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Abstract

We screened a chemolibrary of drug-like molecules for their ability to activate reactive
oxygen species (ROS) production in murine phagocytes and identified 26 novel compounds with
potent neutrophil activating properties. We used substructure screening, fragment-focusing, and
structure-activity relationship (SAR) analyses to further probe the parent library and defined at
least two groups of activators of ROS production in murine neutrophils: t-butyl benzene and
thiophene-2-amide-3-carboxylic ester derivatives. Further studies of the active compounds
revealed 11 compounds that activated ROS production in human neutrophils, and 6 of these
compounds also activated intercellular Ca®* mobilization and chemotaxis in human neutrophils.
Of the latter compounds, compound 14 (1,3-benzodioxolane-5-carboxylic acid 4’ -benzyloxy-3’ -
methoxybenzylidene-hydrazide) activated neutrophils at nM concentrations, and Ca®*
mobilization was inhibited by pertussis toxin and N-t-butoxycarbonyl-Phe-Leu-Phe-Leu-Phe
(Boc-2), an antagonist of formyl peptide receptors (FPR/FPRL1). Likewise, activation by
compound 14 was desensitized after N-formyl-Met-Leu-Phe (fMLF) pretreatment. Similar
biological activities were found for compound 104 (1,3-benzodioxolane-5-carboxylic acid 3'-
bromo-5’ -ethoxy-4' -hydroxybenzylidene-hydrazide), an analog of compound 14. Furthermore,
conformational analysis of the activators of chemotaxis and Ca®* mobilization showed a high
degree of similarity in distances between pharmacophore points of compounds 14 and 104 with a
model of FPR published by Edwards et al. (Mol. Pharm. 2005, 68: 1301-1310), indicating
conformational features of the agonists identified here are structurally-compatible with steric
constraints of the ligand-binding pocket of the receptor. Based on these results, we conclude that
compounds 14 and 104 represent novel small-molecule agonists of FPR. These studies enhance

our understanding of FPR ligand/receptor interactions and structure/activity relationships of

phagocyte agonists.
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Introduction

The host defense response of humans is complex and multileveled, involving many cell
types with distinct but overlapping roles (Beutler, 2004). One of the earliest cell types
responding to invasion by potentially pathogenic organisms is the phagocytes, which are key
participants in the innate immune response (Beutler, 2004). These cells perform a variety of
complex microbicidal functions, including chemotaxis, phagocytosis, and destruction of targeted
organisms (Witko-Sarsat et al., 2000). Indeed, the spectrum of microorganisms kept in check by
phagocytes includes fungi, bacteria, and virus-infected cells (Witko-Sarsat et al., 2000).

Phagocytes can be activated by a wide variety of stimuli, including cytokines and other
endogenous chemical messengers, pathogen-associated molecular structures, and oligopeptides
derived from various pathogens or produced endogenously (Beutler et al., 2003;Guo and Ward,
2005). In addition, novel phagocyte agonists have been identified by screening cultured cell
lines transfected with specific receptors to identify new receptor ligands. This highly-specific
method has revealed agonists to receptors for granulocyte colony-stimulating factor (Tian et al.,
1998), N-formyl peptides (Nanamori et al., 2004), C3a (Mathieu et al., 2005), and C5a (Buck and
WEells, 2005). However, this approach is somewhat restricted by the limited availability of
known receptor targets, and agonists identified with cell lines often respond differently in
functional testing with primary cell targets (Buck and Wells, 2005;Mathieu et al., 2005).
Primary phagocytes have also been utilized in screening for novel agonists, and this approach
led to the identification of a number of small molecules that induce interferon-o. in macrophages
and may be agonists of Toall-like receptor 7/8 (Fletcher et al., 2006). Likewise, Bae et al. (2003)
identified an activator of phospholipase C using primary high-throughput screening that was
based on measurement of reactive oxygen species (ROS) production by human neutrophils. In
most other reports on this topic, phagocyte activating properties have primarily been reported as
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side-effects of various drugs [for review see (Labro, 2000)]. For example, several cephalosporin
antibiotics have been shown to stimulate neutrophils (Scheffer et al., 1992), and it has been
suggested that enhancement of phagocyte function may contribute to the antibacterial action of
these antibiotics. Phagocytes can also be activated by nonsteroidal anti-inflammatory drugs,
which is potentially a negative or pro-inflammatory side-effect of these drugs (Fiorucci et al.,
1997).

The wide range of unrelated substances with phagocyte-activating properties suggests the
possibility that compounds or drugs from different pharmacological groups (or target families)
could have common structural scaffold(s) associated with phagocyte activation. Furthermore,
determination of these privileged structures would not only enhance our understanding of the
structure/activity relationships of known phagocyte activators but may also lead to the
development of novel phagocyte agonists. To address thisissue, we screened adiverse library of
drug-like molecules in an effort to identify novel compounds that stimulate neutrophil functional
activity and used molecular modeling methods to analyze structural features of these agonists.

Screening of a 10,000-molecule chemolibrary resulted in the identification of several
compounds that activated neutrophil ROS production at low micromolar concentrations. Further
substructure screening, fragment-focusing, and structure-activity relationship (SAR) analysis of
the parent library revealed at least two groups of neutrophil activators: compounds bearing 1) a
thiophene-2-amide-3-carboxylic ester scaffold or 2) a t-butyl benzene submolecule. One of the
selected compounds activated intercellular Ca?* mobilization and chemotaxis in human
neutrophils at nM concentrations, and the former effect was inhibited by a pertussis toxin and N-
t-butoxycarbonyl-Phe-Leu-Phe-Leu-Phe (Boc-2), a specific inhibitor of FPR/FPRLL.
Furthermore, compound-based pharmacophore modeling showed a high degree of similarity for

several low-energy conformations of this compound and its analog to the current pharmacophore
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model for FPR ligands (Edwards et al., 2005). Thus, these compounds represent novel FPR

agonists, which may enhance our understanding of the molecular requirements of FPR ligands.
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Materialsand Methods

Materials. 8-Amino-5-chloro-7-phenylpyridol[3,4-d]pyridazine-1,4(2H,3H)-dione (L-
012) was obtained from Wako Chemicals (Richmond, VA, USA). Dimethyl sulfoxide (DM SO),
bovine superoxide dismutase (SOD), cytochrome C, horseradish peroxidase (HRP), N-formyl-
Met-Leu-Phe (fMLF), Percoll, Histopaque 1077, Histopague 1119, and phorbol-12-myristate-13-
acetate (PMA) were purchased from Sigma Chemical Co. (St. Louis, MO). Pertussis toxin
(PTX) and interleukin-8 (IL-8) were purchased from Calbiochem (San. Diego, CA) and
PeproTech Inc. (Rocky Hill, NJ), respectively. 10X Hank’s balanced-salt solution, pH 7.4 (10X
HBSS) (without Ca®*, Mg?*, and phenol red) was from Gibco/BRL. N-t-butyloxycarbonyl-Phe-
pLeu-Phe-pLeu-Phe (Boc-2) was obtained from Phoenix Pharmaceuticals (Belmont, CA).
Percoll stock solution (100% Percoll) was prepared by mixing Percoll with 10X HBSS at aratio
of 9:1 (v/v).

