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A natural product collection and natural-product-derived combinatorial libraries were virtually screened
for potential inhibitors of human 5-lipoxygenase (5-LO) activity. We followed a sequential ligand-based
approach in two steps. First, similarity searching with a topological pharmacophore descriptor (CATS 2D
method) was performed to enable scaffold-hopping. Eighteen compounds were selected from a virtual hit
list of 430 substances, which had mutual pharmacophore features with at least one of 43 known 5-LO
inhibitors that served as query structures. Two new chemotypes exhibited significant activity in a cell-based
5-LO activity assay. The two most potent molecules served as seed structures for a second virtual screening
round. This time, a focused natural-product-derived combinatorial library was analyzed by different
ligand-based virtual screening methods. The best molecules from the final set of screening candidates
potently suppressed 5-LO activity in intact cells and may represent a novel class of 5-LO inhibitors. The
results demonstrate the potential of natural-product-derived screening libraries for hit and lead structure
identification.

Introduction lack of selectivity, initiated the development of non-redox-type
. . . inhibitors$ It should be noted that the classification of com-
5-Lipoxygenase (5-LO) catalyzes the first steps in the pounds as non-redox-type inhibitors relates to the lack of redox

conversion of arachidonic acid into leukotrienes that are activity of the druas themselves but does not exclude that the
mediators of inflammatory and allergic reactions. Recently, the . y g

5-LO pathway has also been associated with atherosclerosis'nhi.bitory potency of the drugs is affected by thg rgdgx state of
cancer, and osteoporodis so that 5-LO has become an their target_ 5-LO. I\_/Iost_of the non_-re_dox-type inhibitors mgy
attractive drug target. 5-LO inhibitors can be classified into COMPete with arachidonic acid for binding to 5-LO and comprise
three main groups: redox-active compounds, iron-ligand structurally diverse _molecules which are selective inhibitors of
inhibitors with weak redox-active properties, and non-redox- the 5-LO enzyme with respect to cyclooxygenases and 12- and
type inhibitors. Early screening programs identified many 15-LCs.

redox-active compounds like nordihydroguaiaretic acid, cou-  The aim of our study was to search for potential novel 5-LO
marins, or flavonoids (e.g., cirsiliol) as 5-LO inhibitors. These inhibitors in a natural product collection and natural-product-
compounds act as nonselective antioxidants that interrupt derived compound libraries. The selection of screening candi-
redox cycling of 5-LO due to radical scavenging properties dates was guided by ligand-based virtual screening due to lack
and their ability to reduce the active-site ferric iron of the of an experimentally obtained receptor structure. The study

enzyme! aimed at “scaffold-hopping”: We compiled a diverse set of
The rational development of compounds that are able to published 5-LO pathway inhibitors and used these as queries

chelate the active-site iron led to hydroxamic acid asd in a database scan for alternative chemotypes with 5-LO

hydroxyurea derivatives. The most prominéfithydroxyurea inhibitory activity. This ligand-based virtual screening approach

derivative is A-64077 (Zileuton), which is the first and only consisted of two consecutive steps:
5-LO inhibitor up to now that is on the market for the treatment
of asthma. The disadvantage of redox-active inhibitors and
iron ligands, that is, the participation in redox reactions and

In a first round, natural products and natural-product-derived
combinatorial compound collections were virtually screened
with 43 queries that were taken from a collection of published
bioactive compounds (COBRA collection, version 4.1).

* Author to whom correspondence should be addressedt-46I(0) 69 The software speedCATS was applied for this purpase
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10.1021/jm060655w CCC: $37.00 © 2007 American Chemical Society
Published on Web 04/27/2007



Virtual Screening for 5-Lipoxygenase Inhibitors Journal of Medicinal Chemistry, 2007, Vol. 50, N6l

Chart 1. Most Potent Hits from the First Virtual Screening different structural classes. They exhibited submicromolar
Round activity in intact PMNL [IGso (1) = 0.8 uM, ICso (2) = 0.9
S’\> uM], which had been stimulated with 2.8 ionophore A23187
HN/L\N and 20uM arachidonic acid, as described under Materials and
Methods. For crude 5-LO in cell-free assays or partially purified
5-LO enzyme, IG values were approximately &M for
compoundL and>10uM for compound?2. The well-established
iron ligand-type 5-LO inhibitor BWA4&* and the non-redox-
o/ type 5-LO inhibitor ZM23048% were used as controls to

