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Abstract

We report the discovery of new, low micromolar, small molecule inhibitors of human platelet-
type 12- and reticulocyte 15-lipoxygenase-1 (12-hLO and 15-hLO) using structure-based
methods. Specifically, we created homology models of 12-hLO and 15-hLO, based on the
structure of rabbit 15-lipoxygenase, for in silico screening of a large compound library followed
by in vitro screening of 20 top scoring molecules. Eight of these compounds inhibited either 12-
or 15-human lipoxygenase with lower than 100 uM affinity. Of these, we obtained ICso values
for the three best inhibitors, all of which displayed low micromolar inhibition. One compound
showed specificity for 15-hLO versus 12-hL.O; however, a selective inhibitor for 12-hLO was
not identified. As a control we screened 20 randomly selected compounds, of which none
showed low micromolar inhibition. The new low-micromolar inhibitors appear to be suitable as
leads for further inhibitor development efforts against 12-hLO and 15-hLO, based on the fact
their size and chemical properties are appropriate to classify them as drug-like compounds. The
models of these protein-inhibitor complexes suggest strategies for future development of

selective lipoxygenase inhibitors.



Introduction

Lipoxygenases are a class of non-heme, iron containing enzymes that catalyze the
incorporation of molecular oxygen into 1,4,-cis,cis-pentadiene containing fatty acids (e.g.
linoleic and arachidonic acids) to form hydroperoxide products'. Lipoxygenases are the first
committed step in a cascade of metabolic pathways that are implicated in the onset of cancers,
asthma and heart disease, making them candidates for inhibitory pharmaceutical therapy>”’. The
human isozymes, 5-, 12- and 15-lipoxygenase, are associated with different disease states, which
suggests that selective inhibition may be important in targeting them for therapeutic purposes®!°.

Recent discovery efforts of lipoxygenase inhibitors!!"!* have focused especially on structure-
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activity relationships and natural product isolation In a very recent report,
pharmacophore virtual screening methods have yielded novel inhibitors with selectivity for
rabbit 15-lipoxygenase®?. One selective human 5-lipoxygenase inhibitor, Zileuton?!, has been
approved by the FDA for the treatment of asthma?>.

We report the discovery of new, low micromolar, small molecule inhibitors of human
platelet-type 12-lipoxygenase (12-hLO) and human reticulocylte 15-lipoxygenase-1 (15-hLO)
using structure-based, in silico methods and in vitro screening. Prior to this work, structure-
based methods have not played a major role in the discovery of lipoxygenase inhibitors, because
experimental structures of the human lipoxygenases do not exist. Here, we create homology
models of 12-hLO and 15-hLO, based on the structure of rabbit reticulocyte 15-lipoxygenase

(15-rLO)**, followed by docking of a large compound library and in vitro screening of the top

scoring molecules.



Although docking using comparative models is more challenging and less successful than
docking to crystallographic structures, a recent review by Jacobson and Sali*> describes efforts
dating back to at least 1993 in which comparative protein models have been successfully used to
aid inhibitor discovery. Some of the proteins successfully targeted using docking against

36-39 " matriptase’, Bcl-24!,

comparative models include cysteine proteases in several parasites
retinoic acid receptor*?, DHFR in 7. cruz*®, human CK2*, and CDK4*. Despite these successes,
however, the role of comparative models in structure-guided drug design remains small. A few
studies including those by McGovern and Shoichet*, Diller and Lee*” and Oshiro et al.*s have
attempted to quantify the accuracy of docking to comparative models by evaluating the ability to
enrich known inhibitors relative to large databases of “decoy” ligands. The success of docking
against homology models varies significantly from case to case in these studies, but in general is
somewhat poorer than docking against crystal structures.

Homology models of lipoxygenase enzymes have been used in several previous studies

for purposes other than inhibitor discovery**->!

. Specifically, these studies have used homology
models, sometimes in combination with docking methods, to propose models for substrate
binding and specificity in various lipoxygenases.

