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BLT2, a low-affinity leukotriene B4 (LTB,4) receptor, is a member of the G-protein coupled receptor (GPCR)
family and is involved in the pathogenesis of inflammatory diseases such as asthma. Despite its clinical
implications, however, no pharmacological inhibitors are available. In the present study, we screened for
small molecules that interfere with the interaction between the third intracellular loop region of BLT2

KeyWOTdS-‘_ (BLT2;3) and the Goys protein subunit (Gais), using a high-throughput screening (HTS) assay with a
Chemotaxis library of 1040 FDA-approved drugs and bioactive compounds. We identified two small molecules—
II;TLEAZ purpurin [1,2,4-trihydroxy-9,10-anthraquinone; IC5q = 1.6 .M for BLT2] and chloranil [tetrachloro-1,4-
Purpurin benzoquinone; ICso = 0.42 WM for BLT2]—as specific BLT2-blocking agents. We found that blockade of
Chloranil the BLT2; 3-Gays interaction by these small molecules inhibited the BLT2-downstream signaling cascade.

For example, BLT2-signaling to phosphoinositide-3 kinase (PI3K)/Akt phosphorylation was completely
abolished by these molecules. Furthermore, we observed that these small molecules blocked LTB4-
induced chemotaxis by inhibiting the BLT2-PI3K/Akt-downstream, Racl-reactive oxygen species-
dependent pathway. Taken together, our results show that purpurin and chloranil interfere with the
interaction between BLT2;;3 and Ga;s and thus block the biological functions of BLT2 (e.g., chemotaxis).
The present findings suggest a potential application of purpurin and chloranil as pharmacological
therapeutic agents against BLT2-associated inflammatory human diseases.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction In contrast, BLT2, a low-affinity receptor for LTB,, is expressed in a

wide variety of tissues [8,10]. Although no clear physiological

Leukotriene B4 (LTB4), a lipid metabolite of arachidonic acid
(AA), is one of the most potent chemotactic mediators for the
recruitment of leukocytes [1,2]. Although LTB4-mediated leuko-
cyte recruitment has a protective role against various pathogens
[3], it is also involved in the pathogenesis of such inflammatory
diseases as bronchial asthma [4], rheumatoid arthritis [5],
atherosclerosis [6], and inflammatory bowel disease [7]. Therefore,
antagonists for LTB,4 receptors have recently been under develop-
ment as potent anti-inflammatory drugs. LTB, exerts its biological
effects via two G-protein coupled receptors (GPCRs), BLT1 and
BLT2 [1,8]. Most studies of LTB, receptors have focused on the
high-affinity receptor BLT1, which is expressed exclusively in
inflammatory cells such as leukocytes and plays a role in
inflammatory processes [1,9].
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function has yet been identified for BLT2, recent studies have
demonstrated that it is involved in various inflammatory disorders
such as asthma [11], atherosclerosis [6], and cancer progression
[12,13].1tis well known that BLT2 is involved in calcium mobilization
and chemotactic migration in cells under LTB, stimulus. Further-
more, LTB4 and Compound A [4’-pentanoyl (phenyl) amino methyl-
1,1’-biphenyl-2-carboxylic acid], a specific agonist of BLT2, induce
chemotactic migration in primary mouse keratinocytes [14]. In
addition, Shin et al. recently reported that LTB4-induced dendritic cell
(DC) chemotaxis was mediated in a BLT2-dependent manner via
phosphoinositide-3 kinase (PI3K)/Akt pathway and was completely
inhibited by pretreatment with pertussis toxin (PTX)[15], suggesting
that the Ga; or Goy, protein subunit may be involved in the BLT2-
mediated chemotactic response. Previously, we have dissected the
interaction between BLT2 and various types of Ga subunits of the G;
family, using different intracellular domains of BLT2, and revealed
that the third intracellular loop region (BLT2;3) of BLT2 makes a
specific interaction with Goys [ 16]. Therefore, specific inhibitors that
block the interaction between BLT2 and Gz may inhibit LTB4-BLT2-
mediated signaling (e.g., chemotaxis) and ameliorate BLT2-associat-
ed inflammatory diseases.
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With this in mind, we performed high-throughput screening
(HTS) using a library (NINDS collection of 1040 compounds)
composed of FDA-approved drugs and bioactive compounds in
order to identify specific molecules that could interfere with the
binding of BLT2 and Gajs proteins. This library has been used to
screen therapeutic agents against neurological disorders including
Huntington disease [17] and amyotrophic lateral sclerosis [18],
and recently its application has been extended to screening
therapeutic agents against prostate cancer progression and
metastasis [19] and against hair cell loss [20]. In the present
study, we identified two small molecules specifically interfering
with the interaction between BLT2 [via the third intracellular loop
region of BLT2 (BLT2;;3)] and the Ga; protein subunit [ G subunit
(Gayz)]. Additionally, we demonstrated that LTB4-BLT2-down-
stream signaling components (e.g., PI3K/Akt, Rac1, and ROS) are
also specifically inhibited by purpurin and chloranil, thus
attenuating LTB4-BLT2-mediated signaling to chemotaxis.

