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We describe the discovery of novel inhibitors of prostaglandin D2 synthase (PGDS) through fragment-
based lead generation and structure-based drug design. A library of 2500 low-molecular-weight compounds
was screened using 2D nuclear magnetic resonance (NMR), leading to the identification of 24 primary hits.
Structure determination of protein–ligand complexes with the hits enabled a hit optimization process, whereby
we harvested increasingly more potent inhibitors out of our corporate compound collection. Two iterative
cycles were carried out, comprising NMR screening, molecular modeling, X-ray crystallography, and in
Vitro biochemical testing. Six novel high-resolution PGDS complex structures were determined, and 300
hit analogues were tested. This rational drug design procedure culminated in the discovery of 24 compounds
with an IC50 below 1 µM in the in Vitro assay. The best inhibitor (IC50 ) 21 nM) is one of the most potent
inhibitors of PGDS to date. As such, it may enable new functional in ViVo studies of PGDS and the
prostaglandin metabolism pathway.

Introduction

High-throughput screening (HTS)a is the dominant method
for lead generation in the pharmaceutical industry. HTS uses
automated miniaturized assays to screen large libraries of
typically 106 compounds for binders to a given protein target.
Although HTS has proven extremely useful, a review from 2004
reports that only about 25% of projects initiated against
druggable targets deliver leads.1 While this can sometimes be
attributed to poor assay properties, a more fundamental problem
is that no physical compound collection can sufficiently sample
chemical space. It is estimated that there exist ∼1060 combina-
tions of molecules with a molecular size of up to 500 Da.2 Any
compound library only covers a minute fraction of this vast
chemical space. An additional issue with leads generated through
HTS is that they have often been relatively large and hydro-
phobic.3 Such compounds are more likely to fail during
development than smaller, more hydrophilic compounds.4 Over
the last years, we have therefore seen a trend toward more
“leadlike” HTS libraries,3 with significantly reduced lipophilicity
and molecular weight compared to Lipinski’s rules.5

Fragment-based drug discovery (FBDD) addresses both the
sampling problem and physical property issues described above,
which in part explains why it grew to become so popular during

the first half of this decade.6–11 FBDD truly represents an
alternative hit identification method where low-molecular-weight
compounds (typically 150–250 Da, usually referred to as
“fragments”) are screened for binding to the target protein.
Different screening methods exist, such as high-throughput
crystallography,12 nuclear magnetic resonance (NMR),6,13 mass
spectroscopy,14 or biochemical screening,15 but all with the same
philosophy in mind: to identify small, weakly binding, well-
behaving fragments and to use those as starting points for lead
generation.

When the search is restricted to fragments with a low level
of complexity, a smaller library can be used, because a higher
hit rate is expected.16 In addition, because the chemical space
is reduced for fragments (fewer combinations of atoms exist),
a more exhaustive exploration can be performed of the possible
interactions in the binding pocket. Therefore, a higher binding
efficiency (binding energy per heavy atom or pKd per heavy
atom17), is usually achieved relative to typical HTS hits.18

The identified fragments can subsequently be developed into
more potent and drug-like molecules, by either linking them to
other, nonoverlapping binders or expanding them and adding
extra functionality.18 At this point, it is essential to have
available detailed structural information on the protein-fragment
complexes, as generated by X-ray crystallography or NMR
experiments.

Prostaglandins are lipid mediators derived from arachidonic
acid with diverse physiological roles within the respiratory,
cardiovascular, central nervous system (CNS), genitourinary,
endocrine, and immune systems. The exact role of each
prostaglandin is determined by their cellular context and the
receptor expression profile. The various prostaglandins are
synthesized from the common precursor PGH2, which is
generated by the cyclooxygenases (COX-1 and COX-2). Pros-
taglandin D2 synthase (PGDS) catalyzes the isomerization of
PGH2 to PGD2. Release of PGD2 results in a diverse set of
responses ranging from sleep promotion19 and inhibition of
platelet aggregation20 to the attraction of inflammatory cells21

and bronchoconstriction.22 Two isoforms of PGDS have been
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isolated, with distinct catalytic properties,23 tertiary structure,24

cellular localization, and tissue distribution:25 the hematopoietic
form (H-PGDS), primarily found in white blood cells, and the
lipocalin form (L-PGDS), located in the CNS, genital organs,
and heart. The difference between the two isoforms is under-
pinned by the fact that, while H-PGDS requires a glutathione
(GSH) cofactor, L-PGDS is independent of GSH for catalysis.
The structure of H-PGDS revealed a homodimer with the two
active sites along the dimer interface (Figure 1).26,27 The GSH
cofactor was found to bind near the substrate pocket, making
extensive contacts to both monomers.