\ o] validate the assays and estimate the potency and molecular mode
: H

\/\O 0o

S of action of the candidate compounds (Figure 1). Additional
N_<\N | preliminary tests indicated that the potencyloénd?2 is not
influenced under reducing conditions, that is, in the presence
of 1 mM dithiothreitol or 1 mM glutathione and 30 milliunits
of gluthatione peroxidase in the assdy.

From these data we conclude that compotnsd in fact an
hibitor of leukotriene biosynthesis in intact cells, which might
be caused by direct inhibition of 5-LO. Compould/as shown

to inhibit cellular leukotriene biosynthesis @€= 0.9 uM),
whereas in cell-free assaysstOvas above 1Q:M. Stronger
enzyme inhibition at higher concentrations (@M®1), and thus

a reliable 1Gp value, was not attained. Therefore, the mechanism
of action for potent suppression of 5-LO in intact cells might
not be primarily through direct inhibition of 5-LO enzymatic
activity but instead could be due to additional interference with
cellular components or mechanisms required for activation of
5-LO in the intact cell (discussed below).

Results of Second Screening RoundCompoundsl and 2
were retrieved from the AnalytiCon Discovery NAT-5 library.

products and natural-product-derived substances for screeningIn
thereby avoiding the screening of compound mixtures or
extracts.

In the second virtual screening round, the two most active
molecules from round 1 served as queries for similarity
searching in a focused combinatorial library. This was done to
retrieve potentially more active substances and obtain a pre-
liminary structure-activity relationship (SAR) model. This time,
four different virtual screening methods were used (three variants
of the CATS approachand MACCS keys with the Tanimoto
index)10-12 and 17 compounds were subsequently tested for
inhibition of 5-LO product synthesis.

As a result, two novel chemotypes were identified that exhibit
nanomolar activity in intact polymorphonuclear leukocytes

(PMNL). Therefore, virtual screening was restricted to NAT-5 compounds
in the second screening cycle. This combinatorial library was
Results and Discussion built around scaffolds derived from-santonin, a common

sesquiterpenelactone occurring in differéwtemisiaspecies.
Molecules 1 and 2 were used as reference molecules for
similarity searching with the software tools speedCATATS-
Charge® CATS-TripleCharge and MACCS key3! Seventeen
analogues (Chart 3) were retrieved and tested in intact PMNL,
which were stimulated by 2.6M ionophore A23187 plus 20

Methodological Concept The virtual screening study was
grounded on the “similarity principle*® We collected known
5-LO inhibitors from the literature and performed similarity
searching for analogues in two consecutive steps:

(1) In a first virtual screening round, the MEGx collection
T e e AN aacicnc a6 and n e cll e st sy use o
of 43 5-LO pathway inhibitors that were taken from the COBRA partially purified 5-LO. .
database (query structures are listed in Table S1 in the Molecules3—10 are structural neighbors of compouad
Supporting Information}.The software speedCATS was applied Moleculesl1—-19are analogues df. In intact PMNL, none of
for this purposé.The 10 most similar database molecules were the 17 analogues yielded higher activity than the queries at a
retrieved for each of the 43 reference molecules. Eighteen concentration of kM (Table 1). At 10uM, compounds3 and
molecules were cherry-picked from this list of 430 candidates: © had the strongest inhibitory effect with 14% and 19%
all compounds that occurred at least twice, plus molecules with "émaining 5-LO activity, respectively. Overall, the inhibitory
the smallest distance to their respective query molecules (Tablegffect of molecules—10 was similar to that of compouna
S2 in the Supporting Information). Initially, these substances !Cso values were below 1@M in intact cells (Table 2).
were tested for inhibition of 5-LO product formation in intact ~ As already observed for compoudits analogues clearly
PMNL, and for the most potent hits dgvalues were determined ~ suppressed partially purified 5-LO at/4M, without further
(Chart 1). It is noteworthy that the best hitsand2 both have  inhibition at 104M. Compounds9 and 10 both yielded 1Go
different scaffold architecture than their corresponding query values of approximately &M, with remaining 5-LO activity
molecules, indicating successful scaffold-hops from the respec-0f 55% and 46%, respectively. Why these two molecules exhibit
tive queries (Chart 2). this comparably strong effect in our cell-free assay cannot be