2. Materials and methods
2.1. Chemicals, reagents and plasmids

Triton X-100, lauryldimethylamine N-oxide (LDAO), and n-
Octyl-B-p-glucopyranoside (OG) were obtained from Sigma-
Aldrich (St. Louis, MO). The NINDS Custom Collection II (Micro-
Source Discovery System, CT) of 1040 biologically active com-
pounds was used in the screening process. The human cDNA
library was purchased from Novagen (Madison, WI). 2',7'-
dichlorodihydrofluorescein diacetate (H,DCFDA) was purchased
from Molecular Probes (Eugene, OR). LTB, was purchased from
Cayman (Ann Arbor, MI). LY294002 and NAC were purchased from
Sigma-Aldrich. PTX, PD98059, and Geneticin (G418) were
purchased from Calbiochem (San Diego, CA). Fetal bovine serum
(FBS), RPMI 1640, and phenol red-free RPMI 1640 were purchased
from Invitrogen (Carlsbad, CA). All other chemicals were acquired
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from standard sources and were of molecular biology grade or
higher. The hBLT1 plasmid was obtained from Dr. Shimizu
(University of Tokyo, Tokyo, Japan), and the hBLT2 (GenBank
accession no. NM019839) plasmid was cloned by PCR using a
human genomic bacterial artificial chromosome (BAC) library, as
previously described for other chemoattractant receptors, with
minor modifications in PCR conditions [21]. The BAC library was a
kind gift from Dr. Young-Chul Choi (Kyung Hee University, Korea).
The pcDNA3.1 and pET22b vectors were purchased from Invitro-
gen and Novagen, respectively.

2.2. Cell culture

CHO cells were obtained from the Korean Cell Line Bank (KCLB,
10061), and the cells were grown in RPMI 1640 supplemented with
10% FBS, penicillin (50 units/mL), and streptomycin (50 jLg/mL) at
37 °C under a humidified 95%, 5% (v/v) mixture of air and CO,.
Stable cells (CHO-vector, CHO-BLT1, and CHO-BLT2) were pre-
pared and maintained in the media with 0.5 mg/mL G418.

2.3. Preparation of GST-BLT2;;3 and His-Go3

The expression vectors for the third intracellular loop region of
BLT2 (BLT2;.3) and Ga;s have been described previously [16]. The
pGST-BLT2;; 3 plasmid contains BLT2;;3 (amino acids 237-256 of
BLT2) at the C-terminus of GST in pET22b, and pHis-Ga;3 was used
for the expression of Ga 3 containing a 6x-His tag at its N-
terminus (Fig. 1B and C).

GST-BLT2;;3 and His-Gajs were prepared as previously de-
scribed [16]. Briefly, Escherichia coli Rosetta 2 (DE3) cells harboring
the GST-BLT2;;3 or His-Gay3 expression plasmid were grown in LB
medium to an optical density (0.D.) of 0.7 at 600 nm. The
expression of GST-BLT2;3 or His-Gays was induced by adding
1 mM isopropyl-3-p-thiogalactopyranoside (IPTG) for 4 h or 16 h,
respectively, at 37°C in LB medium containing 50 pg/mL
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Fig. 1. Schematic representation of human BLT2, GST-BLT2;;3, and His-Ga3. (A) Human BLT2 diagram showing a schematic topology (GenBank accession no. NM019839;
UniProtKB/Swiss-Prot accession no. QONPC1). (B) GST-BLT2;.5 describes the iL3 region of BLT2 containing the GST tag at the N-terminus. The third intracellular loop (iL3)
region represents amino acids 237-256 of BLT2 and is indicated by a box. (C) His-Ga3 represents Gais proteins containing the 6x-His tag at the N-terminus.
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ampicillin. GST-BLT2;3 and His-Gayz were purified from the
subsequent cell lysate by affinity purification using a glutathione
affinity resin column (Peptron Inc, Korea) or by immobilized metal
chelating chromatography (IMAC) using Ni-NTA (Qiagen, Ger-
many), respectively. The glutathione and imidazole in the purified
protein samples were removed with desalting columns (GE
Healthcare, WI), and the proteins were stored at —80 °C until
further analysis.