In previous work, we have used docking methods to propose a binding model where
linoleic acid binds “carboxylic end first” in the active site of soybean lipoxygenase, which was
consistent with experimental mutagenesis studies®?. In this work, we performed virtual screening
of 50,000 drug-like molecules against the active sites of 12-hLO and 15-hLO homology models.
The top ten compounds from each virtual screen were then experimentally screened against each

enzyme; no filtering of the computational results was performed. Eight of these 20 compounds

inhibited either 12-hLO or 15-hLO with lower than 100 uM affinity. Of these, we obtained 1Cso



values for the three best inhibitors, all of which displayed low micromolar inhibition. One
compound shows specificity for 15-hLO versus 12-hLO; however, a selective inhibitor for 12-
hLO was not identified. As a control we also screened 20 randomly selected compounds, of
which none showed low micromolar inhibition. The new low-micromolar inhibitors generally
adhere to Lipinski’s rules of five, with average molecular weights of 350, less than five rotatable
bonds and an average logP of four. Moreover, these inhibitors are chemically dissimilar from
known lipoxygenase inhibitors and provide new scaffolds that may be useful for further

development of selective lipoxygenase inhibitors.

Methods

Homology Model Construction. The 12-hLO and 15-hLO homology models were built using
the 2.4 A resolution 15-rLO structure (PDB ID: 1LOX), with the co-crystallized Roche RS7
inhibitor, as a template®®. This is the only publicly available crystal structure of a mammalian
lipoxygenase. It has 80% overall sequence identity to 15-hLO and 61% sequence identity to 12-
hLO. The template structure was first refined by the addition of hydrogen atoms not present in
the crystal structure, as well as the construction of atoms and residues not resolved in the crystal
structure. Residues 201-211 and 601-602 lacked electron density and could not be resolved. In
addition, the electron densities of residues 177-188 were ambiguous due to the presence of a 2-
fold crystallographic symmetry operator. Construction of the missing segments was carried out
in the Jacobson group using their in-house software, Protein Local Optimization Program
(PLOP, distributed commercially under the name Prime), which uses loop prediction™, side

55,56

chain prediction”>-°°, and energy minimization to construct the missing atoms and residues.



The homology modeling of 12-hLO and 15-hLO was also carried out using PLOP, based
on alignments obtained from NCBI-BLAST (blastp)®’. In brief, the primary structural
modifications that must be made during the initial model construction are the closing of chain
breaks associated with gaps in the sequence alignment, and side chain optimization (for all
residues that are not identical between target and template in the sequence alignment). Chain
break closure is accomplished using iterative application of a loop prediction algorithm, which is
described in detail elsewhere®*.  After all chain breaks have been closed, side chain

optimization®>: 3

and complete energy minimization are performed on all portions of the protein
whose coordinates were either not taken from the template at all, or were modified during the

model building procedure. The homology modeling procedure uses the OPLS all-atom force

field>> %% 5% and a Generalized Born solvent model®® ¢! for choosing low-energy structures.

Virtual Screening Procedure. Flexible ligand docking was performed using the Glide

(Schrodinger, Inc.) program® ©3

, which uses a modified version of the Chemscore energy
function to score the protein-ligand interactions®. This docking algorithm has recently been
shown to outperform other docking algorithms in its ability to reproduce co-crystallized poses
from a set of 69 ligand-receptor complexes from the PDB®. Molecules were docked using either
the standard precision mode (SP) or the extra precision mode (XP), which uses a more optimized
scoring function as well as a more extensive search of ligand confirmations than the SP mode.
The resulting poses of the docked compounds were ranked according to their GlideScore.

The modeled structures for 12-hLO and 15-hLO and the 15-rLO crystal structure were

prepared for docking by minimizing the energy of each structure with the RS7 inhibitor bound in

the active site.



The homology models were built with the active site iron in the active ferric state (Fe*")
with no bound water. The ferrous (Fe?") form of the enzyme is dominant at equilibrium and is
activated by oxidation of one equivalent of the hydroperoxide product [(9Z-11F)-13-
hydroperoxy-9,11-octadecadienoic acid (HPOD)] to the ferric state (Fe**). The interaction with
the substrate, linoleic or arachidonic acid, reduces the iron from the ferric to the ferrous state. We
assumed that the putative inhibitors would act as competitive inhibitors, thereby disallowing the
entry of the substrate and subsequently not allowing the iron to be reduced.

The databases of small molecules were prepared for docking using the LigPrep
(Schrodinger, Inc) ligand preparation software, which generates a minimized conformation of

each ligand, and multiple protonation/tautomerization states when appropriate.