(2) In the second virtual screening round, the two most active immediately determined from their chemical structure. These
molecules from round 11(and 2) were used as queries for results should thus be treated with care.
similarity searching in AnalytiCon’s NAT-5 compound collec- Analoguesl1-19 of compoundL exhibited lower inhibitory
tion, yielding 17 virtual hits (Chart 3). This was done to retrieve activity than the query in intact PMNL (Table 1). Only the
potentially more potent substances and to obtain a preliminary incubation with moleculd 1 resulted in an increased inhibition
SAR model. This time, four different virtual screening methods of 5-LO product formation (10% remaining 5-LO activity) at a
were used (three variants of the CATS apprdaunid MACCS concentration of 1QuM. At a concentration of 1uM, the
keys with Tanimoto inde®%1?). analogues of compouridwere more potent in the cell-free 5-LO

Results of First Screening Round In the first screening enzyme assay than in intact PMNL (Table 1). From these data
round, we found the two novel inhibitofisand2 representing we conclude that moleculd and its structural neighbors
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Chart 2. Query Compounds That Led to Retrieval of New 5-LO Inhibiti#sand 2b
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might be regarded as direct 5-LO inhibitors, while no such inhibition. A dimethylamine group at this position (compounds
statement can be made for molec@eand its derivatives. 15and17) revoked inhibitory effects, presumably by preventing
Although there is some direct inhibitory effect on the 5-LO the compound from entering the cell. As a consequence, these
enzyme, it seems likely that chemotypaffects 5-LO product substances showed almost no inhibitory effects in intact cells,
formation by multiple mechanisms. Possible modes of though they exhibited high activity in the assay with partially
action include inhibition of 5-LO-activating protein (FLAP), purified enzyme.
interaction with the lipid-binding domain of 5-L&,inhibition Regarding structural variations 2f a large aromatic residue
of 5-LO kinases? or affecting 5-LO translocation to the nuclear appears to be preferred, sin6eand 7 are weaker inhibitors
membrane$? Another means of action might be complex compared t®. It should be noted that all structural neighbors
formation between the inhibitor and the enzyasmibstrate  of compound show stronger inhibitory effects in intact PMNL
complex, rendering the inhibitors uncompetitive substances at 10uM than in the cell-free assay. We also observed that, at
(studies ongoingi? a concentration of &M, compound®2—4 and8 show stronger

A set of 38 additional compounds were selected from the inhibition of 5-LO product formation in intact PMNLSs, while
NAT-5 library by visual inspection, with an emphasis on compound$—7, 9, and10 show superior performance on the
compounds structurally similar to our active molecules (struc- partially purified enzyme.
tures are listed in Chart S1 in Supporting Information). The  Presently we are unable to assign the new compounds to any
goal was to establish a preliminary SAR for the scaffolds of of the known 5-LO inhibitor classes, since neither iron-chelating
compoundsl and2. Evaluation in intact PNML revealed that  nor redox-active properties of the active compounds are readily
two of these compounds54 and 55) have IGo values of  apparent. The potency of the compounds is not affected by the
approximately M (Table 2). They are analogues of molecule redox state of 5-LO, which is a typical feature of non-redox-
1. Half of the manually selected compounds reduced 5-LO type 5-LO inhibitors. Initial experiments addressing competitive
activity by at least 50% at a concentration ofdd (Table S3,  features with respect to arachidonic acid as 5-LO substrate
Supporting Information). Moleculg4 was shown to be the most  indicate a noncompetitive or uncompetitive mode of action.
potent in this set, reducing 5-LO product formation by more Studies are in progress to reveal the basis of the molecular
than 80% in intact PMNL at a concentration of AM. mechanisms of pharmacological interference with 5-LO product