2.4. Measurement of the interaction between GST-BLT2;3 and FITC-
HiS—GOLig

His-Gajs was covalently labeled with flourescein isothiocya-
nate (FITC) according to the manufacturer’s manual (Sigma-
Aldrich). The interaction between GST-BLT2;,3 and FITC-His-Gas3
was analyzed by measuring the amount of FITC-His-Ga;3 bound to
GST-BLT2;; 3 immobilized on a glutathione plate (Pierce), as
previously described [16]. Briefly, 1 wM of GST-BLT2; 3 protein
in PBS (50 mM sodium phosphate, pH 7.4, and 200 mM NacCl) was
immobilized on the glutathione plate, and the plate was incubated
with FITC-labeled His-Gays (100 L per well). The specifically
bound FITC-labeled His-Ga3 proteins were eluted with 8 M urea,
and the intensity of fluorescence from the eluted FITC-His-Ga;s
was measured at excitation and emission wavelengths of 495 and
525 nm, respectively, using a TRIAD microplate reader (Dynex
Technologies, VA). The percentage of inhibition was calculated
using the equation (A, — A)/A, x 100 (%), where A and A, were the
absorbance values at 495 nm of the reaction mixtures with or
without chemical compounds, respectively. For the screening of
compounds (from the NINDS chemical library) that could interfere
with the interaction between GST-BLT2;; 5 and His-Gay3, 50 M of
each compound was incubated along with FITC-labeled His-Ga3
during the measurement.

2.5. Surface plasmon resonance (SPR) analysis

The interaction between chemical compounds and His-Gajs or
GST-BLT2;.3 was analyzed by surface plasmon resonance (SPR)
using an SPR imaging instrument (SPR{; K-MAC, Korea). About
1 wM of protein was immobilized on the BK7 sensor chip by
incubation at 4 °C for 3 h in PBS buffer. Then, various concentra-
tions of the chemicals in the PBS buffer were applied to the sensor
chip with a flow rate of 30 L per min and then washed with PBS
buffer. The resonance unit (RU) was measured during the binding
and washing periods, and the binding kinetics were analyzed using
SigmaPlot (Systat Software, CA).

2.6. Measurement of cell viability

Cell viability was measured using the 3-(4,5-dimethylthiazol-2-
y1)-2,5-diphenyltetrazolium bromide (MTT) assay, which is based on
the ability of live cells to convert tetrazolium salt into purple
formazan [22]. Briefly, 2 x 10 cells were grown in 96-well plates
and incubated for 48 h with purpurin and chloranil at the indicated
concentrations. Twenty microlitre of MTT stock solution (5 mg/mL,
Sigma-Aldrich)was added to each well and incubated for4 hat 37 °C
in a humidified CO, incubator. The supernatant was then removed,
and 200 pL of DMSO was added to each well to solubilize the water-
insoluble purple formazan crystals. The absorbance at 550 nm was
measured using a microplate reader (Molecular Devices, Sunnyvale,
CA). All measurements were performed in triplicate.

2.7. SDS-PAGE and immunoblot analysis

Protein samples were heated at 95 °C for 5 min and then analyzed
by sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis

(PAGE) performed on 12% acrylamide gels, followed by transfer to
polyvinylidene difluoride (PVDF) membranes using a Hoefer wet
transfer unit (for 70 min at 90 V). The membranes were blocked for
1 h with Tris-buffered saline containing 0.05% (v/v) Tween 20 and 5%
(w/v) non-fat dry milk, incubated first for 1 h with the primary
antibody (1:1000 dilutions for phospho-Akt) in blocking solution,
and then for 1h with horseradish peroxidase (HRP)-conjugated
secondary antibody, prior to development using an ECL kit
(Amersham Pharmacia, NJ). The hybridized immunoblots were
analyzed by autoradiography.

2.8. Chemotaxis assay

Chemotactic motility was assayed using Transwell chambers
with 6.5 mm-diameter polycarbonate filters (8 wm pore size,
Corning Costar), as previously described [2]. Briefly, the lower
surfaces of the filters were coated with 10 wg/mL fibronectin in
serum-free RPMI 1640 medium for 1 h at 37 °C. Dry, coated
filters containing various amounts of LTB; were placed in the
lower wells of the Transwell chambers, after which 100 pL of
CHO cells stably expressing BLT1 and BLT2 in serum-free RPMI
1640 were loaded into the top wells, yielding a final
concentration of 2 x 10% cells/mL. When assessing the effects
of inhibitors, cells were pretreated with the respective inhibitor
for 30 min before seeding. After incubation at 37 °C in 5% CO, for
3 h, the filters were fixed for 3 min with methanol and stained
for 10 min with hematoxylin and eosin. Chemotaxis was
quantified by counting the cells on the lower side of the filter
under an optical microscope (magnification, x200). Six fields
were counted in each assay; each sample was assayed in
duplicate; and the assays were repeated twice.