The chemical diversity set of 10,000 compounds was obtained from TimTec Inc.
(Newark, DE). This library was randomly assembled to maximize chemical diversity with
commonly-accepted pharmaceutical hit structures. The compounds were diluted in DMSO at a
concentration of 2 mg/ml and stored at -80°C.

Isolation of Murine Bone Marrow L eukocytes and Neutrophils. All animal use was
conducted in accordance with a protocol approved by the Institutional Animal Care and Use
Committee at Montana State University. Bone marrow leukocytes were flushed from tibias and
femurs of BALB/c mice with HBSS, filtered through a 70 pum nylon cell strainer (Becton
Dickinson, Franklin Lakes, NJ) to remove cell clumps and bone particles, and resuspended in
HBSSat 1 x 10° cells/ml.

Bone marrow neutrophils were isolated from bone marrow leukocyte preparations

following methods adapted from (Hart et al., 1986). Leukocyte pellets prepared as described
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above were resuspended in 3 ml of 45% Percoll solution and layered on top of a Percoll gradient
consisting of 2 ml each of 50, 55, 62, and 81% Percoll solutions in a conical 15-ml
polypropylene tube. The gradient was centrifuged at 1,600 x g for 30 minutes at 10°C, and the
cell band located between the 61 and 81% Percoll layers was collected. The cells were washed,
layered on top of 3 ml of Histopaque 1119, and centrifuged at 1,600 x g for 30 minutes at 10°C
to remove contaminating red blood cells. The purified neutrophils were collected, washed, and
resuspended in HBSS.

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 cdls, as described
previously (Gauss et al., 2005). Isolated neutrophils were washed twice and resuspended in
HBSS. Neutrophil preparations were routinely >95% pure, as determined by light microscopy,
and >98% viable, as determined by trypan blueexclusion.

Analysis of ROS Production. ROS production was determined by monitoring L-012-
enhanced chemiluminescence, which represents a sensitive and reliable method for detecting
superoxide anion (O2") production in in vitro and ex vivo systems (Daiber et a., 2004). Bone
marrow leukocytes were resuspended at 10° cellsml in HBSS containing Ca®* and Mg**
(HBSS") and supplemented with 40 uM L-012 and 8 ug/ml HRP. Cells (100 pl) were aliquotted
into wells of white 96-well flat-bottom microtiter plates containing test compounds diluted in
100 ul HBSS' (final DM SO concentration of 1%). Luminescence was monitored for 60 min (2
min intervals) at 37°C using a Fluroscan Ascent FL microtiter plate reader (Thermo Electron,
Waltham, MA). The curve of light intensity (in relative luminescence units) was plotted against

time, and the area under the curve was calculated as total luminescence. The percent activation
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of ROS was calculated as follows: % activation = (sample-DM SO control)/DM SO control x 100.
For lead compounds, the minimal compound concentration that enhanced ROS production by
50% above background control cells (ACsp) was determined by graphing the % activation of
ROS versus the logarithm of concentration of test compound. Each curve was determined using
5-7 compound concentrations.

For selected compounds, ROS production was determined for isolated murine and human
neutrophils using the protocol described above, and ACs, values were calculated. The final
concentration of cellsin these assays was 5 x 10° cells/ml.

Ca”* Mobilization Assay. Changes in intracellular Ca?* were measured with a
FlexStation Il scanning fluorometer using a FLIPR 3 Calcium Assay Kit (Molecular Devices,
Sunnyvale, CA). Briefly, human neutrophils suspended in HBSS containing 10 mM Hepes were
loaded with FLIPR Calcium 3 dye following the manufacturer’s protocol. After dye loading,
Ca®* was added to the cell suspension (2.25 mM final), and 100 ul of cell suspension were
aliquotted into the wells of a black flat-bottom microtiter plate (2 x 10° cellswell). The
compound source plate contained dilutions of test compounds in HBSS. Changes in
fluorescence were monitored (Ae=485 Nm, Aer=525 Nm) every 5 sec for 240-500 sec at room
temperature following automated addition of compounds to the cells. Maximum change in
fluorescence, expressed in arbitrary units, over baseline was used to determine agonist response.
Curve fitting and calculation of median effective concentration (ECso) value were determined by
nonlinear regression analysis of the dose-response curves generated using GraphPad Prism 4
(GraphPad Software, Inc., CA). Evaluation of all selected test compounds for auto-fluorescence
(Ae=485 NM, Aei=525 nm) indicated they had no background fluorescence in the Ca®*

mobilization assay buffer system (data not shown).
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For desensitization assays, 5 nM fMLF (ECso dose) was first added to cells, followed by
incubation for 4 min and then addition of test compounds or 5 nM fMLF. Reactions were
monitored for an additional 4 min.

Chemotaxis Assay. Neutrophil chemotaxis was analyzed in 96-well ChemoTx
chemotaxis chambers (Neuroprobe, Gaithersburg, MD). Lower wells were loaded with 30 pl of
HBSS' containing 2% fetal bovine serum (FBS) and the indicated concentrations of test
compound, DM SO (negative control), or 50 nM IL-8 (positive control). Neutrophils suspended
in HBSS' containing 2% FBS (2 x 10° cells/ml) were added to the upper wells and allowed to
migrate through a 5.0-um pore polycarbonate membrane filter for 60 min at 37°C and 5% CO..
After incubation, the upper wells were gently aspirated from the filter, 2.5 mM EDTA was added
to the upper wells for 5 min, and the wells were rinsed again to remove remaining cells. The
plates were centrifuged (800 x g) for 5 min to dislodge any cells adherent to the underside of the
filter, and the filter was removed. The number of migrated cells was determined by measuring
ATPin lysates of transmigrated cells using a luminescence-based assay (Cell Titer-Glo, Promega,
WI). Luminescence measurements were converted to absolute cell numbers by comparison of
the values to standard curves created by aliquotting known numbers of neutrophilsinto the lower
wells of a ChemoTx plate and processing then identically to the test sample wells. The results
are expressed as percent of negative control and were calculated as follows: (number of cells
migrating in response to test compounds/spontaneous cell migration in response to control
medium) x 100. ECs values were determined by nonlinear regression analysis of the dose-
response curves generated using GraphPad Prism 4 software.

