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Abstract
N-formyl peptide receptors (FPRs) are G protein-coupled receptors (GPCRs) that play critical
roles in inflammatory reactions, and FPR-specific interactions can possibly be used to facilitate
the resolution of pathological inflammatory reactions. Recent studies indicated that FPRs have
stereo-selective preference for chiral ligands. Here, we investigated the structure-activity
relationship of 24 chiral ureidopropanamides, including previously reported compounds
PD168368/PD176252 and their close analogs, and used molecular modeling to define chiral
recognition by FPR2. Unlike previously reported 6-methyl-2,4-disubstituted pyridazin-3(2H)-
ones, whose R-forms preferentially activated FPR1/FPR2, we found that four S-enantiomers in the
seven ureidopropanamide pairs tested preferentially activated intracellular Ca2+ flux in FPR2-
transfected cells, while the R-counterpart was more active in two enantiomer pairs. Thus, active
enantiomers of FPR2 agonists can be in either R- or S- configurations, depending on the molecular
scaffold and specific substituents at the chiral center. Using molecular modeling approaches,
including field point methodology, homology modeling, and docking studies, we propose a model
that can explain stereoselective activity of chiral FPR2 agonists. Importantly, our docking studies
of FPR2 chiral agonists correlated well with the FPR2 pharmacophore model derived previously.
We conclude that the ability of FPR2 to discriminate between the enantiomers is the consequence
of the arrangement of the three asymmetric hydrophobic subpockets at the main orthosteric FPR2
binding site with specific orientation of charged regions in the subpockets.
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1. Introduction
Formyl peptide receptors (FPRs) are G protein-coupled receptors (GPCR) that play an
important role in leukocyte activation and chemotaxis [reviewed in [1]]. These receptors
were originally identified by their ability to bind and be stimulated by N-formyl peptides,
which are produced by bacteria but can also be released from damaged mitochondria during
tissue injury [2]. It has been proposed that a primary function of FPRs is to promote
trafficking of phagocytic myeloid cells to sites of infection and tissue damage, where they
exert antibacterial effector functions and clear cell debris [3]. In human and other primates,
three FPR subtypes have been identified (FPR1, FPR2 and FPR3), which are expressed on a
variety of cell types, including neutrophils, macrophages, T lymphocytes, epithelial cells,
hepatocytes, fibroblasts, astrocytes, and other cells. These receptors have been reported to
participate in a variety of regulatory functions during host defense responses [1;4;5].

Agonist binding and stimulation of FPRs induces a variety of responses, such as intracellular
Ca2+ mobilization, chemotaxis, and generation of reactive oxygen species, which are
dependent on agonist structure, cell type, receptor subtype, and species involved [1]. In last
decade, a large number of peptide and synthetic non-peptide small molecules with a wide
range of chemical diversity have been shown to be potent FPR agonists [6-15]. Some FPR2
agonists have shown to promote resolution of inflammatory processes, including Quin-C1, a
highly specific non-peptide FPR2 agonist that demonstrated anti-inflammatory properties in
a mouse model of lung injury [16]. Similarly, the FPR2 peptide agonist Trp-Lys-Tyr-Met-
Val-D-Met (WKYMVm) protected against death by enhancing bactericidal activity and
inhibiting vital organ inflammation and apoptosis in a sepsis mouse model [17].

Stereochemical information plays an important role in GPCR recognition processes [18;19].
Stereoselectivity suggests direct and specific receptor targeting, and identification of such
stereospecific interactions may have important consequences in drug discovery and
development, such as improvement of pharmacokinetic properties and removing undesirable
side effects of agents by virtue of the unique activity of enantiomers [20-22]. To date, little
is known regarding the stereoselectivity of FPR-ligand interactions. For example, R-
enantiomers of N-substituted benzimidazole and pyridazin-3(2H)-one FPR1/FPR2 agonists
were found to be more potent than their S-counterparts [9;15]. Previously, we found that
antagonists of gastrin-releasing peptide /neuromedin B receptors (bombesin receptors),
PD168368/PD176252 and related chiral derivatives, were potent FPR1/FPR2 agonists [12].
However, a systematic study of enantiomer pairs to determine the impact of enantiomer
orientation on FPR agonist activity was not performed. In the present studies, we evaluated
22 structural derivatives of PD168368/PD176252 including seven enantiomer pairs for their
ability to activate human neutrophils and HL-60 cells transfected with human FPR1 or
FPR2. While none of the compounds had affinity for bombesin receptors, 15 of the
compounds stimulated Ca2+ flux in FPR1/FPR2 transfected cells. Based on the results, we
propose a molecular model of enantiomeric recognition at FPR2 that can explain
stereoselective activity of the compounds identified in the present study, as well as other
enantiomers reported previously as FPR2 agonists.

2. Materials and Methods
2.1. Materials

Dimethyl sulfoxide (DMSO), fMLF, HEPES, and Histopaque 1077 were purchased from
Sigma Chemical Co. (St. Louis, MO). RPMI 1640 medium and penicillin-streptomycin
solution were purchased from Mediatech (Herdon, VA). Fetal bovine serum was purchased
from Atlas Biologicals (Fort Collins, CO). Peptides Trp-Lys-Tyr-Met-Val-D-Met
(WKYMVm) and Trp-Lys-Tyr-Met-Val-L-Met (WKYMVM) were from Calbiochem (San
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Diego, CA) and Tocris Bioscience (Ellisville, MO), respectively. The antagonist WRW4
(WRWWWW) was from Genscript Corporation (Scotch Plains, NJ). Hanks’ balanced salt
solution (HBSS; 0.137 M NaCl, 5.4 mM KCl, 0.25 mM Na2HPO4, 0.44 mM KH2PO4, 4.2
mM NaHCO3, 5.56 mM glucose, and 10 mM HEPES, pH 7.4), G418, and probenecid were
from Life Technologies (Grand Island, NY). HBSS containing 1.3 mM CaCl2 and 1.0 mM
MgSO4 is designated as HBSS+. Selected N’-phenethylureas (compounds AG-10/16
through AG-10/22) were purchased from ChemDiv (San Diego, CA).

2.2. Compound preparation and analysis of compound purity
The 22 structural derivatives of PD168368 and PD176252 were synthesized as pure
enantiomers using stereospecific methods starting from the enantiomerically pure N-BOC-
R-tryptophan or N-BOC-S-tryptophan and following previously reported methods [23;24].
Enantiomeric purity of the compounds was assessed by chiral high-performance liquid
chromatography (HPLC) analysis on a Perkin-Elmer series 200 LC instrument using a
Daicel ChiralCell OD column (250 × 4.6 mm, 5 μm particle size) and equipped with a
Perkin-Elmer 785A UV/VIS detector setting λ= 230 nm. The compounds were eluted with
n-hexane/EtOH, 4:1, v/v at a flow rate of 0.8 mL/min. All compounds showed enantiomeric
excesses (e.e.) ≥ 95%.