2.9. Racl activity assay

Rac1 activation was measured using a GST-PAK-PBD fusion
protein that binds GTP-bound, activated Racl, as previously
described [2,23]. Briefly, the fusion was expressed in E. coli BL21
cells transformed with the pGEX-4T3 plasmid by IPTG induction
and then purified by column chromatography using glutathione-
Sepharose-4B. Cells were serum-starved for 24h and then
pretreated with the respective inhibitor for 30 min prior to
stimulation with LTB, for 5 min. Thereafter, the cell lysates were
prepared in lysis buffer (50 mM HEPES, pH 7.4, 10 mM NaF, 75 mM
NaCl, 1% Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride, and
1 mM NayVO3) and centrifuged for 30 s at 12000 x g, and the
supernatant was incubated on ice for 3 min with GST-PAK-PBD
fusion protein, which had been freshly coupled to glutathione-
agarose beads. Proteins complexed to the beads were recovered by
centrifugation, washed three times with lysis buffer, and
resuspended in sample buffer. The proteins were separated by
15% SDS-PAGE and transferred to PVDF membranes. The mem-
branes were then probed with anti-Racl antibody (1:1000
dilution) and detected using an HRP-conjugated secondary
antibody and an ECL detection kit (Amersham Pharmacia).

2.10. Measurement of intracellular H>0,

Intracellular H,O0, was measured as a function of DCF
fluorescence using the procedure described previously [24].
Briefly, 2 x 10° cells were grown in 60 mm dishes and incubated
in RPMI 1640 supplemented with 10% FBS for 24 h before
measuring ROS. They were then stabilized in serum-free RPMI
1640 without phenol red for at least 2 h before exposure to
agonist for the incubated time. To assess the effects of inhibitors,
cells were pretreated with the respective inhibitor for 30 min. To
measure intracellular H,0,, cells were incubated for 40 min in
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Fig. 2. Inhibitory activity and chemical structure of purpurin and chloranil. FITC-His-Ga3 was mixed with various concentrations of purpurin and chloranil. Dose-dependent
inhibition curves for these molecules were analyzed by measuring the amount of FITC-His-Ga;3 specifically bound to the immobilized GST-BLT2;;3, and the ICsq values were

obtained from a nonlinear regression using Prism version 4 (GraphPad software, CA).

the dark at 37 °C in a humidified CO, incubator with the H,0,-
sensitive fluorophore H,DCFDA (20 wM). H,DCFDA is hydro-
lyzed intracellularly to DCF, which is trapped inside the cell.
Although H,DCFDA itself is not fluorescent, it is oxidized in the
presence of H,0, to the highly fluorescent DCF. Once loaded
with the indicator, the cells were harvested using trypsin-EDTA
and resuspended in serum-free RPMI 1640 without phenol red.
DCF fluorescence was measured using an FACSCalibur flow
cytometer (Becton Dickinson, NJ) with excitation and emission
wavelengths of 488 and 530 nm, respectively. Values represent
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experiments.

2.11. Statistical analysis

All values are expressed as the mean + standard deviations.
Statistical comparison between experimental groups was carried out
using Student’s t-test. Values of p < 0.01 were considered statistically
significant. Values of p<0.01, p<0.001, and p < 0.0001 are
designated by *, **, and ***, respectively.
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Fig. 3. SPR analysis of purpurin and chloranil binding to BLT2;; 3 or Gajs. The binding sensorgrams of purpurin and chloranil to GST, GST-BLT2;; 3, or His-Gaj3, immobilized on
the sensor chip, were measured using an SPR imaging instrument. The sensorgrams of purpurin (A) and chloranil (B) binding to GST, GST-BLT2;, 3, or His-Ga;3 were obtained at
10 wM concentration and are indicated as dotted, solid, and dashed lines, respectively. The binding kinetics were obtained with 1 wM, 10 wM, and 20 M purpurin (C) or

chloranil (D) and GST-BLT2;;5.
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3. Results

3.1. Purpurin and chloranil interfere with the interaction
of GST-BLT2;;3 and His-Gaz

To screen for compounds that interfere with the interaction
of BLT2 and Gays, the NINDS chemical library, composed of 1040
FDA-approved drugs and bioactive compounds, was assayed by
an in vitro system measuring the interaction between the
third intracellular loop region of BLT2 (GST-BLT2;3) and
Gays (FITC-His-Gas3). From the screening of the library, purpurin
and chloranil (Fig. 2) were identified as specific agents that
interfered with the interaction of FITC-His-Ga;3z with immobi-
lized GST-BLT2;;3. The inhibitory activities of these compounds
on the interaction between FITC-His-Gays and immobilized
GST-BLT2; 3 were further analyzed at various concentrations. As
shown in Fig. 2, both compounds interfere with the
interaction between FITC-His-Gays and GST-BLT2; 3 in the
micromolar concentration range. The ICso values of purpurin
and chloranil were measured as 1.6 and 0.42 wM, respectively.
These results indicated that purpurin and chloranil could
specifically interfere with the interaction between BLT2 and
Gays and might disrupt the signaling pathway of BLT2-
dependent cellular responses.