The PGD2 signal is transmitted by activating the DP1 and
the DP2 (CRTH2) receptors. DP1-knockout mice show reduced
airway hyper-reactivity, limited eosinophil infiltration, and
reduced Th2 cytokine production in an OVA-induced asthmatic
model.28 In addition, polymorphism that impairs the expression
of the DP1 gene in humans is associated with a reduced
susceptibility to asthma.29 Interestingly, the DP2 receptor is more
related to the chemoattractant receptors than other prostanoid
receptors. Indeed, the DP2 receptor has been proven to mediate
PGD2-stimulated chemotaxis of eosinophils and basophils in
Vitro21 and leukocyte mobilization in ViVo.30 A recent study from
Uller et al.31 demonstrated that novel selective DP2 antagonists
inhibited the asthmatic response in ViVo. Mast cell expression
of H-PGDS is significantly upregulated during inflammation.32

Taken together with the fact that PGD2 is the major lipid
mediator released from mast cells upon IgE-mediated allergen
challenge,33–35 H-PGDS is an interesting target for the treatment
of asthma and offers the possibility to address both DP1 and
DP2 simultaneously. One of the best known PGDS inhibitors
is tranilast.36 While only having modest, micromolar affinity

(also for PGES), it is the active anti-inflammatory component
of marketed nasal creams and anti-allergy eye drops.

In this work, we apply FBDD to PGDS using a combination
of NMR, X-ray crystallography, and modeling. By rationally
selecting compounds from our corporate compound collection,
we could identify an inhibitor with an IC50 of 21 nM with an
excellent ligand efficiency of 0.65 kcal mol-1 HAC-1.

Results and Discussion

NMR Screening. Fragment-sized compounds have few points
for interaction with the target protein, and consequently, the
expected affinity for fragments is relatively low, typically in
the order of 10–1000 µM. Reliably picking up such weak
interactions puts significant demand on the screening method
used, in particular, to avoid false positives. We have found NMR
screening to be a very robust and versatile method for screening
fragments. Dependent upon the specific setup, it is usually
possible to observe whether the compounds and/or target
proteins are intact and present in the right concentrations during
the primary screening. This ensures a minimum of both false
positives and false negatives.

NMR-screening methods can be divided in two types: (i)
ligand observation methods, such as waterLOGSY,37 and
saturation transfer difference (STD), and (ii) protein observation
methods, such as 15N-1H heteronuclear single-quantum coher-
ence (HSQC).6 The latter method offers a higher information
content, at the cost of requiring several hundreds of milligrams
of 15N-labeled protein. Because PGDS expresses with large
yields in Escherichia coli, it could easily be isotope-labeled,
and we therefore chose the protein-observation method for this
work.

The primary NMR screen was conducted on approximately
2500 compounds, divided over two libraries: our general
fragment library (2000 molecules) and a targeted library
composed of 450 compounds, specifically selected using the
structure of the PGDS substrate pocket, as described in the
Experimental Section. NMR screening of these two libraries
generated 24 primary hits (including 6 from the targeted library),
with affinities in the range of Kd ∼ 50–500 µM. This hit rate of
1% is somewhat low when compared to other reported fragment
screens, but this is in part because of the deliberate choice of a
comparatively low cutoff (500 µM). Figure 2 illustrates the
quality of the NMR data obtained and typical chemical-shift
changes that were induced by hit compounds. It is worth noting
that we performed the NMR screen without having access to
any chemical-shift assignments. Therefore, we do not know what
amino acids correspond to the peaks that are indicated by the
blue ellipses in this figure. From titrations with reference
compounds, however, we knew which the important peaks to
be monitored during the analysis of the NMR screen were.
Skipping the assignment process has the obvious advantages
that we do not have to prepare 13C/15N-labeled protein, collect
the chemical-shift correlation spectra, and analyze them. In
particular, for larger proteins (>25 kDa), this can be time-
consuming or even impossible to achieve. The disadvantage of
not having access to the chemical shifts of all HSQC peaks is
that it will be more difficult to probe and explore sites not
occupied by the reference compounds. In our PGDS screening
data, we found no evidence of such sites; that is, the screened
compounds did not induce chemical-shift changes in areas of
the spectrum that were unaffected by the reference compounds.
The 24 primary hits are shown in Figure 3.