Experimental Determination of ICs¢’s. The experimental screening was performed as
previously described?®. Briefly, the human lipoxygenases were expressed and purified via our
standard his-tagged protein protocol?’. 12-hLO and 15-hLO were then screened for inhibition by
monitoring the rate of formation of the conjugated diene products at 234 nm via UV
spectroscopy. One-point screens were preformed with 20 pL. of a I mg/mL solution of inhibitor
in DMSO aliquoted into a 2 mL cuvette containing 4 uM of substrate in the appropriate buffer
(Hepes pH 8.0 for 12-hLO and Hepes pH 7.5 for 15-hLO) containing 0.01% by weight Triton X-
100 to disrupt small molecule aggregates that can lead to false positives*S. The percent inhibition
(%inh) is given as %inh = (1 — Ri/R¢), where R; is the enzyme rate with the inhibitor present and
R. is the control rate of the enzyme. The control is performed as described above in the absence
of inhibitor but with the same volume of DMSO. Initially, one-point screens were performed

with 0.01% concentration of inhibitor, in duplicate, to assess the effectiveness of inhibitor. If the



inhibitor did not display low potent inhibition, the ICso was estimated with the one-point screen,
utilizing the hyperbolic equation, %inh = [I]/([I]+ICso), where [I] is the concentration of the
inhibitor and %inh is the percent inhibition, assuming one-hundred percent inhibition at infinite
[I]. Compounds that displayed potent inhibition were screened at multiple inhibitor
concentrations (2-60 uL of a 0.1 to 1 mg/mL solution in DMSO, depending on inhibitor strength)
and fit with a standard hyperbolic equation to determine ICso values and their corresponding

€Iror.

Results

As a first test, we confirmed the ability of the docking algorithm to reproduce the co-
crystallized pose of the RS7 inhibitor in the 15-rLO crystal structure (Figure 1). The RMS
deviation of the RS7 inhibitor from its co-crystallized position is 0.67 A (docking pose accuracy
of better than 2.0 A RMSD is generally considered acceptable). We also docked the RS7
inhibitor against the 12-hLO and 15-hLO homology models, although we know of no published
results showing that it inhibits these enzymes. The RMS deviations of the RS7 inhibitor from its
co-crystallized position are 0.90 A and 1.84 A when docked against 15-hLO and 12-hLO
respectively.

Figure 2 depicts surface representations of the substrate binding sites in the 15-hLO and
12-hLO homology models as well as the 15-rLO template. Selected residues that determine the
size of the active site, and thus determine the chemistry performed by the respective enzymes,
are depicted. The active sites of the 15-hLO and 15-rLO are roughly the same size but the 12-
hLO active site is larger and extends further towards the back of the active site. This is consistent
with experimental mutagenesis studies that demonstrated that the 12-hLO active site is larger

than that of 15-hLO%,



Subsequently, a set of 50,000 drug-like compounds, commercially available from
ChemBridge (“diversity set”), was docked against the 12-hLO and 15-hLO homology models,
using Glide’s SP (“standard precision”) mode. The top 1000 hits from this initial screen (ranked
according to GlideScore) for both the 12-hLO and 15-hLO homology models were then refined
by re-docking them using Glide’s XP (“extra precision”) mode.

The top 10 compounds from this docking protocol against both 12-hLO and 15-hLO
were purchased and experimentally screened for their ability to inhibit lipoxygenase activity. All
twenty compounds taken from the docking calculations were visually inspected to ensure
reasonableness, but none were omitted from experimental testing. All 20 of the top hits formed
putative hydrogen bonds to GIn546 and Glu355 in the active site and formed extensive
hydrophobic interactions in the rear of the active site.

The results obtained from the experimental screen are shown in Table 1. Of the top ten
scoring compounds from the 15-hLO docking calculations, one compound (h15-009) showed
non-selective inhibition against both 15- and 12-hLO with ICso values 0f 9.2 £ 1.4 and 12.3 £ 0.9
uM, respectively. Of the top ten scoring compounds taken from the 12-hLLO docking calculation,
two exhibited low micromolar inhibition. Compound h12-002 inhibited both 12-hLO and 15-
hLO with ICso values of 30.7 + 6.8 uM and 18.8 + 4.7 uM, respectively. However, h12-005 was
selective against 15-hLO (ICso = 6.8 + 1.2 uM) and not 12-hLO (ICso > 200 uM). All three of
the compounds described above have a basic nitrogen in the central region of the molecule that,
if protonated, could form an ion pair with Glu355, as suggested by the docking pose. For
example, the amidinium group of h12-005 has a pKa of approximately 6-7, and thus could be
protonated. This feature is lacking in most of the other compounds tested, which were less