3.2. Purpurin and chloranil bind specifically to BLT2;; 3 rather
than Gaysz

Effective blockade of the interaction between GST-BLT2;;3 and
His-Gajs by purpurin and chloranil suggests that these compounds
may bind directly to either BLT2;;3 or Gajs. To examine the binding
interactions of purpurin and chloranil, the binding kinetics of these
chemicals to immobilized GST, GST-BLT2;;3, and His-Ga;3 were
examined via SPR analysis. When purpurin was applied to the GST-
BLT2; 3, a significant binding sensorgram was observed (Fig. 3A,
solid lines), and the binding capacity increased with the
concentration of purpurin (Fig. 3C). In contrast, purpurin failed
to show any significant binding sensorgram toward the GST
control (Fig. 3A, dotted line) or His-Ga;s (Fig. 3A, dashed lines).
These results suggest that purpurin binds specifically to the third
intracellular loop region of BLT2 rather than Gays. In the case of
chloranil, the sensorgram was significantly reduced when it was
applied to GST-BLT2;; 5 (Fig. 3B, solid line), and was further reduced
as the concentration of chloranil increased (Fig. 3D). This reduced
reflectivity is probably due to the mass uptake of chloranil on GST-
BLT2;;3 [25]. Like purpurin, chloranil failed to show any significant
binding to GST or His-Gays (Fig. 3B, dotted and dashed lines). These
results indicate that chloranil also binds specifically to the third
intracellular loop region of BLT2, not to Gajs. The Kp values of
purpurin and chloranil were measured as 3.8 and 1.9 uM,
respectively. Together, these results suggest that purpurin and
chloranil specifically bind to BLT2;; 3, thus interfering with BLT2;; 3
interaction with Gajs protein.

3.3. Blockade of the BLT2 pathway by purpurin and chloranil
inhibits LTB4-induced PI3K/Akt activation

Next, we assessed any effects of purpurin and chloranil on
BLT2-signaling in cells. Before the signaling analysis, we examined
the cytotoxicity of these compounds in CHO cells using MTT assays.
Increasing concentrations (1072, 1078, 10~7, 1075, and 10> M) of
purpurin or chloranil did not affect the viability of CHO cells in 0.5%
serum conditions. In addition, the viability of CHO cells treated
with two-fold excess doses of the ICsy of purpurin and chloranil
(3.2 .M and 0.84 M, respectively) were not affected up to 48 h of
treatment (data not shown).

Previously, it was shown that LTB; treatment transiently
induces PI3K/Akt phosphorylation in murine bone marrow-
derived mast cells (mBMMCs) and also that LTB4-induced PI3K/
Akt phosphorylation is BLT2-dependent in human monocyte-
derived DCs [15,26]. We therefore examined whether LTB4-
induced Akt activation was inhibited by purpurin and chloranil
in CHO-BLT2 stable cells. CHO cells were useful for this study
because this cell type does not express any intrinsic receptors for
LTB,, as previously revealed by [*H]|LTB, binding assays [1,27]. As
shown in Fig. 4, LTB, elicited significantly enhanced (about 3-fold)
Akt phosphorylation in CHO-BLT2 cells, but not in control CHO
cells. However, the enhanced Akt phosphorylation in CHO-BLT2
cells was dramatically attenuated by purpurin or chloranil. As
positive controls, LY294002 (an inhibitor of PI3K) and PTX (an
inhibitor of the Goy; family) were used, and pretreatment with
these inhibitors dramatically reduced the LTB4-induced Akt
phosphorylation (Fig. 4). These results suggest that purpurin
and chloranil inhibit LTB4-induced PI3K/Akt activation in BLT2-
expressing cells.