Development of Fragment Hits. The identified fragment hits
were subsequently submitted to X-ray crystallography and

Figure 1. Overview of the human H-PGDS dimer. The yellow sphere
represents the inner volume of the substrate-binding site; the red
sphere represents the central pocket beneath Trp104; and the blue sphere
represents the peripheral, solvent-exposed site. The glutathione cofactor
(carbon atoms in white), Arg14, and Trp104 (carbon atoms in gold)
are shown in capped sticks to highlight the boundaries of the binding
pocket.
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molecular docking. The binding modes determined or hypoth-
esized guided the selection of analogues to these hits from our
in-house compound collection. Typically, 10–20 analogues were
picked per iteration for each of the hits. These were in turn
screened via NMR and/or the in Vitro assay to identify the best
binders within the series of analogues and refine the emerging
structure–activity relationship.

Phamacophore Model. The crystal structures of PGDS in
complex with tranilast and the primary hit compound 1 (Figure
4) were instrumental for understanding the key interactions
involved in complex formation. The benzoyl ring of tranilast
overlays very well with the phenyl ring of compound 1 in the
inner cavity of the substrate pocket (Figure 4a and 4b), while
the position of the amide carbon of tranilast roughly matches
that of the N2 in the pyrazole ring (Figure 6a and 6b). The
crystal structure of PGDS in complex with compound 1 reveals
that this nitrogen accepts a hydrogen bond from a water
molecule in the binding site. While this water molecule is
conserved in most of the X-ray structures determined subse-
quently (Figure 4), it is absent in the tranilast complex, where
it is displaced by the amide oxygen.

The carboxyl group in tranilast strongly interacts with Arg14,
which sits in a central position between the substrate pocket
and the GSH molecule. From the early structures, it was evident
that there should be alternative ways to create an interaction to
this residue. Indeed, looking at the primary NMR hit 2 shown
in Figure 6c, we can see that if the quinazoline nitrogen is
interacting with the conserved water, the O-ethyl group in
position 4 would end up in the vicinity of Arg14. This prediction
is further encouraged by the fact that the fused phenyl ring also
superimposes fairly well with the phenyl rings of compound 1
and tranilast in the inner pocket.

In addition to the interactions outlined above, the molecules
are also engaged in a π-stacking interaction with the Trp104
above the second ring; for tranilast, this is accomplished by the
conjugated amidic system, which overlays very well with the

pyrazole ring of compound 1. All of these observations are
compiled in the phamacophore model outlined schematically
in Figure 5.

First Iteration. With this pharmacophore model in hand, the
first round of analogues were selected. First, we performed 2D
substructural searches in the compound collection using queries
derived from the primary hits. The identified compounds were
then docked, and the resulting poses filtered on the basis of the
ability to form at least two of the interactions described in the
pharmacophore model. The final selection was made by visual
inspection. The most successful compounds derived from the
first iteration around compounds 1 and 2 are shown in Figure
6b and 6c (compounds 5–8). They exhibit up to about 200-fold
increase in potency over the primary fragment hits. It is
interesting to note that compound 5 is a good binder despite
having a hydrogen-bond donor in the 5 position of the pyrazole
ring ending up close to the guanidine moiety of Arg14.
Therefore, replacing it with a hydrogen-bond acceptor, such as
a methoxy or an acidic group, would probably allow for a more
favorable interaction, further increasing the potency of the
compound. Unfortunately, no such motif was present among
the compounds available in house. Molecule 8 has a carbonyl
oxygen that, according to docking calculations, overlays quite
well with the carbonyl oxygen of tranilast, thus probably
displacing the water in a similar manner.

