with other re-
trospective structure-based screening studies in GPCRs.2379
In fact, for two of the three receptor test cases, DRD2
and TA2R, receptors for which residues in ecl2 have
experimentally been shown to be involved in antagonist
binding,>20 the virtual screening results obtained with
the loopless TM models were as good as that obtained
with the full receptor model containing all tailor-made
ecls (F). For the AA3R receptor, however, explicit model-
ing of the ecl2 loop was shown to be essential for suc-
cessful virtual screening.

The effects of ecl2 on structure-based
virtual screening are GPCR specific

To avoid biasing virtual screening results, caution was
given to select 990 drug-like decoys covering similar
property ranges as the true actives but structurally differ-
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ent from any known active. Therefore, it can be assumed
that the ecl2 loop affected virtual screening results by
introducing specific additional receptor-ligand interac-
tion points, rather than merely acting as a “steric” filter
discriminating between low and high molecular weight
compounds. In DRD2 the interactions between antago-
nists and ecl2 are of hydrophobic nature (1183*~' and
1184*°°%). The residues in the ecl2 of TA2R (W182**°
and F184*~") interact with antagonists via hydrophobic/
aromatic interactions. In the AA3R receptor, ecl2 residues
serve as aromatic (F168*?) as well as H-bond donor/
acceptor (Q167*>°") interaction points. The involvement
of 1183*°" and 1184*>°* in DRD2-antagonist binding,
F184*°! in TA2R-antagonist binding, and Q167*>°" in
AA3R-antagonist binding are supported by site-directed
mutagenesis studies.®>20:30 The roles of W182*>*° and
F184*°" in TA2R- and AA3R-ligand binding, however,
remain to be investigated experimentally. Although
another residue involved in AA3R-ligand H-bond interac-
tions is located in TM5 (N6.55), it seems that Q167*!
is very important for successful virtual screening studies,
driving ligands containing multiple H-bond donors and
acceptors such as adenosine receptor antagonists into the
proper binding mode. Residue F168*°%, however, seems
to be equally important, serving as an aromatic pi-stack-
ing binding site for the aromatic moieties of antagonists
together with F5.43. Another reason for the erroneous
binding modes and low virtual screening accuracies of
antagonists in the loopless AA3R TM model is that by
omitting ecl2, an area normally occupied by this loop
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might serve as a biased interaction surface for docking
poses. This suggests that the possible effects of ecl2 resi-
dues on antagonist binding might not only depend on
the physicochemical properties of the residues in direct
proximity of C45.50, but also on the binding mode of
the ligand with the ecl2 loop.

The three GPCR receptors investigated in the current
study all show different antagonist binding orientations
in the TM binding pocket (Figs. 5-7). Most DRD2 antag-
onists bind in both subpocket i (TMs 1, 2, 3, 7) and ii
(TMs 3, 4, 5, 6), while most antagonists in AA3R and
TA2R bind in subpockets ii and i, respectively. Omitting
ecl2 from the GPCR receptor model generally does not
only make the residues facing the binding pocket at the
top of TMs 1, 2, 3, 5, 6, and 7 more accessible, it also
makes TM4 (located in subpocket ii) much more accessi-
ble compared to a receptor model containing ecl2. This
means that for ligands binding both in subpockets i and
ii (DRD2, Fig. 5), or only in subpocket i (TA2R, Fig. 7),
excluding ecl2 from the receptor model will probably
have less drastic effects on the potential ligand-receptor
interaction surface, than for ligands binding only in
pocket ii (AA3R, Fig. 6).

Residues in the second extracellular loop
of GPCRs as potential receptor-specific
interaction points

Aminergic, prostanoid, and adenosine receptors show
high similarity in the residues lining the TM binding
pocket.® In Figure 8, segments of the ecl2s of the prosta-
noid cluster, the adenosine cluster, and a subgroup of the
amine cluster are aligned. The ecl2 residues of prostanoid
receptors are generally well conserved, showing a con-
served “(S/T)WCF” motif around C45.50. In the amine
receptor subgroup depicted in Figure 8, most receptors
have an aliphatic residue at position 45.52, with the
exception of DRD1 and DRD5 which contain a serine
residue at this position. Other residues in the close prox-
imity of C45.50 (e.g., positions 45.49 and 45.51), how-
ever, show large variability for the different aminergic
receptors. The four adenosine receptors (AA1R, AA2AR,
AA2BR, and AA3R) contain a conserved phenylalanine
residue at position 45.52, while the two gonadotropin-
releasing hormones receptors of the adenosine cluster
(GNRHR, GNRR2) possess a serine residue at this posi-
tion. Two adenosine receptors (AA3R and AAIR) have a
polar residue (glutamine and glutamate, respectively) at
position 45.51, while the other members of the adenosine
cluster possess an aliphatic residue at this position. The
residue at position 45.49 varies across all members of the
adenosine receptor cluster.