2.3. Cell culture
Human promyelocytic leukemia HL-60 cells stably transfected with FPR1 (FPR1-HL-60
cells) or FPR2 (FPR2-HL-60 cells) were cultured in RPMI 1640 medium supplemented with
10% heat-inactivated fetal calf serum, 10 mM HEPES, 100 μg/ml streptomycin, 100 U/ml
penicillin, and G418 (1 mg/mL), as described previously [11]. Wild-type HL-60 cells were
cultured under the same conditions, but without G418.

2.4. Isolation of human neutrophils
Blood was collected from healthy donors in accordance with a protocol approved by the
Institutional Review Board at Montana State University. Neutrophils were purified from the
blood using dextran sedimentation, followed by Histopaque 1077 gradient separation and
hypotonic lysis of red blood cells, as previously described [8]. Isolated neutrophils were
washed twice and resuspended in HBSS without Ca2+ and Mg2+ (HBSS-). Neutrophil
preparations were routinely > 95 % pure, as determined by light microscopy, and > 98 %
viable, as determined by trypan blue exclusion.

2.5. Bombesin receptor binding assays
The compounds were evaluated in binding assays to test their ability to displace [125I]
[Tyr4]bombesin using bombesin receptor (BB2)-transfected HEK-293 cells (compounds
ML-8, EMY-87, ML-11, EMY-89, ML-18, EMY-98, ML-16, and EMY-96) or PC-3 cells
overexpressing BB2 (compounds PD168368, PD-360, PD-362, PD-361, ML-22, EMY-124,
and PD-59). Ki value for PD176252 was 66 nM in the assay with PC3 cells and Ki for
human gastrin-releasing peptide was 28 pM in the assay with HEK-293 cells. Binding
assays with BB2-transfected HEK-293 cells were performed by the CEREP Corp. (France)
and binding assays with PC-3 cells were performed as described by Gourni et al. [25] with
minor modifications.

2.6. Ca2+ mobilization and Fluo-4 efflux assays
Changes in intracellular Ca2+ were measured with a FlexStation II scanning fluorometer
using a FLIPR 3 calcium assay kit (Molecular Devices, Sunnyvale, CA) for human
neutrophils and HL-60 cells, as described previously [11]. All active compounds were
evaluated in parent (wild-type) HL-60 cells for supporting that the agonists are inactive in
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non-transfected cells. Human neutrophils or HL-60 cells, suspended in HBSS- containing 10
mM HEPES, were loaded with Fluo-4 AM dye (Invitrogen) (1.25 μg/mL final
concentration) and incubated for 30 min in the dark at 37 °C. After dye loading, the cells
were washed with HBSS- containing 10 mM HEPES, resuspended in HBSS containing 10
mM HEPES and Ca2+ and Mg2+ (HBSS+), and aliquotted into the wells of a flat-bottomed,
half-area-well black microtiter plates (2 × 105 cells/well). If indicated, 2 mM probenecid
was added 5 min before the assay. The compound of interest was added from a source plate
containing dilutions of test compounds in HBSS+, and changes in fluorescence were
monitored (λex = 485 nm, λem = 538 nm) every 5 s for 240 s at room temperature after
automated addition of compounds. Maximum change in fluorescence, expressed in arbitrary
units over baseline, was used to determine agonist response. Responses were normalized to
the response induced by 5 nM fMLF for FPR1-HL-60 cells and neutrophils, or 5 nM
WKYMVM for FPR2-HL-60 cells, which were assigned a value of 100%. Curve fitting (5-6
points) and calculation of median effective concentration values (EC50) were performed by
nonlinear regression analysis of the dose-response curves generated using Prism 5
(GraphPad Software, Inc., San Diego, CA).

For evaluation of Fluo-4 efflux, human neutrophils were loaded with Fluo-4 AM dye,
washed, and resuspended in HBSS+, as described above. Compounds EMY-96 (25 μM),
ML-16 (25 μM), and ST-6 (25 μM) or vehicle (DMSO) were added. After a 5 min
incubation at room temperature, the samples were centrifuged to pellet cells (1 min, 1400 g),
and fluorescence in the cell supernatants was measured (λex = 485 nm, λem = 538 nm).

2.7. β-Arrestin recruitment assay
The PathHunter® eXpress β-arrestin assay was performed according to the manufacturer's
protocol using CHO-K1 cells transfected with FPR1 (FPR1-CHO-K1) or FPR2 (FPR2-
CHO-K1) (DiscoveRx Corporation, Fremont, CA). These cell lines monitor GPCR activity
by detecting the interaction of β-arrestin with the activated GPCR using β-galactosidase (β-
gal) enzyme fragment complementation [26]. Briefly, frozen cells were thawed and
resuspended in DiscoveRx Optimized Cell Culture Medium (OCCM), provided by the
manufacturer. Assay plates [96-well half area plates with clear bottom (Greiner Bio-One,
Monroe, NC)] were prepared with 5000 cells/well in 50 μl of OCCM. Serial dilutions of test
compounds were prepared in OCCM, contained DMSO as a solvent. For each dilution, the
final concentration of DMSO remained constant. After incubation at 37°C (5% CO2, 95%
relative humidity) for 48 h, 5.5 μl of test compound was added, and the incubation was
continued at 37°C for 90 min. Detection agent (25 μl) was added, and the incubation was
continued at room temperature for 60 min. Chemiluminescene was monitored using a
Fluoroskan Ascent FL microtiter plate reader (Thermo Fisher Scientific, Waltham, MA).
Maximum change in luminescence, expressed in arbitrary units over baseline, was used to
determine agonist response. Responses were normalized to the response induced by 5 nM
WKYMVm for both FPR1-CHO-K1 and FPR2-CHO-K1 cells, which was assigned a value
of 100%. Curve fitting (5-6 points) and calculation of median effective concentration values
(EC50) were performed by nonlinear regression analysis of the dose-response curves
generated using GraphPad Prism 5.

2.8. Chemotaxis assay
Human or murine neutrophils were suspended in HBSS+ containing 2% (v/v) heat-
inactivated fetal bovine serum (2 × 106 cells/ml), and chemotaxis was analyzed in 96-well
ChemoTx chemotaxis chambers (Neuroprobe, Gaithersburg, MD), as described previously
[8]. In brief, lower wells were loaded with 30 μl of HBSS+ containing 2% (v/v) fetal bovine
serum and the indicated concentrations of test compounds, DMSO (negative control), or 1
nM fMLF as a positive control. Neutrophils were added to the upper wells and allowed to
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migrate through the 5.0-μm pore polycarbonate membrane filter for 60 min at 37°C and 5%
CO2. The number of migrated cells was determined by measuring ATP in lysates of
transmigrated cells using a luminescence-based assay (CellTiter-Glo; Promega, Madison,
WI), and luminescence measurements were converted to absolute cell numbers by
comparison of the values with standard curves obtained with known numbers of neutrophils.
Curve fitting (at least eight to nine points) and calculation of median effective concentration
values (EC50) were performed by nonlinear regression analysis of the dose-response curves
generated using Prism 5.