Conformational Analysis. For selected agonists, sets of conformations were generated
using the Conformational Search Module, as implemented in HyperChem Version 7.0

(Hypercube, Inc., Canada). The systematic search of conformations for each compound was
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performed by energy minimization, starting with 1000 to 2000 initial geometries at random
values of torsion angles about exocyclic single bonds and chemical bonds within non-aromatic
cycles. Energy was minimized by the Polak-Ribiere conjugate gradient method with MM+ force
fild (HyperChem). Attainment of an rms gradient <0.02 kcal/mol-A was used as the
termination condition for minimization. Conformations were considered equivalent if all the
corresponding torsion angles differed by less than 20° between conformations. Results of the
conformational search were saved as text files in HCS format adopted in HyperChem. These
files were used as input for a computer program that analyzed each conformation and calculated
distances between atoms specified by user as potential acceptors of H-bonds or hydrophobic
points. We placed the hydrophobic centers in the middle of aromatic or thiophene rings, while
the acceptor centers were positioned at hydroxyl, carbonyl, ether, or ester oxygen atoms, which
are known as strong H-bond acceptors. The distances calculated were compared with those in

the pharmacophore model published previously by Edwards et al. (Edwards et al., 2005).

11

202 ‘6 |Udy uo sfeudnor 134SY e Blo'seulnofiedse wireyd jow wioJ) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on January 17, 2007 as DOI: 10.1124/mol.106.033100
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #33100

Results

High-throughput Screening for Compounds that Activate the Phagocyte ROS Production

To identify novel compounds that activate functional activity of phagocytes, we screened
alibrary of compounds with molecular weights from 200 to 550 Da. This library was randomly
assembled to maximize chemical diversity with commonly accepted pharmaceutical hit
substructures, including 6118 compounds containing an amide linker. However, the library did
not contain lipids or compounds with metal-organic, aminoglycoside, and macrocyclic scaffolds,
all which have been reported previously as stimulators of neutrophil functions (Kenny et al.,
1992;Labro, 2000). The main substructures included in the parent 10,000-compound
chemolibrary are summarized in Table 1.

ROS generation was used as an index to monitor phagocyte functional activity after
treatment with a test compound. Since test compounds were delivered in DM SO, we first
evaluated the effects of DM SO on our assay system and found that 1% DM SO inhibited the
luminescence signal produced by PMA-stimulated bone marrow leukocytes in a peroxidase-free
detection system (~70% decrease in signal vs. non-DM SO control) (data not shown). Indeed,
DMSO is a potent hydroxyl radical scavenger (Klein et al., 1981) and has been reported to
suppress ROS production in neutrophils stimulated by different compounds (Beilke et al., 1987).
To address this issue, we found that addition of HRP to the assay significantly attenuated the
inhibitory effect of 1% DM SO on ROS production by PMA-stimulated bone marrow leukocytes
in the luminescence-based assay (<20% decrease in signal vs. non-DM SO control) (data not
shown). Thus, this assay system was used for primary screening. Note that addition of HRP has
been shown previously to enhance ROS detection in luminol-based assay systems (Lundqvist

and Dahlgren, 1996). In addition, baseline luminescence due to ROS production in
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unstimulated, resting cells and was completely inhibited by 10 U/mL SOD, demonstrating
specificity of this assay system (data not shown).

Using the primary assay system described above (L-012/HRP), we evaluated the effect of
each compound on ROS production in bone marrow leukocytes, and a compound was defined as
a lead if it exhibited >2-fold enhancement of ROS production compared to baseline ROS
production at a final compound concentration of 20 ug/ml. Primary screening resulted in the
selection of 523 compounds from the parent library (5.2% hit rate) with putative phagocyte
activating properties, and further dose-response analyses were performed with these compounds
using standard luminescence-based assay conditions with bone marrow leukocytes. As
examples, representative kinetic curves and dose-response curves for compounds 1 and 9 are
shown in Figure 1. Notice that individual compounds stimulated ROS production with distinct
kinetics, some inducing a bimodal response (Figure 1A) and others inducing a unimodal
response (Figure 1B). For primary screening, we determined ACs instead of standard ECs
values because it was difficult to determine the real effective concentration in many cases, as
some of the test compounds were insoluble and/or inhibited the cell response at increasing
concentrations of compound. As result of the dose-response analyses, 56 compounds were found
to have ACspvalues < 35 uM. In general ACsp valuesin the murine neutrophil-based assay were
~2-fold higher than those determined with bone marrow leukocytes (Table 2). However, it
should be noted that a good linear correlation was found [r=0.727; n=55; one outlier (compound
3) was excluded] by plotting the negative logarithm of ACsy values for isolated murine
neutrophils vs. the negative logarithm of ACsp values for bone marrow leukocytes (Supplemental
Figure S1), indicating that the use of bone marrow leukocytes in primary screening provided a

reasonable approach for identifying neutrophil agonists.
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The size of the hit set was further reduced by applying a series of experimental filters to
eliminate insoluble compounds and oxidants/reductants, which could nonspecifically activate
cells or react with the ROS assay system components. These filters included microscopic
determination of insoluble aggregates and evaluation of ROS-inducing activity of the compounds
in bone marrow leukocytes after filtration of the test compounds through 0.22 um filter. In this
primary screening, compounds with low water solubility were filtered out because crystals of
substances are known to activate neutrophils (Jackon et al., 2000). Compounds that directly
induced luminescence or reduced cytochrome C in the absence of cells were also filtered out
(Nemeikaite-Ceniene et al., 2005). Interestingly, 13 nitrile derivatives with relatively high
neutrophil-activating properties were present in the group of compounds removed by these
filters. Based on the results of these filters, we selected 26 compounds with the highest activity
(ACsp< 20 uM) as a set of prospective agonists for analysis in human neutrophils, and structures

of the selected compounds and their activities are presented in Table 2.