The above exemplified similarity and dissimilarity of
ecl2 regions involved in ligand binding offer possibilities
to identify ecl2 residues which can potentially drive sub-
type-specific ligand selectivity. Our ecl2 sequence analysis

of most human GPCRs further indicated that only few
GPCRs show high similarity in the direct proximity of
C45.50 (frizzled, prostanoids, glycoproteins, and adhesion
receptors), some receptors show some conserved similar-
ity (opsins, melanotonins, and opiates receptors), while
most other GPCR clusters show little (vasopeptides,
adenosine, acids, biogenic amines, purines) or no signifi-
cant similarity (SREB, glutamate, peptides, chemoattrac-
tants, chemokines, brain-gut peptides). Careful and
detailed consideration of possible receptor-specific ecl2-
ligand interactions could therefore facilitate the design of
new subtype-specific drugs.

It should be noted that the effect of ecl2 on ligand
binding also depends on the binding mode of the antag-
onist in the TM binding pocket towards ecl2. Ligands
binding in subpocket i for example will probably primar-
ily interact with residues at positions 45.49 and 45.51
(like in TA2R), and ligands binding in subpocket ii will
possibly only be able to interact with residues at posi-
tions 45.51 and 45.52 (like AA3R). Ligands binding in
pocket i and ii (like DRD2) might even interact with all
three residues (45.49, 45.50, and 45.51). To complicate
things even further, it should be stated that also residues
not in the direct vicinity of C45.50 might affect antago-
nist binding, directly (interacting with the ligand) or
indirectly (e.g., stabilizing the ecl2 conformation via
intramolecular H-bonding with TM helices like in
TA2R). Modeling these residues in a high-throughput
fashion is highly speculative as they are located in por-
tions of the ecl2 loop which cannot directly be derived
from the bRho structural template. A tailored loop mod-
eling procedure, guided by experimental (SAR, site-
directed mutagenesis) data, however, can yield GPCR
models with increased value for virtual screening studies
and interpretation of experimental site-directed mutagen-
esis and ligand binding studies.

CONCLUSIONS

The current study shows that consideration of the sec-
ond extracellular loop in GPCR homology models can
lead to an increase in structure-based virtual screening
accuracy, but that this effect is rather receptor-specific.
Sequence analysis of the ecl2 of most human GPCRs
indicated that bRho is a relatively suitable modeling tem-
plate for modeling the upstream ecl2 segment up to the
end of B4. Construction of ecl2 however should be done
with care and guided by receptor-specific experimental
data, rather than carried out in a high-throughput fash-
ion and derived directly from the bRho crystal structure.
Moreover, loopless TM models of GPCR receptors can be
suitable targets for virtual screening, using proper post-
processing strategies, such as interaction fingerprint scor-
ing, to select automated docking poses in line with
experimentally known ligand-receptor interactions. The
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ecl2s of the three receptor test cases covered a wide range
in loop lengths upstream and downstream from C45.50,
were different with respect to the physicochemical prop-
erties of the amino acid residues in the ecl2 region close
to C45.50, and showed very different ecl2-antagonist
binding modes. This might explain why for two of the
three receptor test cases, DRD2 and TA2R, virtual screen-
ing accuracies in the loopless TM models were compara-
ble to the virtual accuracies obtained with full receptor
models, while for the AA3R receptor, the full model out-
performed the TM model in terms of virtual screening
accuracy. Automated docking studies with ligands bind-
ing primarily in sub pocket ii (between TM3, TM4,
TM5, TM6, and TM7) and interacting with ecl2 residues
downstream of C45.50 via H-bond interactions might
have a higher chance of yielding biased docking poses
when ecl2 is omitted from the GPCR receptor model.
Nevertheless our ecl2 sequence analysis indicated that
many GPCR receptors sharing high similarity in the resi-
dues lining the TM cavity, show low ecl2 sequence
homology. As a conclusion, explicit modeling of ecl2 for
structure-based in silico screening is only justified either
in the presence of strong sequence homology to bRho
or by use of appropriate ligand-derived topological
restraints. In the absence of such conditions, we strongly
advise to use loopless TM models.
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