2.9. Molecular modeling
FPR2 active enantiomers and their counterparts were imported into FieldAlign program
(FieldAlign Version 2.0.1; Cresset Biomolecular Discovery Ltd., Hertfordshire, UK) in
Tripos MOL2 format and superimposed onto the template obtained previously by
FieldTemplater software on the base of five FPR2 agonists [12]. The template contains field
points of different types in the positions of energy extrema for probe atoms. Positive probes
give “negative” field points, whereas energy extrema for negative and neutral probe atoms
correspond to “positive” and steric field points, respectively. Hydrophobic field points were
also generated with neutral probes capable of penetrating into the molecular core and
reaching extrema in the centers of hydrophobic regions (e.g., benzene rings). The size of a
field point depends on magnitude of an extremum [27]. For the enantiomers imported into
FieldAlign, conformation hunter algorithm was used to generate representative sets of
conformations corresponding to local minima of energy calculated within the extended
electron distribution force field [28;29]. This algorithm incorporated in the FieldTemplater
and FieldAlign software allowed us to obtain up to 200 independent conformations that were
passed to further calculation of field points surrounding each conformation of each
molecule. To decrease the number of rotatable bonds during the conformation search, the
“force amides trans” option was enabled in the program. Field point calculations were
performed for each conformation, as described above. Conformations with the best fit to the
geometry and field points of the template were identified, and their superimpositions were
refined by the simplex optimization algorithm incorporated in FieldAlign. The measure of
similarity was derived from the field point spatial distribution and geometric overlap
between a molecule and the template according to the FieldAlign program.

For homology modeling FPR2, the primary amino acid sequence of FPR2 was submitted to
the Phyre2 (Protein Homology/analogy Recognition Engine V2.0) protein fold recognition
server (http://www.sbg.bio.ic.ac.uk/phyre2) [30]. The server used one template with known
crystal structure for homology modeling per protein sequence. We obtained 18 predicted
protein structure models with the highest level of confidence, based on dissolved crystal
structures of GPCRs, including bovine and squid rhodopsins, human adenosine receptor
A2A, turkey β1 adrenoceptor, human β2 adrenoceptor, human histamine receptor H1, human
dopamine D3 receptor, and human chemokine receptor CXCR4. Two homology FPR2
models were pre-selected from the set of predicted models. One model, based on the
CXCR4 structure, has a maximal sequence identity of 28%, but with a low crystal structure
resolution (3.2 Å) for the template. The second model has a template with sequence identity
of 16%, but the highest resolution crystal structure (2.2 Å) known to date for a GPCR. Side
chain conformations of eight residues in FPR2 (His102, Val105, Asp106, Leu109, Trp254,
Phe257, Ser288, Phe292), which were previously identified as belonging to the binding site
[31], were optimized in both models using a corresponding module of Molegro software.
Since our pre-docking studies indicated that the rhodopsin-based model gave the best
docking positions for FPR2 agonists used previously for pharmacophore modeling [12], we
propose that these data justify use of the bovine rhodopsin structure as a template for the
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FPR2 homology model vs. the CXCR4 template. Thus, further modeling was based on the
rhodopsin-based model of the FPR2.

Taking into account a lack of structural information about any ligand-receptor complex with
FPR2, we tried to locate cavities in the macromolecule obtained by homology modeling in
order to identify the search space for docking. Use of the MVD “Detect cavity” module with
probe size 1.2 Å gave two cavities with volumes of 241 and 25 Å3 in the region of the ligand
binding site. Positions of these two cavities obviously reflect a bottle-neck shape of the
binding site. Hence, for FPR2, we also chose a spherical search space with a default radius
of 15 Å centered at the terminus of the larger cavity directed to the smaller one.

Before docking, structures of the compounds were pre-optimized using HyperChem 8.0
software with MM+ force field and saved in Tripos MOL2 format. The ligand structures
were then imported into the MVD with the options “Create explicit hydrogens”, “Assign
charges (calculated by MVD)”, and “Detect flexible torsions in ligands” enabled. Selected
molecules were docked into FPR2 using the search spaces indicated above with a rigid
receptor structure. Ligand flexibility was accounted for with respect to torsion angles auto-
detected in MVD. MolDock score functions were used with 0.3 Å grid resolution. The
“Internal HBond” option was activated in the “Ligand evaluation” menu of Docking Wizard.
Thirty docking runs were performed for each molecule, while 60 docking runs were
performed for the peptide. The option “Return multiple poses for each run” was enabled,
and the post-processing options “Energy minimization” and “Optimize H-bonds” were
applied after docking. Similar poses were clustered at a RMSD threshold of 1 Å.

Atom charges were calculated by semi-empirical AM1 method with full geometry
optimization of the molecules using HyperChem 8.0 software.

3. Results
3.1. Activity of PD168368/PD176252 derivatives at bombesin receptors and FPRs

Previously, we found that bombesin receptor antagonists PD168368 and PD176252 were
potent dual FPR1/FPR2 agonists [12]. In the present study, 22 structural derivatives of
PD168368 and PD176252 were synthesized as pure enantiomers using stereospecific
methods, and structures of the compounds are shown in Table 1. All synthesized
compounds showed enantiomeric excesses (e.e.) ≥ 95%, as determined by chiral HPLC
analysis.

Unlike PD168368/PD176252, none of the enantiomers had affinity for bombesin receptor
BB2 (data not shown). However, several of enantiomers demonstrated agonist activity in
FPR1-HL-60 and FPR2-HL-60 cells, but not in wild-type non-transfected HL-60 cells
(Table 2). Among the 15 active compounds, 9 were found to be FPR2-specific agonists,
with the most active compounds being ST-6 and EMY-96. The active compounds caused a
rapid increase in Ca2+ mobilization that peaked by 40-60 sec after treatment (data not
shown). Moreover, the specificity of EMY-96 was confirmed using the FPR2-specific
antagonist WRW4 (Figure 1). The other 6 compounds were dual FPR1/FPR2 agonists, with
the most active compounds being ST-12 and ST-16 (Table 2). ML-11, ML-22, ST-11,
ST-13, ST-14, and PD-362 were partial FPR2 agonists and ML-8 and ML-16 were partial
FPR1/FPR2 agonists, with reduced efficacies (≤65%). All other active compounds were full
agonists with efficacies close to those of 5 nM fMLF (in FPR1-HL-60 cells) or 5 nM
WKYMVM (in FPR2-HL-60 cells) (Table 2).