Inhibitors 1 and 53—55 (Chart 4) were structurally aligned  synthesis.
to obtain an idea of a potential pharmacophore (Figure 2).  Summarizing, our study demonstrates the potential of natural-
Perfect overlap of pharmacophore features can be seen for thgyroduct derived combinatorial libraries for hit and lead structure
aromatic ring systems of the mutual scaffold, with identical finding. A two-step ligand-based virtual screening protocol
positions of the ether groups. One may argue, however, whetherguided the selection of promising agents with minimal experi-
these oxygen atoms actually possess hydrogen-bonding capabilmental effort. As a result, we were able to identify a novel
ity. Tight alignment of the bridging amide bonds is observed chemotype that exhibits substantial inhibition of leukotriene

as expected. The only discrepancy in the alignment is the slightly synthesis in both intact cells and a cell-free assay.
shifted position of the thiophene ring of molecl8, which

can be explained by the longer amide linker, mirrored in a Materials and Methods

greater 1Go value. At this position, the two.most potent. Similarity Searching: (A) SpeedCATS(version 1.1; Schneider
compoundsl and54},_both possess an unsubstituted aromatic Consulting GbR, Oberursel, Germariy}. All molecules were
heterocycle. In addition, compoundsand 53—55 possess an  encoded by the topological CATS descriptofhis molecular
n-propoxy residue at the phenyl ring. Replacement by a methoxy representation encodes potential two-point pharmacophores in the
group (L8) abolished the efficacy, indicating that a lipophilic  form of an alignment-free correlation vecfstFor each molecule,
and space-filling residue is a requirement for potent 5-LO the occurrence frequencies of 15 potential pharmacophore point
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Chart 3. Virtual Hits?
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a Retrieved by similarity searching in AnalytiCon’s NAT-5 compound collection with moleclilasd 2 as queries.

(PPP; hydrogen-bond donor, hydrogen-bond acceptor, lipophilic, vector, which characterizes the molecules by means of their partial

positive ionizable, negative ionizable) pairs were determined for atom charge distribution. The correlation vector representation was

topological distances of 09 bonds. This resulted in a 150- calculated as

dimensional descriptor vector. PPP-pair counts were scaled by PPP-

type occurrence. For each of the 43 reference molecules, the 10 A A

most similar molecules were retrieved from the screening pool CVy= Z Zéij(qiqj)d Q)

(AnalytiCon Discovery libraries v.2004: 1298 unique pure natural ==

products in the MEGx collection and 7839 unique natural-product-

derived compounds denoted as NATX; AnalytiCon Discovery whered is the atom-atom distanceq; and g, are partial atom

GmbH, Hermannswerder Haus 17, D-14473 Potsdam, Germany)chargesA is the number of atoms, antlis the Kronecker delta

by use of the Euclidian distance metric. that equates to 1 if a pair exists and O otherwise. The spatial
(B) CATS-Charge This similarity searching approach is based structures for the COBRA database were calculated with the

on the correlation vector concept of Gasteiger and co-workers, program CORINA (Molecular Networks GmbH, Nelsbachstrasse

using estimated three-dimensional conformations and partial atom25, D-91052 Erlangen, Germardd,and partial atom charges,

charge$. The three-dimensional Euclidean distances of all atom- including hydrogens, were assigned by use of the PETRA software

pair combinations in one molecule were calculated. Distances within (Molecular Networks GmbH, Ngelsbachstrasse 25, D-91052

a certain range (0.16 A) were allocated to the same bin. The chargesErlangen, Germany).

of the two atoms that form a pair were multiplied to yield a single (C) CATS-TripleCharge The difference between the CATS

charge value per pair. Charge values that were assigned to the sam€hargeand the CATSTripleChargedescriptor lies in atom pair

bin were summed up. We used 101 bin borders in equidistant stepscounting. While with the CATSzhargedescriptor all atom pairs

from 0 to 16 A. All distances greater than 16 A were associated within a certain distance are collected in the same bin, the CATS-