Effect of the Hit Compounds on Human Neutr ophils Functional Responses

Hit compounds identified in murine neutrophil screening were evaluated for their ability
to activate human neutrophil ROS production, and we found 12 of the 26 lead compounds
activated human neutrophil ROS production with ACso values in the range of 1.9-38.6 uM
(Table 2). To further investigate the effects of test compounds on human neutrophil function, we
evaluated the ability of these compounds to induce Ca®* mobilization and chemotaxis. Initialy,
we tested the 56 compounds identified by primary screening and found six compounds that dose-
dependently activated intercellular Ca®* ([Ca®"];) release in human neutrophils with ECs, values
<25 uM (Table 3 and Figure 2). Note that five of these compounds were present in the 26-
compound active set (Table 2). Compounds 1, 2, 22, and 30 induced [C&*]; release at low uM

14
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concentrations, whereas compounds 14 and 26 activated C&’* release at nM concentrations
(Table 3). In addition, effects of compounds on the [Ca®']; response were consistently observed
between different donors. As shown in Figure 2, kinetics of the [Ca’"]; response differed
between compounds. For example, addition of either control fMLF or compounds 14, 26, and 30
caused arapid increase in [Ca’*];, which peaked by 1 min and gradually declined to basal values,
reflecting clearance of Ca®* from the cytosol (Figure 2A). In contrast, [Ca’"]; increased after a
lag of ~1 min following compound 22 treatment and remained elevated for at least 5 min after
treatment (Figure 2A). Likewise, alag of ~1 min was observed after treatment with compounds
1 and 2; however, maximal levels of [Ca’"];, were not achieved until ~10 min following
treatment and these levels were sustained for at least 20 min (Figure 2B). The sustained level of
[Ca®™];, induced by compounds 1, 2, and 22 suggests that these compounds may utilize distinct
pathways for neutrophil activation, which are different than those utilized by fMLF. In order to
determine the origin of the [C&’"]; eevation caused by the selected compounds, human
neutrophils were stimulated with test compounds in the absence of extracelular C&* in the
medium. All 6 compounds still evoked [Ca®']; responses in the absence of extracellular Ca*,
athough the levels of [Ca®']; achieved were much lower than those observed in the presence of
extracelular Ca&2* (data not shown). Thus, these results indicate that the selected compounds can
induce release of intracellular Ca®* stores, but that most of the [Ca®']; response resulted from
extracellular Ca®* influx.

Five compounds (2, 14, 22, 26, and 30) were found to be neutrophil chemoattractants and
dose-dependently induced neutrophil migration with ECsp values of 40 nM to 13 uM (Table 3),
and a representative dose-response curve is shown in Supplemental Figure S2. Thus, except for
the thiophene derivative (compound 1), the selected compounds that activated [Ca®'];

mobilization were also chemoattractants.
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Since compound 14 was a potent activator of neutrophil [Ca®]; mobilization and
chemotaxis, we searched the parent library of other analogs bearing the 1,3-benzodioxolane-5-
carboxylic acid benzylidene-hydrazide scaffold. This substructure was selected from the
molecule because it contained al 3 pharmacophore points characteristic of FPR ligands (see
Conformational analysis). The parent compound library contained 6 such analogs (Table 4).
Analysis of these analogs showed that compound 104 was a potent neutrophil agonist, inducing
[Ca®™]i mobilization and chemotaxis (Table 3). Indeed, the kinetics of [Ca®]i mobilization
induced by compound 104 were also quite similar to fMLF (data not shown). The other 5
analogs had lower activity, inducing [Ca®"]; responses considerably less than 5 nM fMLF (Table
4). One reason for the lower activity of these compounds may be that they contain a carbonyl
group in substituent R, which could lead to the formation of intermolecular H-bonds and
attenuate interaction of these compounds (105-109) with an appropriate receptor.

The response patterns observed for our hit compounds listed in Table 4 suggested they
could be agonists of G protein-coupled receptors (GPCR), as is the case for many neutrophil
chemoattractants (Zhelev and Alteraifi, 2002). To evaluate this hypothesis, we tested the effect
of pertussis toxin (PTX), a specific inhibitor of Gi/Gs-proteins, on [Ca*]; mobilization in human
neutrophils stimulated by the compounds listed in Table 3. As shown in Figure 3, PTX (2
ng/ml) blocked [C&?*]; influx in human neutrophils treated with control fMLF (0.6-100 nM) or
with compounds 1, 2, 14, 26, 30, and 104; whereas, PTX treatment did not have a significant
effect on the [Ca®"]; flux induced by compound 22. The results indicate that at least 6 of our lead
compounds likely activate human neutrophils through PTX-sensitive GPCR(s). Note, however,
that the slopes of the dose-response curves and effects of PTX varied between compounds,

suggesting differencesin affinity and/or binding target. In addition, the highest concentrations of
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test compounds may cause non-specific effects, as the data do not fit as well to the dose-response
curves for high concentrations of some compounds.

Human neutrophils express FPR/FPRL1, which is a remarkably promiscuous receptor
(Nanamori et al., 2004;Edwards et al., 2005). Therefore, we considered the possibility that some
of the test compounds were ligands for FPR/FPRL1 by testing the effect of Boc-2, a specific
antagonist of FPR/FPRL1 (Gavins et al., 2003). As shown in Figure 3, pretreatment of human
neutrophils with 10 pM Boc-2 strongly inhibited [Ca?*]; mobilization in neutrophils stimulated
with control fMLF or compounds 14, 30, and 104. In comparison, Boc-2 failed to inhibit [Ca®'];
mobilization induced by compounds 22 and 26 and even enhanced the [Ca®']; response induced
by compounds 1 and 2. Overall, these results suggested that compounds 14, 30, and 104 might
be nove agonists for FPR/FPRL1. To further evaluate this issue, we examined whether fMLF
pretreatment desensitized the neutrophil response to compounds 14, 30, and 104. After 5 min
pretreatment with 5 nM fMLF, the cells were treated with fMLF or the selected compounds at an
ECio dose. As demonstrated in Figure 4 (fMLF pretreatment=dashed curves, vehicle
pretreatment=solid curves), pretreatment with 5 nM fMLF markedly attenuated [Ca?'];
mobilization induced by control fMLF (homologous desensitization) as well as by compounds
14, 26, 30, and 104. Furthermore, when the neutrophils were pretreated with 50 nM fMLF, they
could not respond at al to compound 14 (data not shown). In comparison, fMLF pretreatment
had no effect or even enhanced [Ca?*]; mobilization induced by compounds 1, 2, and 22 (Figure
4, dashed lines), which is similar to the enhancement observed when Boc-2-treated cells were

activated with compounds 1 or 2 (Figure 3, B and C).

Substructure Analysis and Fragment Focusing
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Examination of the structures representing the most potent phagocyte agonists (Table 2)
revealed that these compounds contained at least two hydrophobic centers separated by a 3-10
chemical bond-linker and at least 2-3 potential acceptors for H-bonding (carbonyl, ester, ether, or
hydroxyl oxygen atoms). Half of the 26 compounds contained two main classes of molecular
fragments, and compounds containing either a t-butyl benzene fragment or a thiophene-2-amide-
3-carboxylic ester substructure were enriched ~50-fold compared to their relative representation
in the parent set (Table 1). In contrast, the relative proportion of compounds containing amide
and sulfonamide linkers, 5/6-membered N-containing heterocycles, furans, phenylureas, or
halogen atoms was not substantially different between parent and active sets of compounds.