Elimination of the methyl group at the chiral center in the parent compounds PD168368 and
PD176252 was associated with loss of the ability to stimulate Ca2+ mobilization in FPR1-
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HL-60 cells (compound PD-362) or decreased activity in both FPR1-HL-60 and FPR2-
HL-60 cells (compound ML-16). In confirmation of these results, PD-362 also failed to
induce β-arrestin recruitment in FPR1 and FPR2 CHO-K1 cells (Figure 2), whereas
compound ML-16 had EC50 values of 18.5 ± 5.1 and 12.1 ± 3.4 μM in FPR1-CHO-K1 and
FPR2-CHO-K1 cells, respectively, in the β-arrestin recruitment assay. In comparison, EC50
values for PD168368 were 2.8 ± 0.73 and 11.1 ± 2.8 μM, and for PD176252, these values
were 3.8 ± 1.1 and 8.8 ± 2.0 μM in FPR1-CHO-K1 and FPR2-CHO-K1 cells, respectively.
Generally, EC50 values for β-arrestin recruitment were ~5-fold higher than EC50 values for
Ca2+ mobilization, which confirms our previous observations using different FPR agonists
[15].

Introduction of an additional CH3 group at R2 in ML-16, forming the S-enantiomer PD-360,
resulted in a loss of FPR1/FPR2 agonist activity in HL-60 transfected cells. The same
modification of the FPR2-specific agonist PD-362, forming S-enantiomer PD-361, resulted
in a partial loss of agonist activity. Likewise, replacing the carbamide NH group closest to
the nitro-benzene ring in molecule ML-16 with a methylene (compound ML-22) also
resulted in a loss of activity in FPR2 HL-60 cells (Table 2). Substitution of the nitro group
at the para-position of the phenyl ring in S-enantiomer PD-362 with OCH3, CF3, CN, Br,
and CH3 resulted to agonists ST-12 through ST-16, which had mixed FPR1/FPR2 (ST-12,
ST-15, and ST-16) or FPR2-specific (ST-13 and ST-14) agonist activity (Table 2).

There were seven enantiomer pairs among the 22 PD168368/PD176252 derivatives
evaluated. Both enantiomers of the pair EMY-124/PD-359, which contain a
cyclohexylmethyl substituent at R3 and a CH3 group at R2, were inactive at FPR1/FPR2
(Table 2). Although different variations of R3 in three enantiomer pairs with unsubstituted
R2 were evaluated, including tetrahydronaphthyl (compounds ML-8 and EMY-87), (1-
phenylcyclopropyl)methyl (ML-11 and EMY-89), (1-phenylcyclohexyl)methyl (ST-11 and
ST-9), and [1-(4-methoxyphenyl)cyclohexyl]methyl (ML-18 and EMY-98), only the S-
enantiomers of these pairs (ML-8, ML-11, ST-11, and ML-18) were active FPR agonists
(Table 2). Conversely, both the S- and R- enantiomers from two pairs (ML-16/EMY-96 and
PD-362/ST-6) were active at FPR2 (Table 2). Representative dose–response curves for Ca2+

flux induced in HL-60 FPR2 cells by S- (ML-8) and R- (EMY-87) enantiomers are shown in
Figure 3.

Six enantiomers had no agonist activity for either FPR1 or FPR2. Thus, we considered
whether such compounds might be FPR antagonists. FPR1-HL-60 and FPR2-HL-60 cells
were pretreated with the selected compounds and then evaluated for subsequent responses to
control peptide agonists (5 nM fMLF for FPR1 and 1nM WKYMVM for FPR2).
Pretreatment of cells for 30 min with a dose range (1–50 μM) of selected compounds that
were inactive in the Ca2+ mobilization assay (PD-360, ST-9, and EMY-124) had no
inhibitory effect on Ca2+ flux induced by either fMLF or WKYMVM, suggesting that these
compounds were not receptor antagonists. In contrast, pretreatment of FPR2-HL-60 cells
with compounds EMY-89 and EMY-98 resulted in a dose-dependent loss of the response
induced by subsequent treatment with WKYMVM, although with relatively low potency
(IC50 ~17-25 μM). Compound EMY-87 was able to antagonize both FPR1 and FPR2
responses (IC50 ~14-15 μM).

3.2. Activity of the enantiomers in human neutrophils
PD168368/PD176252 and their 22 analogs were evaluated for their ability to stimulate
chemotaxis and Ca2+ mobilization in human neutrophils. The majority of compounds found
to be FPR1/FPR2 agonists in FPR-transfected HL-60 cells stimulated human neutrophil
chemotaxis, with only two exceptions (compounds PD-361 and PD-362). Likewise, all
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compounds found to be inactive in FPR-transfected HL-60 cells were also inactive in the
neutrophil chemotaxis assay (Table 2).

While ST-12, ST-13, ST-15, and ST-16 dose-dependently stimulated Ca2+ mobilization in
human neutrophils (Table 2), which peaked by 40-60 sec after treatment, ten of the
compounds found to induce Ca2+ flux in FPR-transfected HL-60 cells unexpectedly failed to
simulate this response in human neutrophils. Of note, these compounds all contained NO2 or
CN groups in the para position of the phenyl ring (Table 1). On the other hand, these
compounds were able to desensitize neutrophil Ca2+ mobilization induced by chemotactic
peptides. For example, pretreatment of neutrophils with EMY-96, the most potent FPR2
agonist in transfected cell lines, dose–dependently inhibited Ca2+ mobilization induced by
WKYMVm and the FPR2-specific agonist WKYMVM but not fMLF (Figure 4).

In previous studies investigating FPR agonists, we observed differential activity between
FPR-transfected cells and primary neutrophils [10;11;15], although neutrophils still
responded to all agonists that activated FPR-expressing HL-60 cells. Thus, the NO2- and
CN-substituted compounds reported here seem to have properties that affect their ability to
stimulate Ca2+ flux or that interfere with the assay system. Indeed, we found that
pretreatment of human neutrophils with probenecid restored the Ca2+ flux response in
neutrophils treated with all of these PD168368/PD176252 derivatives except PD-361 (Table
2). Because pretreatment of neutrophils with probenecid, an anion exchange protein
inhibitor used for slowing dye leakage from cells [32;33], restored the Ca2+ flux response,
we considered whether the chiral ureidopropanamides might be activating cellular efflux of
Fluo-4, the fluorescent dye used for monitoring Ca2+ current, and thereby interfering with
the assay. However, direct experiments assessing dye efflux showed that the most potent
compounds EMY-96, ML-16, and ST-6 did not induce significant Fluo-4 efflux in human
neutrophils (data not shown).