potent or showed no inhibitory activity. Most of these other compounds do contain nitrogens in



the central region of the molecule which could hydrogen bond to Glu355, but most of these
nitrogens form amide-type bonds in the ligand and thus will not carry a positive charge. These
results suggest that compensating this negative charge on Glu355 may be important for
designing competitive lipoxygenase inhibitors that occupy that region of the substrate binding
site.

Figure 3 shows the h12-005 compound docked into both 12-hLO and 15-hLO. This
compound makes the same hydrogen bond contacts in both enzymes, but fills out the
hydrophobic end of the binding pocket to a much greater extent in 15-hLO relative to 12-hLO.
We believe that the tighter binding in 15-hLO may be due to the favorable van der Waals
contacts that form at the bottom of the binding pocket, as well as, potentially, an unfavorable free
energy contribution in 12-hLO arising from not filling the binding pocket. That is, we believe
that the pose of this ligand docked in the homology models provides a post facto but reasonable
explanation for the observed selectivity of h12-005.

As a control, we also purchased 20 randomly chosen compounds from the ChemBridge
library (using a simple computer script employing a random number generator). None of these
randomly selected compounds were among the top 1000 compounds from the 12-hLO and 15-
hLO docking calculations. No low micromolar inhibitors were identified among the controls,

although a few relatively weak inhibitors were identified (Table 2).

Discussion
The primary conclusion of this study is that structure-based virtual screening represents a
viable approach to the development of new lipoxygenase inhibitors, despite the fact that no

experimental structures are available for human lipoxygenases. Although this is admittedly a

10



relatively small-scale study, with only 20 compounds tested based on the virtual screening
results, 3 new low micromolar inhibitors were discovered. These compounds appear to be
suitable as leads for further inhibitor development efforts against 12-hLO and 15-hLO, based on
the fact their size and chemical properties are generally appropriate to classify them as drug-like
compounds (Table 3). This study thus joins a relatively small but growing literature in which
homology models have been used in conjunction with virtual screening to successfully identify
new enzyme inhibitors.

We wish to underscore two methodological strengths of this study. First, in contrast to
many reported applications of virtual screening methods, we did not employ human judgment in
selecting compounds from the docking “hit list” for experimental testing. Thus, the successful
identification of new inhibitors directly reflects the quality of the homology models and the
docking algorithms. Second, as a control study, 20 randomly chosen compounds, from the same
library used for the virtual screening, were also tested for inhibition of 12-hLO and 15-hLO.
Although this again is clearly a small-scale study, it is nonetheless reassuring that no low-
micromolar inhibitors were identified among the randomly selected compounds. We note also
that detergent was used in the assay to help disrupt small molecule aggregates that can lead to
false positives. Altogether, our results suggest that virtual screening against the homology
models is capable of identifying low-micromolar inhibitors at a rate that, in all likelihood, greatly
exceeds random compound selection.

Our on-going goal is to identify inhibitors that are both potent and selective for specific
lipoxygenase enzymes. In the work reported here, we can claim, at best, to be only partially
successful in this endeavor. One of the low micromolar inhibitors showed selectivity against 15-

hLO over 12-hLO. However, this compound was selected from the virtual screen against the 12-
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hLO homology model. Nonetheless, we were able to use our models to retrospectively
rationalize why compound h12-005 showed selectivity for 15-hLO. Finally, the models of the
docked low-micromolar inhibitors suggest clear strategies for exploiting the differences in
binding site volume between 12-hLO and 15-hLO and we remain optimistic that our structure-
based approach will ultimately be capable of aiding the discovery of new selective inhibitors,

including compounds with selectivity for 12-hLO.

Acknowledgments

The authors wish to thank Dr. Chakrapani Kalyanaraman (UCSF) for technical assistance and
helpful conversations, and Schrdodinger, Inc. for use of Glide and Ligprep. This work was
supported by NIH Grants GM56062 (TRH) and GM71790 (MPJ). MPJ was supported by start-
up funds provided by HHMI Biomedical Research Support Program grant #5300246 to the
UCSF School of Medicine. IC is supported by a postdoctoral fellowship from the Alfred P.