3.4. Blockade of the BLT2 interaction with Goyz by purpurin and
chloranil inhibits LTB4-induced chemotaxis

It has been reported that PI3K/Akt plays a critical role in
various cellular responses, including chemotactic migration in
leukocytes [15,28,29]. Similarly, the cellular function of BLT2 is
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Fig. 4. Effect of purpurin and chloranil on LTB4-induced Akt activation. Serum-
starved CHO and CHO-BLT2 stable cells were exposed to LTB, (300 nM) for 5 min
after pretreatment with purpurin (3.2 wM), chloranil (0.84 wM), LY294002
(20 wM), or PTX (100 ng/mL). Each inhibitor was added 30 min prior to the
addition of LTB,, with the exception of PTX, which was added 10 h earlier. The cell
lysates were analyzed for the level of Akt phosphorylation by SDS-PAGE as
described in Section 2. The relative P-Akt intensity was measured and expressed as
a percentage of the control.
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Fig. 5. Inhibitory effects of purpurin and chloranil on LTB4-induced chemotaxis. (A) Dose dependency of LTB4-induced chemotactic motility was determined in CHO (O ), CHO-
BLT1 (W¥), and CHO-BLT2 (@) stable cells, as described in Section 2 (B) CHO and CHO-BLT2 cells were preincubated for 30 min with purpurin (0.32, 1.6, and 3.2 uM) or
chloranil (0.084, 0.42, and 0.84 wM) prior to exposure to LTB4 (300 nM). Data are expressed as the mean =+ S.D. and are statistically different from the control group at *p < 0.01
or **p < 0.001. (C) CHO and CHO-BLT1 cells were exposed to LTB4 (10 nM) for 3 h after pretreatment with purpurin (0.32, 1.6, and 3.2 M) and chloranil (0.084, 0.42, and 0.84 wM).
Each inhibitor was added 30 min prior to the addition of LTB,. Data are expressed as the mean + S.D. and are statistically different from the control group at *p < 0.01 or **p < 0.001.
(D) CHO and CHO-BLT?2 cells were preincubated with LY294002 (20 M) for 30 min or with PTX (100 ng/mL) for 10 h prior to exposure to LTB4 (300 nM) for 3 h. The migrated cell
numbers were determined by counting using optical microscopy (A-D). Data are expressed as the mean =+ S.D. and are statistically different from the control group at *p < 0.01.

known to mediate chemotaxis under the stimulus of LTB, [8].
Thus, we next examined whether purpurin and chloranil inhibit
LTB4-induced chemotaxis in CHO-BLT2 cells. As shown in
Fig. 5A, chemotactic migration activity was shown with bell-
shaped dose response curves to LTB,4 stimuli in both CHO-BLT1
and CHO-BLT2 stable cells, but not in control CHO cells.
Furthermore, this chemotactic migration was inhibited by
pretreatment with purpurin or chloranil in CHO-BLT2 stable
cells in a dose-dependent manner (Fig. 5B). Likewise, the LTB4-
induced chemotaxis was inhibited by LY294002 or PTX
treatment in CHO-BLT2 stable cells (Fig. 5D). However, purpurin
and chloranil did not show any inhibitory effect on the
chemotaxis of CHO-BLT1 cells (Fig. 5C). In fact, the amino acid
sequences in the third intracellular loop region of BLT1 and BLT2
are quite different from each other [8], suggesting that the
action of these small molecules is quite specific to BLT2.
Together, these results indicate that the BLT2-dependent
chemotactic migration induced by LTBy is inhibited by purpurin
and chloranil and that PI3K activity is also required for LTB4-
induced chemotaxis. The inhibitory effect of purpurin and
chloranil on LTB4-induced chemotactic migration was also
demonstrated in human umbilical vein endothelial cells
(HUVECs), which are primary cells, thus suggesting that the

inhibitory effects of purpurin and chloranil on LTB4-induced
chemotaxis are very similar in primary cells (HUVECs) and in the
CHO cell line (data not shown).

3.5. Purpurin and chloranil inhibit LTB4-induced chemotaxis via the
Rac1-ROS-linked pathway

Previously, we reported that LTB4-induced ROS generation is
involved in chemotaxis in Rat-2 fibroblast cells [2] and also that
ROS generation is through a BLT2-dependent pathway [24].
Furthermore, we and others have reported that Racl plays a
crucial mediatory role in ROS generation in cells [2,30-32]. We
therefore examined the effect of purpurin and chloranil on LTB,-
induced Rac1 activation and ROS generation in CHO-BLT2 cells. To
assess whether Rac1 is involved in LTB4 chemotaxis signaling, we
compared the chemotactic effect of LTB, in CHO-BLT2 cells and
CHO-BLT2-RacN'” cells expressing a dominant negative Racl
mutant [33]. As shown in Fig. 6A, LTB4-induced chemotactic
migration of CHO-BLT2 stable cells expressing RacN!'7 was
significantly diminished when compared to CHO-BLT2 cells. This
result led us to test the extent to which exposure to LTB, alters
cellular Racl activity in CHO-BLT2 cells. Racl activity was
substantially increased by LTB, stimulation in CHO-BLT2 cells
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Fig. 6. Purpurin and chloranil inhibit LTB4-induced Rac1 activation. (A) LTB4-induced chemotactic motility was analyzed in CHO, CHO-BLT2, and CHO-BLT2-RacN!” stable
cells, as described in Section 2. Data are expressed as the mean + S.D. and are statistically different from the control group at *p < 0.01. (B) CHO and CHO-BLT2 stable cells were
serum-starved for 24 h and then preincubated for 30 min with LY294002 (20 wM) or 10 h with PTX (100 ng/mL) prior to exposure to LTB4 (300 nM) for 5 min. Cell lysates were
incubated with GST-PAK-PBD coupled to glutathione-agarose beads. Bound Rac-GTPase was eluted, resolved by 15% SDS-PAGE, and transferred to a PVDF membrane, which was
then probed with an anti-Rac1 antibody. (C) CHO and CHO-BLT2 stable cells were serum-starved for 24 h and then preincubated for 30 min with purpurin (3.2 wM) or chloranil
(0.84 wM) prior to exposure to LTB4 (300 nM) for 5 min. LTB4-induced Rac1 activation was analyzed with these inhibitors as described above. The PAK-PBD-Rac1 intensity was

measured and expressed as multiples of the control.