Because substitution of OCH3, CF3, Br, and CH3 in the para position of the phenyl ring with
CN or NO2 and elimination of CH3 at the chiral center of PD168368 and PD176252 resulted
in loss of ability to activate neutrophil Ca2+ flux without probenecid pretreatment, it appears
that the requirement for probenecid is somehow related to compound structure. To
investigate this idea, we further evaluated if probenicid could alter agonist potency for Ca2+

mobilization in neutrophils using a series of previously described achiral (AG-10/14 through
AG-10/18) and chiral (AG-10/19 through AG-10/22) FPR agonists with an N’-
phenethylurea scaffold [12] and found that for some of compounds and unrelated to their
chirality/achirality, agonist potency was greatly increased (>80-fold) in the presence of
probenecid (e.g., AG-10/15), but for other compounds (e.g., AG-10/18, AG-10/19, and
AG-10/20) agonist activity only changed slightly (~1.5-fold). Thus, the reason for the
selective sensitivity of the Ca2+ flux response to probenecid for these previously reported
compounds and the chiral ureidopropanamides reported here is still unclear, and future
studies will be necessary to elucidate this phenomenon.

3.3. Molecular modeling
Interaction of FPRs with most known enantiomer agonists has been found to be
stereoselective. For example, Frohn et al. [9] identified an enantiomer pair of N-substituted
benzimidazoles as potent FPR2 ligands and found that the R-enantiomer was significantly
more potent than the S-enantiomer. Similarly, we recently found that among chiral
pyridazin-3(2H)-one FPR1/FPR2 agonists, R-enantiomers were active, while their S-
enantiomer counterparts were less active or inactive [15]. In the present study, we found that
among chiral FPR2 agonists with an ureidopropanamide scaffold, the S- enantiomers were
generally preferred over the R-enantiomers. Although several FPR1-specific chiral agonists
were described previously [12;15] and in the present work (Tables 1-2), we focused here on

Schepetkin et al. Page 8

Biochem Pharmacol. Author manuscript; available in PMC 2014 February 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



FPR2 and its chiral agonists for molecular modeling based on the potential therapeutic
properties of FPR2 agonists.

To investigate the enantiomer preference observed for FPR2 agonists with different
scaffolds and chiral center substituents, we used a previously refined pharmacophore model
for FPR2 [12]. The model template was created on the basis of five potent small-molecule
non-peptide FPR2 agonists, four of which were chiral molecules (both S- and R- forms),
including (S)-PD168368, (S)-AG-10/5, (S)-AG-10/8, and (R)-Frohn-11, as described
previously [12]. The hydrophobic field surface of the 5-molecule FPR2 template includes
space where positioning of a neutral “hydrophobic” probe atom is energetically favorable
(see Materials and Methods). The surface consists of three regions (H1, H2, and H3), which
correlate with subpockets I, II, and III in the FPR2 binding site, respectively ([12] and
Figure 5). Enantiomeric FPR2 agonists and their active/inactive counterparts reported here
and published previously [9;13;15] were then compared to the pharmacophore model. All
molecules were overlaid in the three-subpocket model, and the highest-score
superimpositions together with values of calculated similarity are shown in Table 3. The
similarity values depend equally on geometric and field similarity of a molecule and
template. These field descriptors (or field points) are extrema of electrostatic, steric and
hydrophobic fields [27]. For most 6-methyl-2,4-disubstituted pyridazin-3(2H)-ones [15], the
similarity between aligned molecule and the template for R-enantiomers [compounds R-
(-)-5b, R-(-)-5d, R-(-)5e, and R-(-)5f] was higher than that of their S-enantiomer
counterparts. In the case of R-(-)5c, the active configuration was characterized by a smaller
similarity value compared to that of the S-enantiomer, which is probably due to the high
flexibility of the propyl chain, resulting in inadequate conformational sampling achieved by
the “conformation hunt” algorithm of FieldAlign. Conversely, the active S-enantiomers of
the ureidopropanamides reported here (ML-8, ML-11, ML-18, and ST-11) had better
alignments than the corresponding inactive R-enantiomers. For two enantiomer pairs
(ML-16/EMY-96 and PD-362/ST-6), the R-enantiomer forms were more active and had
better alignments than their S-enantiomer counterparts. This finding suggests that not only
the general scaffold, but also specific chiral center substituents influence the FPR2 agonist
activity of R- or S-enantiomers.

A visual inspection of the molecule overlays on the 5-molecule FPR2 template showed that
in most cases the active enantiomers had alignment modes with non-polar molecular
fragments located in subpocket II, while bromo- or nitro-substituted phenyl rings were
always positioned in subpocket I (Table 3). In particular, moieties without polar atoms (i.e.,
ethyl, propyl, i-propyl, butyl, or phenyl for R-enantiomers 5b, 5c, 5d, 5e, 5f, and 5g;
tetrahydronaphthyl or phenylcyclopropyl for S-enantiomers ML-8 and ML-11, respectively)
occupied subpocket II, while polar substructures (methoxy in benzene rings or indole NH
groups) were located in subpocket III for these alignments. Similarly, for enantiomers
Frohn-11 and Frohn-12 [9], the non-polar part of the benzimidazole moiety (i.e., benzene
ring) was localized in subpocket II for the active Frohn-11 (R-form), while this ring was
localized in subpocket III for the low-activity enantiomer Frohn-12 (S-form). It should be
noted that for the enantiomeric pairs of Compound 1/Compound 2 [13], ML-16/EMY-96,
and PD-362/ST-6, a similar location of their submolecules in subpockets II and III was
obtained in the superimpositions (Table 3). Accordingly, all compounds in these pairs were
active FPR2 agonists (Table 2).

For the enantiomer pair EMY-98/ML-18, all three chiral center substituents were located in
the same subpockets for both molecules in our modeling study, but only the S-enantiomer
ML-18 was active. This is likely due to the high flexibility of molecular chains connecting
the asymmetric carbon with key moieties and, in spite of the reverse configuration of the
chiral center, the molecular fragments could theoretically bind within the same three
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hydrophobic subpockets. On the other hand, the inverted S-enantiomer configuration
appears to lead to undesirable steric and electronic characteristics, resulting in a loss of
FPR2 agonist activity. Indeed, these enantiomers do have different positions of
electropositive and electronegative field points around the periphery of their skeletons
despite having similar hydrophobic center positions. For example, a group of negative field
points of the template (blue tetrahedra) coincide well with a large negative field point (blue
sphere) corresponding to both carbonyl groups of compound ML-18 (see green arrow in
Figure 5, upper panel). In contrast, the conformation of inactive enantiomer EMY-98
aligned with the template has two carbonyl groups located on opposite sides of the
molecular skeleton. This leads to a lower coincidence of negative field points originated
from molecule EMY-98 and the template. Additionally, EMY-98 is characterized by an
incomplete geometric overlap with the template (see green arrow in Figure 5, lower panel).
Obviously, such a difference between ML-18 and EMY-98 is determined by the chiral
character of the template. Hence, the group of negative field points (blue tetrahedra) around
the chiral center can be regarded as an important pharmacophore feature, along with
hydrophobic centers H1, H2, and H3, which allows differentiation between two highly
flexible enantiomers in three-dimensional space. Indeed, the following molecular modeling
supported a role of electro-negative and -positive groups in binding of FPR2 agonists.