Figure 6d shows compound 3, whose binding mode is
somewhat different from the pharmacophore model described
above. If we superimpose this compound onto compound 1,
we see that the five-membered ring and the phenyl ring overlay
and that the nitro group is oriented toward the solvent similarly
to the carboxy group of compound 1. It is tempting to assume
that the pyrazole ring would be positioned in the phenyl pocket
much like the phenyl groups of the other compounds. Surpris-
ingly, however, the X-ray structure revealed that the position
of the pyrazole ring is rather shifted compared to the pharma-
cophoric phenyl ring (Figure 6b). This is due to the presence
of yet another water molecule in the binding site that interacts
with a N of the pyrazole ring. In addition, a significant shift of
the guanidinium moiety of Arg14 can be observed (Figure 4c).

The pyrazole structure of compound 3 prompted us to search
for other pyrazole derivatives that fulfilled additional elements
of the pharmacophoric criteria (e.g., N interacting with the
conserved water and hydrogen-bond acceptor group toward
Arg14). This approach also resulted in binders with improved
potency, as shown in the results for some of the expanded
molecules (molecules 9–11).

Second Iteration. When we started this second iteration, we
had enough structural knowledge and confidence about our
emerging pharmacophore that we could combine ideas coming
from different sources. In particular, parallel to the fragment-
based approach, we carried out a separate virtual screening
exercise that allowed for the identification of a molecule with
micromolar potency (compound 4, Figure 6e). The docking pose
of this compound suggested that it complied with our pharma-
cophore model, except for the interaction to the conserved water
molecule. To follow the shape of the substrate site and avoid a
clash with Ile199, the compound orients the central thiazole with
a carbon atom in proximity to the conserved water. However,
the notable potency of this compound inspired the search for
other molecules containing thiazoles as the central ring.
Moreover, in this iteration, the 2D substructural search included
the possibility of having a pyrazole ring based on compound 3
and the previous expansion. The combination of these ideas was
rewarded with compounds of nanomolar potencies (compounds

Figure 2. Overlay of two HSQC spectra. The black spectrum is a
reference spectrum from the apo protein, i.e., without any compounds
present. The red spectrum is that of the mixture that contained the
primary hit compound 1. Peaks whose chemical-shift positions are
significantly affected by compound 1 are marked by blue ellipses.
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12–15). The cocrystal structure of compound 12 (Figure 4f)
confirmed the binding mode hypothesized for compound 4.
Interestingly, the structures from compounds 13 and 14 showed
Arg14 in a position similar to that observed when interacting
with compound 3, packing against the central five-membered
ring together with the thiazole of the GSH. The importance of
the interaction to GSH was confirmed for compound 13, which
exhibited an almost 14 times higher affinity for PGDS in the
presence of GSH (Figure 7). The activity of compound 13 on
PDGS was further confirmed by its activity in a cellular
screening assay, where it was shown to inhibit PMA/Ionomycin-
induced PDG2 synthesis in a human mast cell line in the low
micromolar range (Figure 8).

Given the high reactivity of the GSH thiole group, we wanted
to dismiss the risk of covalent interaction for compounds of
exceptional potency. The high-resolution X-ray structures of
compounds 13 and 14 rule out any covalent binding. Rather,
the high potency is believed to primarily derive from good shape
match to the substrate site in combination with the interaction
to the conserved water molecule.

The high potency of compound 13 is in good agreement with
a recent paper by Hesterkamp et al.,38 which reports low
nanomolar potency for a larger but related compound.

Conclusion

A variety of PGDS inhibitors were identified using fragment-
based drug discovery. Iterative expansions around the original
hits, employing both X-ray crystallography and computational
chemistry, led to the discovery of several novel PGDS inhibitors
with nanomolar affinities. In this work, fragment optimization
was performed exclusively through iteratively harvesting our
corporate compound library for compound analogues, i.e.,
without the use of synthetic chemistry. Having access to
crystallographic information and reliable assay values at all
stages of the process allowed for a rational design approach,
which rapidly enabled us to progress our midmicromolar
fragment hits, improving their affinities by a 100-1000-fold.
Moreover, the compounds have good solubility and comparably
low molecular weights, resulting in excellent ligand-binding
efficiency39 (Table 1). The solubility follows from working with

Figure 3. Complete set of primary fragment hits generated by the NMR screen. On the basis of their similarity and hypothesized binding mode,
we divided 16 hits into 5 small clusters, while 8 compounds were considered singletons. All of the compounds were acquired from external suppliers.
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a library of highly soluble fragments. The favorable low
molecular weight and good binding efficiency underpin the
claim that fragments sample chemical space well.16

In summary, we carried out two major iterations, obtained
the X-ray structures of six complexes, and screened a total of
about 300 hit analogues. In this process, we identified several
potent inhibitors with the molecular diversity sufficient to evolve
into four different lead series (Table 1). Our results show that

PGDS is a highly tractable target, and the compounds described
should provide a firm platform for further studies of the
important prostaglandin metabolism pathways.