(about 2-fold), but inhibited by LY294002 and PTX (Fig. 6B). As
expected, LTB4-induced Rac1 activation in CHO-BLT2 cells was also
inhibited by pretreatment with purpurin or chloranil (Fig. 6C).
Next, we investigated the possible involvement of ROS
generation in LTB4 chemotaxis signaling in CHO-BLT2 cells. As
shown in Fig. 7A, LTB4-induced chemotactic migration was
significantly reduced by treatment with NAC, a free radical
scavenger, in CHO-BLT2 cells. We next assessed whether LTB4
treatment induced elevated generation of ROS via the BLT2
pathway. The resultant ROS generation was monitored by DCF
fluorescence using a flow cytometer, and the level of ROS
generation in CHO-BLT2 cells increased about 2-fold with LTB4
stimulus (Fig. 7B). This effect was inhibited by pretreatment of
CHO-BLT2 stable cells with purpurin or chloranil in a dose-
dependent manner (Fig. 7C). Similarly, we observed that LTB4-
induced ROS generation was inhibited by LY294002 or PTX
treatment (Fig. 7D), as well as by RacN!” expression in CHO-BLT2
cells (Fig. 7E). Together, these results indicate that purpurin and
chloranil inhibit Racl activation by LTB, signaling and the
subsequent ROS generation via the BLT2-dependent pathway.
They also suggest that the Rac1-ROS linked cascade plays an
important role in the LTB4-BLT2-evoked chemotactic pathway.

4. Discussion

In the present study, we screened for novel small molecules that
could interfere with the interaction between the third intracellular
loop region of BLT2 (BLT2;.3) and the Ga;3 protein subunit (Gays),
using an HTS assay with a library of 1040 FDA-approved drugs and
bioactive compounds, and we identified purpurin and chloranil as
specific molecules that blocked the interaction between BLT2; 3
and Gays. Further, we demonstrated that these small molecules

blocked LTB4-induced BLT2-dependent chemotaxis. In addition,
our findings suggest that purpurin and chloranil could specifically
block the activation of LTB4-BLT2-downstream signaling compo-
nents (e.g., PI3K/Akt, Rac1, ROS), thus indicating the potential
application of these molecules as therapeutic drugs against BLT2-
associated inflammatory diseases.

LTB, is one of the most potent chemoattractants toward
leukocytes such as neutrophils, and it acts via its GPCR receptors,
BLT1 and BLT2 [1,8,34]. Although most studies of LTB, receptors
have been focused on BLT1, it has recently been reported that BLT2
is also involved in many kinds of inflammatory diseases [6,11-13].
In spite of the growing reports on BLT2-associated pathogenesis,
however, the detailed cellular mechanism of BLT2 is largely
unknown. BLT2 was originally cloned and characterized by
Yokomizo et al. [8], who reported at that time that BLT2 was
involved in the chemotactic response to LTB4 [8]. Since then, BLT2-
dependent chemotactic responses have been observed in response
to a variety of BLT2-specific ligands/agonists (including 12(S)-
hydroxyeicosatetraenoic acid [27], Compound A [14], and 12(S)-
hydroxyheptadeca-5Z, 8E, 10E-trienoic acid [35]), further suggest-
ing that chemotaxis is an intrinsic activity of BLT2 stimulation.
LTB4-induced chemotaxis was shown to be completely inhibited
by pretreatment with PTX, suggesting that BLT2-mediated
chemotaxis is associated with a Go; family member [8]. In
accordance with this idea, we previously reported that the third
intracellular loop region of BLT2 interacts with Goyz [16].
Therefore, the binding of BLT2;3 and Gajz may play a role in
the LTB4-induced intracellular signaling pathway leading to
chemotaxis. Like LTB,;, many chemoattractants are known to
interact with G-protein coupled chemoattractant receptors to elicit
a number of biological functions, including chemotaxis, trafficking,
and homing of leukocytes [21,36,37].
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quantified as described in Section 2 (B-E).