To determine essential molecular scaffolds associated with neutrophil-activating
properties, we conducted a comparison of the main chemical substructures among the 26 selected
neutrophil activators with a number of previously published activators of phagocytes and/or
neutrophil receptor agonists (see Supplemental Table S1). Most of these compounds are either
direct activators or priming agents of neutrophils; however, lipids, phorbol ester derivatives, and
aminoglycoside and macrocyclic antibiotics were not included here because they contain
structural scaffolds that were not present in our parent chemolibrary. The main scaffolds present
in reported phagocyte agonists and their distributions in our parent library are shown in Table 5.
Although there was no general scaffold present in all previously-reported structures, most of
these compounds contain at least one benzene ring or heterocycle and/or iso-/t-butyl group
(Table 5). Three compounds (enalaprilate, pidotimod, and Pro-Pro) contain the substructure
designated as scaffold Il and are Pro-related compounds. In addition, indomethacin, MK-886,
tiprotimode, tuftsin, anisomycin, and a C5a agonist contain a similar scaffold with a carboxyl-
containing aliphatic group located at various positions of a 5-membered heterocycle (not shown).

Thus, 10 of 30 reported phagocyte activators contain scaffold 1l or a related substructure. It
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should also be noted, that 6 of the 26 most potent agonists identified here (compounds 1, 6-8, 15,
and 16) (hit rate 23.1%) contain scaffold Il expressed as a thiophene-amide ester substructure
(Tables 1 and 2). In general, scaffold Il may be similar to damage-associated Pro-related
molecular patterns, although the targets involved in their recognition have yet to be identified.

Previously reported phagocyte agonists also contained other substructures that were
present in the parent library. Of note, amorolfin contains a t-butyl benzene scaffold, which is
characteristic of our most potent neutrophil agonists (compounds 2, 19, 20, 21, 23, and 25).
Terbinafine, terbutaline, and MK-886 also contain the t-butyl group as well. However, most
other substructures found in previously reported neutrophil activators were, with exception of
compounds 9 and 25, not present in the highly-active prospective set because these compounds
had ACs, values >20 uM (Table 5).

Based on substructure analysis and analysis of structures for previously reported
phagocyte agonists, two series of compounds (t-butyl benzene derivatives and thiophene-2-
amide-3-carboxylic esters) were extracted from the parent chemical diversity set for further SAR
analyses. The parent library contained 42 t-butyl benzene derivatives, and 16 of these were
agonists of murine neutrophils (ACs<40 uM, hit rate 38.1%), whereas 6 were potent agonists of
human neutrophils (ACs0<20 uM) (Supplemental Table S2). Forty-seven thiophene-2-amide-3-
carboxylic esters were present in the parent library, although many of these compounds were not
selected in primary screening because of their lower solubility. Re-screening of these derivatives
(Supplemental Table S3) showed 27 were activators of ROS production in bone marrow
leukocytes (ACs0<20 uM, hit rate of 57.5%). Of these compounds, 16 were potent activators of
isolated murine neutrophils (ACso<4 uM, hit rate 34.0%), but only two (1 and 15) activated
human neutrophils. Therefore, it appears that the thiophene derivatives are more specific for

murine neutrophils vs. human neutrophils.
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Conformational Analysis

Recently, Edwards et al. (Edwards et al., 2005) developed a pharmacophore model for
FPR ligands that was based on results of docking of known receptor agonists and antagonists
onto a homology model of the receptor. This mode has three points. two acceptors for H-
bonding and one hydrophobic point. Using this pharmacophore model, we evaluated distances
between the pharmacophore points for low-energy conformations of the seven small-molecule
neutrophil agonists shown in Table 3. To verify that the model was more specific for FPR vs.
FPRL1, appropriate distances in conformations of a small-molecule agonist of FPRL1, Quin-C1
(Nanamori et a., 2004), were also estimated.

Although our neutrophil activators represent a diverse set of compounds, visual
inspection of their structures allowed us to identify two acceptors for H-bonding and at least one
hydrophobic site in six of the seven selected compounds. Compound 2 was not analyzed
because it did not contain two appropriate acceptors for H-bonding. Considering that these are
flexible molecules, we explored their potential energy surfaces using a conformational search
with an MM+ force field, and the conformations within an energy gap of 6 kcal/mol over the
global minimum (Nicklaus et al., 1995) were stored. The numbers of non-equivalent
conformations (Ncorr) found for each of the compounds investigated are shown in Table 6, and
calculated distances that fit model tolerances are indicated in bold. Neoyr values differed
significantly, depending on the flexibility of the compounds. The most active agonist
(compound 14) had 710 conformations, and three of these conformations fit quite well into the
pharmacophore model, meeting appropriate tolerance distances (Table 6 and Figure 5). Theless
active compounds 22, 30 and 104 had arrays of 788, 48 and 379 N, respectively, and two of

these conformations fit well into the pharmacophore model for each compound (Table 6).
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Although compound 22 has two conformations with good fit, the long acyl tail at the benzene
ring may result in an unfavorable steric interaction in the area of the putative receptor. Onefitted
conformation was found for compound 1; however, this conformation had a 5.0 A-distance for
Ai-H, which is on the low range of tolerance for this distance. Conformations for both
compound 26 and Quin-C1 did not fit well into the model, as one of three distances between
their pharmacophore points were out of tolerance distances for their best-fit conformations

(Table 6).

21

202 ‘6 |Udy uo sfeudnor 134SY e Blo'seulnofiedse wireyd jow wioJ) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on January 17, 2007 as DOI: 10.1124/mol.106.033100
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #33100

Discussion

The identification of agents that enhance innate immune responses represents a promising
approach for increasing host resistance to infection (Schiller et al., 2006). In the present report,
we utilized high-throughput screening of a large chemical diversity library to identify unique
small-molecule activators of neutrophils. For primary screening, we used murine total bone
marrow leukocytes, since various neutrophil purification techniques have been shown to alter
cell responsiveness, either activating or impairing cellular responses (Zahler et al., 1997). Thus,
the use of unpurified leukocytes minimizes phagocyte activation during isolation and, thus, more
accurately reflects the physical condition of these céllsin vivo. Thisis areasonable approach for
primary screening of phagocyte agonists, as ROS generation in bone marrow preparations is
primarily due to neutrophils and macrophages, and lymphocytes present do not rel ease detectable
ROS (Li and Chung, 2003). Following primary screening and filtering of compounds, we then
moved to analysis of effects on purified murine neutrophils, followed by final confirmation with
human neutrophils. Interestingly, screening with murine neutrophils resulted in the identification
of 26 compounds that activated ROS production; however, only 12 of these compounds were
effective activators of human neutrophils. Thus, these data provide further indication of
differences in responsiveness between human and murine phagocytes, and further analysis of
compounds that selectively activate murine neutrophils may provide clues to explain such
species-specific differences in responsiveness.