Experimental Section

Expression and Purification of the Protein. The protein was
expressed in E. coli strain BL21(DE3) with an N-terminal 6-His
tag. Bacteria were grown in 1/2 LCPA minimal medium in a
fermentor at 30 or 37 °C and induced with isopropyl-�-D-
thiogalactopyranoside (IPTG) around OD5. To achieve the 15N
labeling, 15N-labeled ammonium chloride was present as the sole
nitrogen source. A 6 L grow with labeled medium produced 269
cell paste from 6 L of culture at OD28, 13.4 g/L dry weight.
Unlabeled protein for crystallization was produced from a 16 L
grow, which yielded 454 g paste at OD26, 6.9 g/L dry weight.

Cells were lysed in a buffer consisting of 20 mM Tris at pH
7.5, 300 mM NaCl, 20 mM imidazole, 8.7% glycerol, inhibitor
cocktail, and 1 mM �-mercaptoethanol. The lysate was centrifuged
at 40000g for 30 min. The supernatant was loaded on to a 50 mL
Ni-NTA superflow column, which had been equilibrated in 20 mM
Tris at pH 7.5, 300 mM NaCl, 20 mM imidazole, and 8.7% glycerol,
and the protein was eluted with 20 mM Tris at pH 7.5, 300 mM
NaCl, 400 mM imidazole, 8.7% glycerol, and 2 mM �-mercapto-
ethanol. The eluted protein was concentrated on an S75 column
equilibrated in 50 mM Tris at pH 7.5, 50 mM NaCl, 1 mM
dithiothreitol (DTT), and 1 mM MgCl2. This two-step purification
protocol was sufficient to obtain pure protein, as could be concluded
from SDS-PAGE. The final yield was about 75 mg of protein/L
of medium.

In Vitro Assay. The PGDS glutathione-S-transferase (GST)
activity is measured by using MonoChloroBimane (MCB) as a
chromogenic substrate. The assay was run at 384-well format, as
follows: 60 ng of PGDS was incubated for 15 min at room
temperature with 5-250 µM compound (final concentration) in a
buffer consisting of 20 mM Tris-HCl at pH 7.2, 0.1% 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS),
1 mg γ-globulin/mL, and 2 mM MgCl2. γ-Globulin was added to
improve stability of the reagents, but also without it, all solutions
used are stable for more than 4 h at room temperature. Then, MCB
was added to a concentration of 0.15 mM and GSH was added to
a concentration of 0.7 mM. After further incubating for 30 min
while gently shaking, the reaction was stopped with a mixture of
sodium chloroacetate, sodium acetate, and acetic acid at pH 4.3.
After another 30 min, the fluorescence was read out (excitation,

Figure 4. Refined 2mFo - DFc electron density from the (binding site) structures of PGDS in complex with tranilast (a), the primary hit compound
1 (b), and ligands coming from the expansions: compound 3 (c), compound 13 (d), compound 14 (e), and compound 12 (f). The compounds are
shown in purple; the glutathione is shown in olive; and the protein residues are shown in gold. The dashed green lines symbolize putative hydrogen
bonds (heteroatoms within 3.2 Å). The structures were solved to resolutions ranging from 1.95 to 2.25 Å.

Figure 5. The substrate pocket of PGDS can be subdivided into three
different regions based on the placement of the chemical motifs from
various inhibitors: the inner cavity (yellow), which is typically occupied
by an aromatic ring; the central cavity (red), which is characteristically
occupied by a heterocyle; and the peripheral solvent exposed part of
the pocket (blue), where the largest structural variation is observed.
The potential interactions involved in ligand binding are shown: the
yellow arrows indicate hydrogen-bond interactions with Arg14 and a
conserved water molecule. Trp104 is involved in a π-stacking interac-
tion with the central heterocycle of the ligand.
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390 nm; emission, 478 nm). MCB has a Km of 0.16 mM and Vmax

of 11 000 FI. Corresponding numbers for GSH are 0.65 mM and
15 000 FI. The assay is linear for 60 min. The signal was
approximately 5 times the background, and the Z′ factor was 0.8.