with the last bin. The output was a 100-dimensional correlation TripleChargedescriptor differentiates between charge combinations
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100 (a) 100 (b) Table 2. Determination of IG, Values of Selected Compounds
80 80 ICs¢/intact I_C_:5dpartially
B 60 B 60 compd PMNL («M) purified 5-LO M)
£ € 1 0.8+2 1410
S 40 S 40 2 0.9+2 >10
20 20 3 2+3 >10
compound 1 M 0 compound 1 M 4 441 >10
00030103 1 3 10 00030103 1 3 10 5 6+1 >10
6 8+1 10+ 5
7 10+ 2 >10
100 100 ) 341 >10
_ 80 _ 80 9 4+1 ~1
S &0 S 60 10 7+1 0.6+ 05
g 5 11 5+1 0.84+0.2
% o 12 843 >10
20 20 13 >10 4+ 6
compound 2 LM 0 compound 2 M 14 >10 0.9+ 10
0 0030103 1 3 10 0 0030103 1 3 10 17 >10 ~1
19 >10 >10
53 8+2 3+3
100 100 54 0941 6+3
__ 80 _ 80 55 1+1 0.8+2
[<] o
£ 60 £ 60
‘8; 40 8 40
S ZM230487 ®
20 20} 7230487 H
0 uM 0 uM Ox N, . i
00030103 1 3 10 0 0030103 1 3 10 Ry '
P
100 100
80 80
g 60 S 60 3 b)
g g Figure 2. Scaffold (a) and spatial alignment (b) of active molecules
\‘g 40 ;3 40 1, 53, 54, and 55 with mutual potential pharmacophore points
20 BWA4C 20 BWA4G highlighted. Green shapes represent lipophilic features, red ones show
0 UM my potential hydrogen-bond acceptors, and blue indicates potential hydrogen-
0 0030103 1 3 10 0 0030103 1 3 10 bond donor sites. Rrepresents an aromatic ring system.

Figure 1. Inhibition of 5-LO product formation by compoundsand

2, positive controls ZM230487 and BWAA4C in intact PMNL (a), and Chart 4. Potent Manually Selected Compoundsiat Were
of partially purified 5-LO enzyme (b). Error bars give the standard Used for Structural Alignmeht

error of the mean.

S,
Table 1. Inhibition of 5-LO Product Formation by Test Compounds in HN/\E/)
Intact PMNL and of Partially Purified 5-LO Enzyrhe "o 0
remaining 5-LO activity (%) remaining activity (%) 53
in intact PMNL of partially purified 5-LO
no. @1uM @10uM @1uM @10uM N7
X
1 42+ 15 24+ 8 50+ 12 36+ 14 HN
2 50+ 12 16+ 5 65+ 29 60+ 12 ~"0 o
3 52+ 10 30+ 6 67+ 14 96+ 18
4 66+ 7 26+ 4 87+21 86+ 48 54
5 78+7 29+ 4 57+7 78+ 24
6 97+8 33+ 6 66+ 10 52+ 9 N
7 88413 50+ 6 87+ 25 88+ 13 A}
8 65+ 10 14+ 1 78+ 19 54+ 14 HN
9 7247 19+1 55+ 18 67+ 13 ~"0 0
10 92+5 28+ 5 46+ 12 52+ 14
11 86+ 16 10+ 3 54+9 42+ 4 55
12 87+3 41+ 15 64+ 17 64+ 18 aFrom the AnalytiCon NAT-5 library°Cf. Figure 2.
13 104+ 6 56+ 14 554+ 18 42+ 7
14 104£9 85+ 12 47415 41+ 11 (D) MACCS Keys. The 166 public MACCS key3 were
15 106+ 2 116+ 1 56+ 7 73+ 13

calculated using the software suite MOE 2004.03 (Chemical

16 10042 70:£25 r4+19 62+ 14 Computing Group Inc., Montreal, Canada). The MOE data were
17 111+12 78+ 11 55+ 5 65+ 14 ‘ dqi bit stri imilar h » d
18 84+ 14 66% 29 731 15 564 18 transformed into a bit string, a similarity search was performe
19 86+ 6 53+ 9 674+ 30 56+ 9 with the Tanimoto coefficienT (eq 2)?* and database molecules

- - were ranked according to.
a@Mean values and standard error estimates are given.