It is interesting that luminescence responses induced by test compounds varied between
individual compounds, resulting in either unimodal or bimodal curves (see Figure 2). Since the
various agonists identified here were found to utilize different pathways, including FPR and non-
FPR pathways, it is reasonable that distinct response patterns would be induced. Such variations

in luminescence responses have been reported previously and have been suggested to be related
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to differential effects of agonists on degranulation, Ca* flux, phospholipase D, and/or protein
kinases in the cell (Arnhold et al., 1999;Nemeth et al., 2002;Petkovic et al., 2005;Daiber et a.,
2004). For example, a bimodal luminescence response has been observed in fMLF-treated
neutrophils by a number of groups [e.g., see (Zalavary and Bengtsson, 1998;Arnhold et al.,
1999;Nemeth et al., 2002;Petkovic et al., 2005)]. Zalavary and Bengtsson (1998) proposed that
the initial phase of the fMLF-induced oxidative burst was almost exclusively due to extracellular
ROS production, whereas the delayed latter phase was predominantly due to intracellular ROS
production. Alternatively, Nemeth et al. (2002) proposed the second phase of ROS production
was due to release of myeloperoxidase by activated cells. This mechanism is likely not involved
here, however, since HRP was present in the assay media. Arnhold et al. (1999) reported that the
first phase of ROS production in fMLF-stimulated neutrophils was inhibited by phosphatase
inhibitors and was dependent on protein kinase C and phospholipase D activities; whereas, the
second phase was not dependent on protein kinase C activity. Thus, several mechanisms appear
to contribute to variations in luminescence responses observed in activated neutrophils, leading
to agonist-specific responses.

In previous searches for neutrophil agonists, high-throughput screening was used to
identify several agonists, including a phospholipase C activator (m-3M3FBS) (Bae et al., 2003)
and agonists of C5a, C3a, and FPRL1 receptors (Nanamori et al., 2004;Buck and Wélls,
2005;Mathieu et al., 2005;Edwards et al., 2005). Likewise, compounds with phagocyte
activating properties have been identified through analysis of the immunomodulatory side-effects
of current drugs (Supplemental Table S1). Although many of these reported neutrophil-
activating compounds have at least two acceptors for H-bonding, most of them are unrelated to

our set of active compounds. Indeed, substructure analysis of previously published phagocyte
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activators revealed that the compounds identified here represent completely new structural
classes of neutrophil agonists.

A number of our lead compounds were highly-active, making them promising candidates
for further evaluation of immunomodulatory activity in vitro and eventually in vivo. Seven of
these compounds were activators of [Ca™]; mobilization, and six were chemoattractants.
Structural analysis of the hit compounds revealed most of these compounds contained either at-
butyl benzene fragment or a thiophene-2-amide-3-carboxylic ester substructure. Among the
active t-butyl benzene derivatives, alinker chain was present between the t-butyl benzene group
and a second moiety, R, which was preferentially a benzene ring and(or) heterocycle
(Supplemental Table S2). In all compounds with high activity (compounds 2, 19-21, and 23) the
length of the linker was from 5 to 7 chemical bonds, and a linker of -C(=0)-NH-N=C- was
present in most biologically active t-butyl derivatives. Thus, this carboxylic acid hydrazide
linker may result in a specific distribution of electron density in the compound. In addition,
charge distribution may also be determined by the nature and size of heterocycle. For example,
SAR analysis using general features of the molecules showed that the biologically active
compounds have a dumb-bell shaped form, with two bulky moieties connected by a linker of
optimal length and nature. This observation suggests the potential structure of a target molecule
in phagocytes would contain two sites at with a distance of ~6-8 A. Complementarity of a
compound to this putative pseudo-receptor might then be directed by geometric peculiarities of
the ligand; however, charge distribution also appears to be important, as 6 of 7 non-
functionalized carboxylic acid analogs were inactive. Thus, compound charge/hydrophobicity
may be necessary for interaction with its pseudo-receptor.

Among the thiophene derivatives, major differences in structure were due to Ri-Rs3

substituents (Supporting Information, Table S3). The most potent derivatives (ACsp<1 uM in
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bone marrow leukocytes) had a cyclo-heptane (1 and 98) or cyclo-hexane (88) group fused to the
thiophene ring. Thus, it is possible that these cyclic groups facilitate the appropriate a
distribution of hydrophobic zone in the region of the thiophene ring. Although Rs is a
heterocycle in most of the active thiophene derivatives, other substituents are possible, since
active compounds 65 and 67 contain CHz and CH,CH3 at R3, respectively. Thus, the primary
pharmacophoric points in the thiophene derivatives are probably located inside the thiophene-2-
amide-3-carboxylic ester scaffold, which includes 2 acceptors for H-bonding (carbonyl and ester
oxygen) and one hydrophobic site in the thiophene ring. It is interesting to note that such a
thiophene scaffold was proposed previously for development of anti-inflammatory drugs (Pillai
et a., 2005). Furthermore, four compounds with a thiophene-2-amide-3-carboxylic ester
scaffold were reported previously as FPR antagonists among 30 other receptor ligands (agonists
and antagonists) selected by high-throughput screening, and these derivatives fit well into a 3-
point pharmacophore model of FPR agonists (Edwards et al., 2005).

Many neutrophil chemoattractant receptors are GPCRs, and GPCR ligation in neutrophils
leads to subsequent activation of various celular responses, including ROS production and
[Ca®™]i mobilization (Zhelev and Alteraifi, 2002). Based on the characteristics of our lead
compounds, we considered the possibility that some of these compounds also utilized similar
receptor systems. Indeed, several synthetic compounds have been found previoudly to bind to
GPCR and activate neutrophils (Bokoch, 1995;Edwards et al., 2005). Evaluation of the effects
of PTX, a specific inhibitor of Gi/Ge-proteins, on neutrophil responses to test compounds
indicated that six of the seven lead compounds utilized PTX-sensitive pathways. Furthermore,
we found that the response to one of these compounds (compound 14) was inhibited by Boc-2, a
specific antagonist of FPR/FPRL1. Based on these analyses, as well as pharmacophore

modeling, we conclude that compounds 14 and 104 are novel small-molecule agonists of N-
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formyl peptide receptors. Pharmacophore modeling is based on the premise that all ligands of a
given target bind in a conformation that presents similar steric and electrostatic features to the
target receptor, and these features are recognized by the receptor and are responsible for
biological activity (Guner et al., 2004). The pharmacophore model used here was developed
based on the bovine rhodopsin crystal structure and known FPR ligands (Edwards et al., 2005).
Our molecular modeling showed that compound 14 and its analog, compound 104, fit quite well
with this previously published pharmacophore model, demonstrating a good agreement between
biological activity and the presence of low-energy, best-fit conformations of the compounds with
themodel. Overall, pharmacophore modeling provided further support that these compounds do
indeed fit the molecular features required for FPR agonists.