Cell-Based in Vitro Assay. Compounds with a confirmed
inhibitory effect on PDGS were tested in LAD2 cells for inhibition

of PDG2 release. LAD2 is a human mast cell line derived from a
bone marrow aspirate from a mast cell sarcoma/leukemia patient.40

The assay was run in a 96-well format, as follows: cells were seeded
at day 0 at a cell density of 7.5 × 105 cells/mL and preincubated
overnight. At day 1, cells were preincubated for 30 min at 37 °C
with 0.1–30 µM compound (final concentration) before stimulation

Figure 6. Schematical representation of the expansion process from primary hits (tranilast and compounds 1–4). On the right-hand side are the hits
coming from the first expansion (compounds 5–12) and those coming from the second iteration (compounds 13–15). The activity reported is IC50

(in micromolars) measured with the GST assay. The arrows show the expanded ligand in relation to their primary counterpart. The curly bracket
indicates that the last expansion combined all of the ideas from hits in the previous one. All of the molecules are shown in their putative binding
mode with the key arginine and water molecule highlighted for the primary hits. All of the compounds were acquired from external suppliers with
the exception of compounds 4 and 15, which were present in the in-house collection.

NoVel PGDS Inhibitors Generated by FBDD Journal of Medicinal Chemistry, 2008, Vol. 51, No. 7 2183



with 1 ng/mL PMA and 0.75 µg/mL ionomycin for an additional
30 min. Compounds were dissolved in dimethylsulfoxide (DMSO),
resulting in a final DMSO concentration of 0.1%, which was shown
to have no effect on the cellular viability and responsiveness. The
reaction was stopped by centrifugation at 4 °C and collection of
the supernatants. Samples were analyzed using the “prostaglandin
D2sMOX express EIA kit” from Cayman Chemical according to
the instructions of the manufacturer.

NMR Experiments. NMR samples used for screening contained
∼100 µM 15N-labeled protein, in a buffer consisting of 20 mM
N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid (HEPES) at
pH 7.0 and 20 mM NaCl. There was no GSH present in the original
screen. 15N HSQC experiments were recorded at 298 K as TROSY
spectra41 on a Bruker AV600 equipped with a cryoprobe. Typical
acquisition time was 60 min per experiment. The compounds were
screened in mixtures of 12 at an individual concentration of 400
µM. Prior to each HSQC spectrum, a 4 min waterLOGSY37

spectrum was recorded on the same sample; if analysis of the HSQC
spectrum subsequently would indicate that one of the compounds
in the cocktail was a hit, the 1D waterLOGSY spectrum helped
identifying that active compound. This allowed for a more efficient
deconvolution of the 2D screening data.

Compounds were stored as 100 mM DMSO-d6 stock solutions
on 384 well plates. The addition of compounds to the protein buffer
introduced 4.8% DMSO-d6, which was used to lock the spectrom-
eter. A SampleRail system (Bruker) connected to a Tecan Gemini
robot was used for automated sample preparation of each sample
immediately prior to the execution of NMR experiments. Spectra
were processed with NMRpipe42 and analyzed with NMRview.43

In total, ∼200 2D spectra were recorded for the primary screen,
and another 150 spectra were recorded for deconvolution of the
hits and Kd determinations. No automation was used for the analysis;
we considered a simple overlay of each screening spectrum with
the reference to be the most robust and sufficiently quick procedure.