c
+ +, — —, and+ —. So no information is lost by summing up T= at+tb-—c @
different atom pairs+ +/— —, + —) in one bin. Again 101 bin

borders covering distances of up to 16 A were used, with a resulting a are the bits set to “1” in molecule A are the bits set to “1” in
dimensionality of 300 bins. A related approach was followed by molecule B, ana are the “1” bits common to both molecules. The
Selzer and Erff with the aim of classifying G protein-coupled value of T ranges from 0 to 1. A value of 1 indicates maximal

receptor ligands. pairwise similarity between the molecular bitstring representations.
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Three-Dimensional Pharmacophore Modeling Three-dimen- after 10 min at 37°C by addition of 1 mL of ice-cold methanol,
sional conformations and an initial rigid alignment were obtained and the formed metabolites were analyzed by HPLC as described
from MOE (v.2005, Chemical Computing Group Inc., Montreal, for intact cells (vide supra). Each compound was tested at least
Canada). The final alignment was adjusted manually. An extended three times, and the mean and standard error of the mean were
version of SQUIB® was used for visualization of pharmacophore determined.
features (Y. Tanrikulu et al., unpublished). Potential pharmacophore
points (PPPs) are visualized as ellipsoids representing Gaussian Acknowledgment. Hugo Kubinyi and Hans Peter Albrecht
;elelltur_e delnsiiies. Z?atll_”eshV_\:?rg S:;JSt%er Ango PPPSbbyduze of theyre thanked for valuable discussion and support. This research
oflowing cluster radii: Ipophilic FFFs, £ A, hydrogen-bond aonor a5 gypported by the Beilstein-Institut zuf riferung der
PPPs, 2 A; and hydrogen-bond acceptor PPPs, 2 A. Visualization Chemisgﬁen Wiss)(/anschaften, Erankfurt am Main. 9

was performed with PyMOL (The PyMOL Molecular Graphics
System, DelLano Scientific, San Carlos, CA).

Assay Systems: (A) Materials Arachidonic acid and calcium
ionophore A23187 were from Sigma (Deisenhofen, Germany).
HPLC solvents were from Merck (Darmstadt, Germany).

(B) Cell Preparation. Human PMNL were freshly isolated from

Supporting Information Available: Details on virtual screen-

ing results and compound synthesis. This material is available free
of charge via the Internet at http://pubs.acs.org.

leukocyte concentrates obtained at St. Markus Hospital (Frankfurt, References

Germany). In brief, venous blood was taken from healthy adult

donors and leukocyte concentrates were prepared by centrifugation

at 400@ for 20 min at 20°C. PMNL were immediately isolated

by dextran sedimentation, centrifugation on Nycoprep cushions

(PAA Laboratories, Linz, Austria), and hypotonic lysis of eryth-
rocytes as described previousfyCells were finally resuspended
in phosphate-buffered saline, pH 7.4 (PBS), containing 1 mg/mL
glucose and 1 mM CaglPGC buffer) (purity>96—97%).

(C) Expression and Purification of 5-LO Protein in Escheri-
chia coli. E. coliMV1190 was transformed with pT3-5LO plasmid,
and recombinant 5-LO protein was expressed at °Z7 as
described” For purification of 5-LO proteinE. coli cells were
lysed by incubation in 50 mM triethanolamine hydrochloride, pH

8.0, 5 mM ethylenediaminetetraacetic acid (EDTA), soybean trypsin

inhibitor (60 ug/mL), 1 mM phenylmethanesulfonyl fluoride
(PMSF), and lysozyme (500g/mL); homogenized by sonication
(3 x 15 s); and centrifuged at 1909Cor 15 min. Proteins
including 5-LO were precipitated with 50% saturated ammonium
sulfate during stirring on ice for 60 min. The precipitate was
collected by centrifugation at 160§Gor 25 min and the pellet
was resuspended in 20 mL of PBS containing 1 mM EDTA and 1
mM PMSF. The resuspended 16@Q@recipitate fromE. coli was
centrifuged at 1000@)for 70 min at 4°C, and the 1000G§
supernatant (S100) was applied to an ATdgarose column. The
column was eluted as described previod8lfurified 5-LO was

immediately used for 5-LO activity assays. Each compound was
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