Since the geometry and location of the FPR2-binding site were not considered explicitly in
the field point methodology described above, a homology model of FPR2 was created (see
Materials and Methods). Using the MVD “Detect cavity” module, we found that the ligand
binding site(s) of FPR2 had a non-symmetric dumb-bell shape with two cavities of different
sizes (Figure 6A). The smaller cavity (volume 25 Å3) is located deep within the binding site
and is surrounded by residues Val105, Asp106, Leu109, Phe110, Arg201, Trp254, and
Gln258. The larger cavity of the docking site (volume 241 Å3) opens outside the receptor
and has a complex shape with two regions (Figures 6B and 7, center panel). A narrow
channel connecting the two cavities is bounded by residues Phe257, Val260, Ala261,
Thr177, Phe178, and Phe180. Thus, virtual detection of the receptor binding sites and
subsequent visual inspection showed that the FPR2 binding site has 3 well-defined
subpockets. To determine if these subpockets could accommodate the FPR2 agonist
pharmacophore, receptor-docking poses of two molecules used previously to construct the
FPR2 pharmacophore template (compounds AG-10/5 and AG-10/8) were determined.

According to our docking study, the pharmacophore subpocket I is bound by His102,
Val105, Asp106, Leu109, Trp254, Phe257, Ser288, and Phe292 and lies in the smaller 25
Å3 cavity. As reported previously by Fujita et al. [31] this FPR2 domain is occupied by
highly hydrophobic bromo-substituted phenyl rings of the FPR agonists (Figure 6).
Pharmacophore subpockets II and III form the “mouth” of the FPR2 binding site and lie
within the larger 241 Å3 cavity (see Materials and Methods). Pharmacophore subpocket II is
bound by Thr168, Ile169, Pro170, Asn179, and Ala181, and this subpocket is occupied
mainly by non-polar hydrocarbon groups of the FPR agonists. Molecular subgroups with
electronegative heteroatoms can be identified as occupying subpocket III, which is bound by
Gly264, Tyr277, Ile279, and Ala181. It should be noted that the FPR2-specific peptide
agonist WKYMVM, in its best docking pose, occupies all three subpockets, with the N-
terminal indole moiety located in subpocket I (data not shown).

Overall, the geometric configuration of the FPR2 binding site is in a good agreement with
the shape of the hydrophobic field obtained for the FPR2 agonist pharmacophore model. It is
also clear that the hydrophobic field surface reflecting the shape of the “enantiomeric”
(mirrored) template for FPR2 agonist enantiomers does not correspond well to the binding
site shape of FPR2 receptor (Figure 7). Additionally, extrema of negative and positive fields
(“blue” and “red” field points of the template are shown by icosahedra in Figure 7, upper
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and lower panels) correspond well to colored areas of the binding site surface calculated by
the MVD program with the use of charged probe atoms. Thus, this correspondence can be
important for proper orientation of an agonist molecule for penetration into the binding site.

Subsequent modeling with pyridazin-3(2H)-one FPR agonists showed that our FPR2
pharmacophore model is in good agreement with the docking results. For example, a
docking pose of S-(-)-5e, completely overlapping with poses of compounds AG-10/5 and
AG-10/8, is shown in Figure 6B. The docking study of ten FPR2-active
ureidopropanamides showed that the 4-nitrophenyl group of PD168368, ML-16, and ML-8
lies outside of subpocket I, whereas the remaining seven compounds had the 4-nitrophenyl
moiety located in subpocket I in their docking poses where it could form H-bonds with
Arg201 and Gln258. Other chiral center substituents of these molecules were located within
subpockets II and III of the FPR2 binding site similarly to the p-bromo-substituted
pyridazine derivatives, and carbonyl and NH-groups of the amide bridge of these molecules
form H-bonds with Thr177, Phe1789 and Phe257 residues.

4. Discussion
FPRs are GPCRs that are able to recognize many ligands, often of very different chemical
nature [1]. Phylogenetic analysis has revealed that FPRs belong to family of chemosensory
GPCR, which also includes vomeronasal receptors, trace-amine associated receptors, and
odorant receptors [34]. Recently it was postulated that FPRs expressed in the vomeronasal
organs of mammals have an olfactory function associated with the identification of
pathogenic states [35], and Bufe et al. [36] found that these receptors exhibited stereo-
selective preference for peptides containing D-amino acids. Although numerous GPCR have
been characterized as enantioselective receptors [18;19;37], including odorant receptors
[38], only one example of enantioselective recognition of non-peptide ligands by FPRs has
been observed previously [9]. The growing evidence implicating anti-inflammatory and
tissue-protective effects of FPR agonists [16;17] and the recent development of novel chiral
ligands as potential therapeutics and agonists of various GPCR [18;19;39] prompted us to
search for novel non-peptide small-molecule enantiomeric FPR agonists [12;15].

Previously we found that bombesin receptor antagonists PD168368 and PD176252 and their
chiral derivatives were potent FPR1/FPR2 agonists [12]; however, a systematic study of
enantiomer pairs was not performed. In the present studies, we evaluated a small library of
22 structural derivatives of PD168368/PD176252, including seven enantiomer pairs, for
their ability to activate FPR1/FPR2. We showed that among the ureidopropanamides tested,
most of the S-enantiomers preferentially activated FPR2. Because both R- and S-
enantiomers in the pairs EMY-96/ML-16 and ST-6/PD-362 induced Ca2+ flux, we propose
that it is not only the general chemical scaffold that plays a role in determination of FPR
agonist activity for S- or R-counterparts, but also that the specific structure of the chiral
center substituents can contribute to ligand recognition. Indeed, analysis of the enantiomers
of known chiral FPR2 agonists showed that they could be inactive, less active, or have
similar activity at this receptor (see Table 3). Furthermore, three R-enantiomers exhibited
antagonist activity at FPR2 (compounds EMY-89 and EMY-98) or at both FPR1 and FPR2
(compound EMY-87), while their S-counterparts (compounds ML-11, ML-18, and ML-8)
exhibited FPR agonist activity. Although there are a couple examples of enantiomer pairs
with counteractive properties at different GPCRs reported in the literature (e.g., [18]), to
date there are no reports of antagonist activity for enantiomers of any known FPR agonist.