Crystallization and Structure Determination. Crystals were
grown using the hanging drop vapor diffusion method. First, 10
µL protein solution [10 mg/mL protein in 50 mM Tris-HCl at pH
7.5, 50 mM NaCl, 1 mM DTT, 10 mM GSH, and 1 mM
ethylenediaminetetraacetic acid (EDTA)] was mixed with 1 µL of
100 mM inhibitor DMSO solution. Then, equal amounts of this
solution and precipitant solution (30% PEG 6000, 1% dioxane, 5
mM DTT, 5 mM GSH, and 50 mM Tris-HCl at pH 8.4 or 30%
PEG 6000, 5 mM TCEP, 5 mM GSH, 1% dioxane, 5 mM MgCl2,
and 50 mM Tris-HCl at pH 8.4) were mixed and equilibrated over
1 mL precipitant solution. Rod-like crystals formed in about 1 week
at room temperature and were optimized using seeding protocols.
X-ray diffraction data were collected at the European Syncrotron
Radiation Facility (ESRF), Grenoble, France, using an ADSC
detector. Data were integrated and processed using MOSFLM and
SCALA of the CCP4 suite.44 The crystals belong to the space group
I41 (a ) b ) 123 Å, and c ) 106 Å) with two dimers in the
asymmetric unit. The structures were solved by molecular replace-
ment using Protein Data Bank (PDB) entry 1pd2 as the search
model. The phases were refined using the CCP4 suite44 and manual
rebuilding using O.45

Trp-Fluorescent Measurements. The conditions used were 0.5
µM protein, Tris at pH 7.5, and 1 mM MgCl2. Excitation
wavelength was 284 nm, and emission wavelength was 336 nm.
Controls were performed for a selected set of compounds by titration
of a 1 µM L-tryptophan solution to determine the effect of
absorption by the compound at 336 nm. Affinities were determined
from a three parameter nonlinear least-squares fit of the function
F(x) to the experimental data

F(x) = Fstart − (Fstart − Fend)PL/P

where F is the observed fluorescence. PL is the concentration of
the protein–ligand complex, and P is the total protein concentration.
The protein concentration limits the precision of the KD determi-

Figure 7. Trp-fluorescent measurements of compound 13 with 2 mM
GSH (+) and without GSH (×) present in the buffer, measured as
described in the Experimental Section. The resulting dissociation
constants were 27 and 374 nM with and wihtout GSH, respectively.

Figure 8. Inhibition of PMA/ionomycin-induced PDG2 in the human
mast cell line LAD2 by compound 13. The figure shows one
representative experiment (n ) 3), where each point represents a mean
of duplicate values. Mean EC50 for the three experiments was 2.3 (
0.9 µM, and mean EC50 for the experiment illustrated in the graph was
1.7 µM.

Table 1. Representatives from the Four-Hit Series

a ACD log D at pH 7.4. For the bottom three compounds, c log P ) c
log D. b Ligand-binding efficiency (L.E.) ) -RT ln (IC50)/HAC, where
HAC is the number of heavy atoms.
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nation for high-affinity binders. However, the tight binders were
retested using different conditions, and the lower limit of the assay
is estimated to be around 10 nM.

Library Design and Docking. A focused library for fragment
screening was designed applying 1D filters (molecular weight <
200, and c log P e 2) to the in-house compound collection,
obtaining 20 670 compounds. The starting format of the database
was in SMILES, and Leatherface46 (an in-house molecular editor
based on the Daylight toolkit47) was used for generating protonation
and tautomeric states; 3D coordinates were generated using
CORINA48 with explicit enumeration of stereocenters.

The compounds were then docked in the PGDS binding site using
GOLD49 with the standard mode settings and default parameters.
The ligands were scored with GoldScore, and 10 poses per ligand
were saved. The docking was carried out in the presence of
glutathione. No water molecules were included in the binding site
at this stage. After docking, a postfiltering method was applied that
removed all of the molecules not forming a hydrogen-bond
interaction with either Arg14 or Tyr152 (on the basis of the
published PGD2 binding mode50). The remaining poses were
rescored with an in-house consensus scoring method, and 450
compounds were selected for NMR screening.

The same docking protocol was used for a virtual screening
exercise, in which 5000 molecules (including molecules with Mw

> 200) from the in-house compound collection were docked into
the PGDS binding site. After postfiltering and rescoring as described
above, the top 500 poses were manually inspected, which resulted
in the selection of 30 compounds for testing; one of them showed
micromolar potency (compound 4 in Figure 6e).

After the NMR hits were identified and complexes crystallized,
further dockings were carried out to support the expansion rounds,
and in all cases, the binding site of PGDS included the conserved
water molecule identified by X-ray crystallography. The docking
protocol was the same adopted for the library design, with
postfiltering based on the identified pharmacophoric interactions.
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