Chemotaxis is involved in diverse pathological inflammatory
conditions [38] and is a complex and orchestrated cellular
phenomenon that is mediated by specific intracellular signaling
pathways [38]. In particular, Akt was shown to be involved in
chemotaxis in response to a variety of chemoattractants [21,38].
This kinase plays a critical role in chemotaxis evoked through the
activation of GPCRs that are coupled to Ga;s of the heterotrimeric
G-protein family. Further, the G+ subunits released from Go;
heterotrimers upon chemotactic receptor activation are suggested
to initiate signaling events leading to chemotaxis by activating
PI3K-v and subsequently Akt [39,40]. More recently, Ayoub et al.
showed that blockade of the Ga subunit inhibits heterotrimeric G-
protein-mediated chemotactic signaling, thus preventing the
downstream signaling cascade [41]. Together, it is likely that
chemotactic GPCR receptors depend on activation of PI3K and Akt
to initiate the chemotactic signaling cascade. Consistent with this
idea, we also found that Akt is involved in the LTB4-induced
chemotactic signaling pathway in CHO-BLT2 cells (Fig. 4). In
addition, we identified Racl and ROS as further downstream
components in the LTB4-induced pathway to chemotaxis in CHO-
BLT2 cells, which is consistent with our previous report suggesting

that an ‘Rac1-ROS’ cascade is essential for the LTB4-induced
chemotaxis in Rat-2 fibroblasts [2]. On the basis of these results, we
propose the model summarized in Fig. 8. In this model, we propose
that purpurin and chloranil interfere with the BLT2-Gas interac-
tion which is critical for the stimulation of the LTB4-induced BLT2-
chemotactic downstream (PI3K/Akt, Rac1l, and ROS) pathway
(Fig. 8).

The NINDS library was screened in the present study in order to
identify potential molecules that could interfere with the
interaction between BLT2;;3 and Gas, Screening of FDA-approved
compound collections has many advantages over that of conven-
tional small molecule chemical libraries. For example, the
conventional approach (e.g., from preclinical validation to FDA
approval) for developing a new drug takes a long time and is
expensive; FDA approval of a new drug takes an average of 12
years, and the odds of a new drug becoming approved are
approximately one in 5000. In contrast, the FDA-approved
compounds used in the present study have proven clinical drug
properties, including data on solubility, cell permeability, and
toxicity, making it possible to bypass some drug development
steps and move directly to identifying “ideal” candidate
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Fig. 8. Schematic model for the role of purpurin and chloranil as BLT2 inhibitors.
LTB,4 binding to BLT2 results in the activation of the Ga;;i-dependent pathway, which
subsequently stimulates PI3K/Akt phosphorylation. Activation of PI3K/Akt leads to
Rac1 activation and subsequent ROS generation, leading to chemotactic motility.
Purpurin and chloranil, which bind to the third intracellular loop region of BLT2,
interfere with the BLT2-Gqys interaction, thus suppressing LTB4-induced
chemotactic motility.

therapeutic agents as already defined [20]. The application of the
NINDS library to GPCRs-based drug discovery is especially
advantageous, and, to our knowledge, the present study is the
first report to target the NINDS library to GPCRs. By employing a
similar screening scheme to target the GPCR-G-protein interaction,
as described in the present study, it is expected that various
valuable novel pharmacological drug candidates will be identified.
In fact, it is well known that GPCRs are the single largest drug
target, representing 25-50% of marketed clinical drugs prescribed
today in the United States [42].

In the present study, we identified purpurin and chloranil as
potential BLT2-blocking pharmacological candidates via a NINDS
library screen. Purpurin is a naturally occurring yellow-colored
anthraquinone pigment isolated from a species of madder root
(Rubia tinctorum). Although it has been reported that purpurin
shows anti-cancer activity [43-45] and it acted against human
cytochrome P450 and NADPH-cytochrome P450 reductase [46],
the exact mechanism of action by which purpurin demonstrates
these activities remains unknown, especially regarding its action
through GPCRs. Similarly, although chloranil has traditionally been
used as a fungicide or oxidizing agent in organic synthesis, and has
also been shown to be effective in psoriasis treatment [47], the
exact mechanism of its action remains unknown. From the present
results, we suspect that the working mechanisms by which
purpurin and chloranil demonstrate their effective therapeutic
healing activities are likely to be mediated through GPCRs,
especially BLT2, and future studies will be necessary to investigate
the potential signaling association between these compounds and
BLT2 in each effective therapeutic action mechanism. In addition,
future studies aimed at investigating the efficacy of these small
compounds toward BLT2-associated inflammatory diseases such
as asthma are necessary.

In summary, we screened a library composed of FDA-approved
drugs and bioactive compounds for potential BLT2 blockers and
identified two small molecules, purpurin and chloranil, that
interfere with the interaction between the third intracellular loop
region of BLT2 (BLT2;3) and the Ga subunit of type i3 (Gays).
Furthermore, our findings indicate that these molecules inhibited
BLT2-downstream components (e.g., PI3K/Akt, Racl, and ROS),

thus blocking LTB4-BLT2-evoked chemotaxis. We propose that
purpurin and chloranil may be regarded as BLT2-blocking
pharmacological molecules available as therapeutic agents against
BLT2-associated inflammatory human diseases.
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