Surprisingly, and in contrast to the activity found with the parent compounds PD168368 and
PD176252, we found that NO2 and CN derivatives which active in FPR1/FPR2-transfected
cells were inactive in our conventional Ca2+ mobilization assay using human neutrophils.
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This finding is supported by our previous findings that some chiral FPR agonists and their
closely related achiral derivatives are much less active for activation of Ca2+ mobilization in
human neutrophils than in the FPR-transfected cells (up to 600 fold by EC50 value) [12].
This activity profile could be related to the more flexible structures of the analogs compared
to PD168368 and PD176252, where an intramolecular H-bond between an amino group and
the carbamide carbonyl atom could significantly restrict conformational freedom of these
molecules. Thus, increased flexibility of the chiral agonists could be analogous to
conformation changes in FPR2 peptide. Alternatively, because OCH3, CF3, Br, and CH3
groups in para-position of phenyl ring of the FPR2 agonists ST-12, ST-13, ST-15, and
ST-16, respectively, are less electronegative than NO2 and CN groups [40] in compounds
PD-362 and ST-14, potency of electrostatic and H-bond interactions in subpocket I could be
important characteristics in activation of G-protein coupling and Ca2+ flux in human
neutrophils.

The possibility that nitro compounds could enter cells with subsequent reduction of their
nitro group during the first minute of the Ca2+ mobilization assay in primary cell suspension
(neutrophils), but not in HL-60 cells, seems unlikely. Indeed, although enzymatic reduction
of nitro compounds could be a relatively fast at hypoxic conditions, their bioreduction at
normoxic conditions, which is relevant to the present Ca2+-mobilization assay, is slow
[41;42]. The nitro derivatives under investigation (Table 1) are closely related to parent
compounds PD168368 and PD176252, which are active under experimental conditions in
vivo and ex vivo, at least for several hours [43-45]. For example, PD176252 was previously
reported to be active during prolonged (65 h) incubation with myometrial explants [45].
Structures of the nitro compounds (Table 1) differ in substituents remote from the nitro-
phenyl moiety, and results obtained by the semi-empirical AM1 method show that changes
in charge distribution in the nitro group were negligible when varying substituents in other
moieties of the molecules (data not shown). Hence, it is reasonable to consider that these
nitro derivatives are active in their initial (not metabolized) forms, at least during the first
minute of the Ca2+-mobilization assay. Indeed, these compounds were stable in aqueous
solution stored for up to week during testing. Finally, the ureidopropanamides that
stimulated Ca2+ flux in FPR-transfected cells still activated other human neutrophil
responses, such as chemotaxis, and desensitized FPR2 responsiveness to WKYMVM.
Furthermore, pretreatment with probenecid, an anion exchange protein inhibitor [32;33],
restored the Ca2+ flux response in human neutrophils treated with these agonists.

Analysis of the literature indicates that probenecid is actually a non-specific inhibitor of
multidrug resistance-associated proteins and can have different effects on several other
cellular targets. For example, probenecid is able to activate transient receptor potential V2
(TRPV2), Ca2+-permeable nonselective cation channel [46], and transient receptor potential
channel subtype A member 1 (TRPA1), a nonselective cation channel [47], and it has been
recently reported that probenecid can directly modulate interaction of GPCR and G-proteins
[48]. In addition, Prossnitz et al. [49] proposed that primary myeloid cells maintain a
subpopulation of FPR in a low-affinity, possibly G protein-free state, which is not a feature
of FPR-transfected HL-60 cells. Because allosteric communication between the ligand-
binding orthosteric site and the cytoplasmic G-protein-binding surface is a fundamental
feature of GPCRs [40], it is possible that certain FPR2 agonists, such as the
ureidopropanamides reported here, could stabilize this receptor in a G-protein-free state, and
additional agents (e.g., probenecid) could reactivate G-protein coupling. Alternatively,
because non-differentiated HL-60 cells and mature neutrophils have different sets of G-
proteins able to couple with FPRs [50;51], the unique property of these chiral FPR2 agonists
could be their ability to modulate conformational changes in FPRs and functional
interactions with different G-proteins. In addition, other known FPR cofactors, such as
ADP-ribosyl cyclase CD38 or macrophage receptor with collagenous structure (MARCO)
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[52;53] in HL-60 cells, could behave somewhat differently from those of primary
neutrophils that can be a potential factor to explain the observed results.

We suggest that, unlike the parent compounds PD168368/PD176252, NO2- or CN -
substituted phenyl ring derivatives lacking a methyl group at the chiral center may uniquely
bind FPR2 and modulate receptor activity as biased agonists. Based on this concept, a biased
agonist exhibits differential ability to activate various signaling pathways [54]. The
molecular basis of this theory is that chemically-distinct agonists of a particular GPCR can
induce a variety of conformation changes in this GPCR, which then promotes distinct
affinity and coupling efficiencies to the various G proteins and also possibly to other
cofactors that interact with the receptor and leads to the activation of different pathways
[54;55]. Although there are many examples of biased activity for other GPCR agonists
(reviewed in [54]), the phenomenon of biased activity at FPRs has not been clearly
elucidated (e.g., [56]). Thus, future experiments will be necessary to characterize these
potential features of chiral ureidopropanamides by evaluation of various FPR-dependent
intercellular pathways.

Our previous modeling experiments suggested that FPR2 agonists might not precisely
occupy all three proposed receptor subpockets [12]. For example, achiral FPR2 agonists
occupied subpockets I and II (compounds AG-09/3 and AG-09/4) or subpockets I and III
(compound AG-09/10) only. Nevertheless, the present pharmacophore modeling assumes
that chiral FPR2 agonists should occupy all three subpockets. On the other hand, docking
poses for several chiral FPR2 agonists (i.e., PD168368, ML-16, and ML-8) occupied
subpockets II and III, while the 4-nitrophenyl group of these molecules did not access
subpocket I. Hence, the docking poses of these molecules are quite different as compared to
the overlay on the field point pharmacophore model. Perhaps, docking was restricted by the
bulkiness of compound substituents. Hence, the narrow channel between subpocket I and the
rest of the binding site may not allow molecules to penetrate into subpocket I, which is
located deep in the FPR2 macromolecule. Although there are significant differences
between EC50 for these agonists at FPR2, the relevance of virtual docking study to
functional effects is unclear. It should be noted, that our docking studies were completed for
a rigid FPR2 structure. Thus, we suggest that geometric differences between docked poses
of the molecules and conformations of their best-fit overlays on the FPR2 pharmacophore
model can also be due to a flexibility of the receptor itself. Improved results could be
obtained with X-ray structures of ligand-receptor complexes, which are not available for
FPRs so far. However, efforts are now in progress to isolate crystals of such complexes with
quality sufficient for X-ray study [57]. Success in these efforts will eventually allow
computational modeling and docking with higher precision.