Interestingly, the most potent activators of ROS production in murine and human
neutrophils (compounds 1, 2, and 26) were not FPR agonists, but were still sensitive to PTX
treatment. Thus, neutrophil activation by these compounds, as well as compound 1-related
analogs, appears to be mediated through GPCRs unrelated to FPR/FPRL1 or possibly could be
dueto direct G protein activation; however, further characterization will be required to determine
their targets and/or mechanisms of action. Interestingly, the response to compound 26 was
desensitized by fMLF and blocked by PTX; however, it was not blocked by Boc-2. These data
suggest that the receptor for compound 26 may be susceptible to cross-desensitization by fMLF.
Peptide chemoattractants are well-known to regulate leukocyte responsiveness by cross-
desensitization of other chemoattractant receptors in a process known as receptor class
desensitization, and fMLF can desensitize receptors for C5a and interleukin 8 (IL-8) (Tomhave et
a., 1994), and it is possible that compound 26 binds to one of these receptors. Indeed, the
general structure of compound 26 (N-[2-(4-methoxyphenyl)ethyl]-N’-(4-chlorophenyl)urea) is

similar to that of known CXC chemokine receptor 2 (CXCR2) antagonists [N,N’-diarylureas
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such as N-(3-bromo-4-cyano-2-hydroxyphenyl)-N’-(2-bromophenyl)urea] (Widdowson et al.,
2004). Thus, it is conceivable that compound 26 could bind to CXCR2 and that the
composition/location of phenyl ring substituents and/or ethylene spacer between the phenyl ring
and urea group of compound 26 confers agonist rather than antagonist properties. In support of
this idea, removal or replacement of the 2-bromo substituent in non-phenalic ring of the N,N’-
diarylurea antagonist mentioned above resulted in a significant loss in antagonist activity
(Widdowson et al., 2004). Nevertheless, further studies will be needed to investigate this issue.
It should be noted that we also identified seven compounds (4, 5, 9, 11, 15, 19, and 23), which
stimulated ROS production but did not mobilize [Ca®*]; in human neutrophils. Whether these
compounds activate ROS production independently of [Ca®*]; mobilization or whether they
induce subtle effects on [Ca’*]; flux that are out of the sensitivity range of our assay will need to
be determined. Since [Ca’*]; mobilization is not absolutely required for neutrophil ROS
production (Geiszt et al., 1999), it is plausible that these compounds could utilize Ca®*-

independent pathways.
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L egendsfor Figures

Figure 1. Representative examples of bone marrow leukocyte activation by test compounds.
Bone marrow leukocytes were treated with the indicated concentrations of compound 1 (Panels
A and B) and compound 9 (Panels C and D), and ROS production was monitored using a L-
012/HRP-amplified assay system. Panels A and C show kinetic curves of ROS production
induced by the concentrations of compound (in uM) indicated for each curve. Panels B and D
show integrated luminescence (1 hr) induced in bone marrow leukocytes plotted against the
logarithm of compound concentration. A representative experiment from three independent

experiments is shown.

Figure 2. Representative kinetics of [Ca’*]; mobilization following treatment with lead
compounds. Human neutrophils were treated with the indicated test compounds (ECsp dose), 5
nM fMLF (positive control), or 1% DM SO (negative control), and [Ca’*]; flux was monitored for
theindicated times. The results shown are representative of three independent experiments from

different blood donors.

Figure 3. Effect of PTX and Boc-2 on [Ca®]; mobilization in human neutrophils stimulated with
fMLF or the indicated test compounds. Neutrophils were incubated with FLIPR Calcium 3 dye
and PTX (A), Boc-2 (W), or without inhibitor/antagonist (CJ) for 30 min prior to analysis of
[Ca®™]; flux, as described. Responses were normalized to the response induced by 5 nM fMLF,
which was assigned a value of 100%. Values represent the average means of triplicate
measurements. The data presented are from experiments taken from a minimum of three

independent experiments using different blood donors.
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Figure 4. Effect of fMLF pretreatment on [Ca®]; mobilization induced by selected test
compounds. Human neutrophils were loaded with FLIPR Calcium 3 dye and pretreated with 5
nM fMLF (dashed curves) or vehicle (solid curves) for 5 min, followed by a second addition of 5
nM fMLF or addition of the indicated test compound (ECi0 dose) (second addition occurred at
time=0 on the graph). [Ca’']; mobilization was monitored, as described, and the data are
presented as relative fluorescence intensity. Data from a representative experiment are shown

from a minimum of three independent experiments using different blood donors.

Figure 5. Comparison of best-fit conformations of compound 14 with the published
pharmacophore model of FPR ligands. The three conformations shown for compound 14
represent the best rms fit from all energy minima within 6 kcal/mol of the global minimum. The
conformations are shown in one projection, and the green ellipses are located at their
pharmacophore centers. The centers are also indicated at the top of the figure for clarity, with
letter notations corresponding to the H-bond acceptors (A; and A,) and hydrophobic center (H),
as previously reported by Edwards et al. (2005). For all structures, carbon is sky-blue, nitrogen

is blue, oxygen isred, and hydrogen is white.
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Table 1. Comparison of substructuresand atoms of compoundsin the parent library and

active set.

Molecular substructure or atoms

Number (and %) of compounds
in the sets with indicated
substructures or atoms

% compounds
in active set /
% compounds

in parent set in active set | in parent set
(n=10,000) (n=26)

Amide linker 6118 (61.18) 21 (80.8) 1.3
Halogen atoms (Cl, Br, F) 3811 (38.11) 5(19.2) 0.5
Six-membered N-containing heterocyclic 1751 (17.5) 2(7.7) 0.4
derivatives

Nitrile 1001 (10.01) 0 (0) 0
Five-membered N-containing heterocyclic 931 (9.31) 7 (26.9) 2.9
derivatives

Thiophene ring 852 (8.52) 8 (30.8) 3.6
Furan ring 730 (7.30) 4 (15.4) 2.1
Sulfonamide linker 336 (3.36) 0 0
Phenylurea 190 (1.90) 1(3.8) 2.0
t-Butyl 180 (1.8) 9 (34.6) 19.2
Terminal sulfonamide 100 (1.00) 1(3.8) 3.8
t-Butyl benzene 42 (0.42) 6 (23.1) 55.0
Thiophene-2-amide-3-carboxylic ester 47 (0.47) 6 (23.1) 49.2
1,3-Benzodioxolane-5-carboxylic amide 31 (0.31) 1(3.8) 12.3
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Table2. Chemical structuresand activity of the most potent activators of ROS production

ACso (LM) ACso (UM)
Compound Number Compound Number
& Structure BM PMN & Structure BM PMN
M H M H
HsC
0% ¢ a ? o
e 0 0.1 /0.05|8.31|14 <°ﬁwﬁ @ 6.2 |24.7|38.6
\ 4] S, o Nag o Che
HaC
NH © 0N
HaC g N 1.71201| 49 |15 HC _ NCHs 6316|184
\ NN N
HC  CH s
(o]
o CH ‘S 4 CHa
F CorNew LT | 1.9(26.8] NA |16 s ¢ T 6.6 | 0.6 | NA
N = H3C s /" TCH3 Br
° ° HO/N\\O
/N\NMNQ\ ClL
Hﬁ(@ o | 23872317 it~ 6.7 |27.0| NA
HaC Chy HeC CH3 Cl N\’\{
H (o] o
2.4 12.2| 9.6 |18 L 85|56 | NA
NH NH }‘S I /
. . HN HzC
° O\/CH3 X NH _
HaC Br. G N ﬂA\ "
=T 26| 1.3 | NA |19 3 0 N=y 8.6 112.0(17.3
He S 4 HC on,
HaC
! o CH30 e 1 o N B F
A A 27|17 | NA |20 chXC[ NRTT o 8.9 |11.8| NA
HC/N\N N SWNH o o
¢ Hst o)
CHg3 CHs Q
(o]
N\ Chs HB(; L Fre NHNS\&\Q
o N 28 1.7 | NA 21| ™ O/\\< o 11.3/34.0| NA
@ /""CHg CHg o)
o o °
CHs e \/[Z -
NH _NH o
O T(HC%CHS 3414|4322 w w5 126151 38
S M3
HsC
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HoN
“N—o
HaC
HeC D
S /
—
0

10 3.6 |15.0| NA |23 14.3/3.2 | 3.2
(6]
(0]
11 @f‘N oy 36 (71|71 |24 @ANHJSFNHV@ 15.2 3.8 | NA
o Z 0 % o
o HC/O
OH Ho
12 ”ﬁ@f\r\}y"” 3.7 NA | NA |25 XQ\( 16.7) 1.3 | NA
NA o HO %S
N o 7 Hao " “
13 Q\ _cH 45| 41| NA|26| ™ @w O 19.8[12.8| 2.0
)\S \_/ o e NHj\NH

Compound activation of ROS production is indicated for bone marrow leukocytes (BM), murine
neutrophils (M PMN), and human neutrophils (H PMN). NA indicates cell activation was <50%

of control level over a concentration range of 0-40 uM.
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Table 3. Effect of selected test compounds on Ca®" mobilization and chemotaxis in human

neutrophils.

Compound Ca** Mobilization Chemotaxis

Number ECso (uM) ECso (uM)
1 6.18 £ 0.13 NA

2 5.08+1.76 0.56 + 0.38

14 0.63+0.39 0.042 £ 0.002
22 23.64 £2.99 9.57+1.13

26 0.73t£0.22 12.55+5.08

30° 14.23+1.45 10.90 + 2.39
104 12.20+4.35 3.45+0.20

fMLF 0.005 £ 0.001 0.0005 + 0.0001

®Structure of compound 30:

HsC

HC ohg

D¢
N 2

NH o)
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Table 4. Effect of 1,3-benzodioxolane-5-carboxylic acid benzylidene-hydrazide derivatives on

neutrophil Ca* mobilization

<O ||\1H
o Ny R
0,
Compound R ECso (uM) Yo of fMLF

Number response®

14 | QO : 0.63 +0.39 90

104 C[OEM 12.2+4.35 75
o

o\
CH3
105 | — Qo NA <15
s
(0]
O—CHjs
106 | - Oo}_@ NA <15
(0] O
+++++ T
107 VAR NA <15
(@)

Br O
108 B@oj C NA <10
(@) OH
109 @\ j/ NA <5
,’/ O

M aximal [Ca’]; mobilization expressed as % of response induced by 5 nM fMLF. NA indicates

very low response/non-active compound.
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Table5. Scaffolds present in previously-reported neutrophil agonistsand their representation
in the active set (N;) and parent library (N2)?

Name of Reported Substructure . .
Scaffold Agonist of Agonistb N41/N> Hit Agonist
CHe rom Compounds
Amorolfin ch%'\ J 8/77 2,4,16,19,20,
CHy 4 21,23, 25
o
Enalaprilat /O\(
d ’ A
I Pidotimod, N 6/63 Cm?%"‘fgdf;'&
Pro-Pro As. 'IAZ An 1O
A A3
./'A\\
AA
: A—A
I Celecoxib ; Z 1/49 Compound 25
A
v Benoxaprofen ] @ 0/43 -
-
Pidotimod, A j\ A
v Pro-Pro AR A 0/28 -

HaC CHg
VI m-3M3FBS \QA/A\C 0/7 -
. F
VI Grepaﬂoxagzln, | OH 0/5 B
Norfloxacin A
A
O
Vil Kazinol B ©/A\A A 0/3 -
A
CHs3

A _NH
IX Terbutaline ©/ A 7<CH3 1/2 Compound 9
HaC

2Active set=26 compounds and parent library=10,000 compounds. °Dashed lines represent any bond

type, and A represents any atom except H. “Compounds were considered active if ACsp <20 uM in
the bone marrow leukocyte-based assay. %n scaffold Il, B/H represents a benzene ring or 5-

membered heterocycle.
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Table 6. Number of representative conformations found for test compounds and distances

between pharmacophore centers in the low-energy conformations best fit to the published

phar macophore model of FPR ligands

, | Distances in the Best-fit Conformations (in A)
Compound Nconf
A-A; (3-6 A)° | As-H (5-7 A) Ax-H (4-7 A)

1 78 4.5 5.0 4.3

2° 103 - - -
14 710 5.1 6.6 4.9
5.9 6.3 5.5
5.8 6.8 5.9
22 788 3.6 6.1 5.5
3.6 5.7 5.8
26 352 5.1 5.9 3.8
30 48 6.2 5.9 4.7
5.9 6.2 4.7
104 379 5.9 6.3 5.6
5.8 6.8 6.0
Quin-C1 906 5.1 7.6 5.9

4Compound 2 was not fit to the model because it lacked two appropriate acceptors for H-bonding.

®Number of representative conformations within 6 kcal/mol of the global minimum. Permitted

intervals between pharmacophore points (A1 and A, = hydrogen bond acceptors;, H = hydrophobic

center) of FPR ligands are indicated in parentheses (Edwards et al., 2005). Distances that fit model

tolerances are indicated in bold.
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[Ca?*] Mobilization
(relative fluorescence x10-9

[Ca?*] Mobilization
(relative fluorescence x10-4)
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Figure 5
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