One of the most important outcomes of this work is the finding that the FPR2 homology
modeling and ligand-based pharmacophore modeling are in good agreement with each other.
These aspects of the computational investigation were performed independently of each
other and show that the first interaction of an agonist with FPR2 could fit well with the lock
and key hypothesis [58]. Using field point methodology, homology modeling, and virtual
docking, we proposed a molecular model that can discriminate between active and non-
active enantiomers and explain stereoselective activity of chiral FPR2 agonists. The fact that
FPR2 is able to discriminate between the enantiomers is the consequence of the presence of
three asymmetric hydrophobic subpockets at the main well-buried orthosteric FPR2-binding
site with specific orientation of charged regions. Hence, active enantiomers can be in either
R- or S-configurations, depending on the molecular scaffold and specific chiral center
substituents. This model could provide guidance for the rational design of novel potent and
selective FPR agonists with unique properties.
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Figure 1.
Effect of the FPR2 antagonist WRW4 on Ca2+ mobilization induced by EMY-96. FPR2
HL60 cells were pretreated for 30 min with DMSO (control) or WRW4 (2 μM), followed by
the addition of 10 μM compound EMY-96, and Ca2+ flux was monitored, as described
under Materials and Methods. Control samples were treated with 1 nM of WKYMVM. The
data are presented as % of response induced by WKYMVM and are the mean ± S.D. of
triplicate samples from one experiment that is representative of three independent
experiments.
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Figure 2.
Analysis of β-arrestin recruitment in cells treated with PD176252 and PD-362. FPR1-CHO-
K1 (○,□) and FPR2-CHO-K1 (■,▲) cells were incubated with the indicated concentrations
of PD176252 (○,■) or PD-362 (□,▲) and analyzed, as described under Materials and
Methods. Representative of three independent experiments.

Schepetkin et al. Page 19

Biochem Pharmacol. Author manuscript; available in PMC 2014 February 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 3.
Analysis of Ca2+ mobilization in FPR2 transfected HL-60 cells treated with S- (ML-8) and
R- (EMY-87) enantiomers. FPR2 HL-60 cells were loaded with Fluo-4 AM dye, and Ca2+

flux in response to the indicated concentrations of compounds or control WKYMVM
peptide (5 nM) was analyzed, as described under Materials and Methods. The data are
presented as % of response induced by WKYMVM and are the mean ± S.D. of triplicate
samples from one experiment that is representative of three independent experiments.
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Figure 4.
Desensitization of formyl peptide-induced Ca2+ mobilization in human neutrophils by
EMY-96. Neutrophils were pretreated with the indicated concentrations of EMY-96 for 30
min, and Ca2+ mobilization was monitored after addition of fMLF (10 nM), WKYMVm (1
nM), or WKYMVM (10 nM). Representative of three independent experiments.
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Figure 5.
Overlay of molecular conformations of enantiomer pair (S)-ML-18/(R)-EMY-98 with the
best fit to the geometry of the FPR2 template. Superimpositions of the conformations to the
template were refined by the simplex optimization algorithm incorporated in FieldAlign.
Field points are colored as follows: blue, electron-rich (negative); red, electron-deficient
(positive); yellow, van der Waals attractive (steric). All field points belonging to FPR
templates are tetrahedral shaped, and field points, belonging to ML-18/EMY-98 are
spherical. The hydrophobic field surface is colored in orange. The main groups of negative
field points are marked as “A” and “B”, the main group of positive field points is marked as
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“C”, and the three hydrophobic surfaces are marked as H1, H2, and H3 in accordance with
our previously reported FPR2 pharmacophore model [12]. The green arrows point to
positions of the large negative field points (blue spheres) corresponding to both carbonyl
groups of compound ML-18 and an incomplete geometric overlap of EMY-98 with the
template.
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Figure 6.
Homology model of FPR2 agonist docking. Panel A. A PDB file of the homology model for
FPR2, based on bovine rhodopsin template, was loaded into MVD software and the “Detect
cavity” feature was applied with probe size 1.2 Å to identify potential areas of the protein
where ligands could be docked. Two cavities were found with volumes 241 Å3 and 25 Å3

(indicated by arrows). The docking pose of PD176252 in the FPR2 lignd-binding site is
shown. Panel B. Overlapping docking poses of FPR2 agonists S-(-)-5e (red), AG-10/5
(magenta), AG-10/8 (green), and EMY-96 (yellow) in the FPR2 ligand-binding site with
schematic representation of the three receptor subpockets (yellow dashed line) described
previously [12].
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Figure 7.
Model of chiral compound docking to FPR2. Geometry of the hydrophobic field surface of
the pharmacophore model, but not its mirrored (chiral) template matches to the binding site
geometry of FPR2. An FPR2 agonist can approach the FPR2 binding site from the top
(“mouth”) of the cavity, shown by dashed yellow line around the agonist template
(hydrophobic regions H2 and H3) and around the cavity mouth, which includes subpockets II
and III. Field points are colored as follows: blue, electron-rich (negative); red, electron-
deficient (positive); yellow, van der Waals attractive (steric). Hydrophobic region H1
(usually associated with 4-nitrophenyl or 4-bromophenyl groups in FPR2 agonists) should
properly fit into subpocket I of the FPR2 ligand-binding site. The cavity of the FPR2

Schepetkin et al. Page 25

Biochem Pharmacol. Author manuscript; available in PMC 2014 February 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



binding site shows the position of side chain tails of EMY-96 in subpockets II and III.
Surface coloring was made according to electrostatic properties, whereby negatively and
positively charged areas are shown in red and blue, respectively. It should be noted, that
blue (positively charged) surface areas of the receptor correspond to blue field points
obtained with positive probe atom and red (negatively charged) surface areas of the receptor
correspond to red field points obtained with negative probe atom. Areas of subpockets are
indicated with light-blue arrows. Numeration of subpockets and the hydrophobic surface of
the FPR2 pharmacophore model are as described previously [12].
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Table 1

Structure of parental bombesin receptor antagonists PD176252 and PD168368 and their derivatives

Compound (Enantiomer Type) R1 R2 R3

ST-12 (S) OCH3 H

ST-13 (S) CF3 H

ST-14 (S) CN H

ST-15 (S) Br H

ST-16 (S) CH3 H

PD-362 (S) NO2 H

ST-6 (R) NO2 H

PD-361 (S) NO2 CH3

EMY-124 (S) NO2 CH3

PD-359 (R) NO2 CH3

ML-8 (S) NO2 H

EMY-87 (R) NO2 H

ML-11 (S) NO2 H

EMY-89 (R) NO2 H

ST-11 (S) NO2 H

ST-9 (R) NO2 H
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Compound (Enantiomer Type) R1 R2 R3

ML-18 (S) NO2 H

EMY-98 (R) NO2 H

ML-16 (S) NO2 H

EMY-96 (R) NO2 H

PD-360 (S) NO2 CH3
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