Sloan foundation. MPJ is a consultant to Schrodinger, Inc.

12



References

1 Nelson, M. J.; Seitz, S. P. Curr Opin Struct Biol 1994, 4, (6), 878-84.

2 Solomon, E. I.; Zhou, J.; Neese, F.; Pavel, E. G. Chem Biol 1997, 4, (11), 795-808.

3. Veldink, G. A.; Vliegenthart, J. F. Adv Inorg Biochem 1984, 6, 139-61.

4. Brash, A. R. Journal of Biological Chemistry 1999, 274, (34), 23679-23682.

5 Dailey, L. A.; Imming, P. Curr Med Chem 1999, 6, (5), 389-98.

6. Samuelsson, B.; Dahlen, S. E.; Lindgren, J. A.; Rouzer, C. A.; Serhan, C. N. Science
1987, 237, (4819), 1171-6.

7. Steele, V. E.; Holmes, C. A.; Hawk, E. T.; Kopelovich, L.; Lubet, R. A.; Crowell, J. A.;
Sigman, C. C.; Kelloff, G. J. Cancer Epidemiol Biomarkers Prev 1999, 8, (5), 467-83.

8. Hussain, H.; Shornick, L. P.; Shannon, V. R.; Wilson, J. D.; Funk, C. D.; Pentland, A. P.;
Holtzman, M. J. Am J Physiol 1994, 266, (1 Pt 1), C243-53.

9. Kamitani, H.; Geller, M.; Eling, T. J Biol Chem 1998, 273, (34), 21569-77.

10. Nakano, H.; Inoue, T.; Kawasaki, N.; Miyataka, H.; Matsumoto, H.; Taguchi, T.; Inagaki,
N.; Nagai, H.; Satoh, T. Bioorg Med Chem 2000, 8, (2), 373-80.

11. Bocan, T. M.; Rosebury, W. S.; Mueller, S. B.; Kuchera, S.; Welch, K.; Daugherty, A.;
Cornicelli, J. A. Atherosclerosis 1998, 136, (2), 203-16.

12. Brathe, A.; Andresen, G.; Gundersen, L. L.; Malterud, K. E.; Rise, F. Bioorg Med Chem
2002, 10, (5), 1581-6.

13. Gorins, G.; Kuhnert, L.; Johnson, C. R.; Marnett, L. J. J Med Chem 1996, 39, (25), 4871-
8.

14. Redrejo-Rodriguez, M.; Tejeda-Cano, A.; Pinto, M. D.; Macias, P. Journal of Molecular
Structure-Theochem 2004, 674, (1-3), 121-124.

15. Agrawal, V. K.; Bano, S.; Khadikar, P. V. Bioorganic & Medicinal Chemistry 2003, 11,
(24), 5519-5527.

16. Mano, T.; Stevens, R. W.; Ando, K.; Nakao, K.; Okumura, Y.; Sakakibara, M.; Okumura,
T.; Tamura, T.; Miyamoto, K. Bioorganic & Medicinal Chemistry 2003, 11, (18), 3879-3887.
17. Babu, M. A.; Shakya, N.; Prathipati, P.; Kaskhedikar, S. G.; Saxena, A. K. Bioorganic &
Medicinal Chemistry 2002, 10, (12), 4035-4041.

18. Fleiseher, R.; Frohberg, P.; Buge, A.; Nuhn, P.; Wiese, M. Quantitative Structure-
Activity Relationships 2000, 19, (2), 162-172.

19. Stewart, A. O.; Bhatia, P. A.; Martin, J. G.; Summers, J. B.; Rodriques, K. E.; Martin, M.
B.; Holms, J. H.; Moore, J. L.; Craig, R. A.; Kolasa, T.; Ratajczyk, J. D.; Mazdiyasni, H.;
Kerdesky, F. A. J.; DeNinno, S. L.; Maki, R. G.; Bouska, J. B.; Young, P. R.; Lanni, C.; Bell, R.
L.; Carter, G. W.; Brooks, C. D. W. Journal of Medicinal Chemistry 1997, 40, (13), 1955-1968.
20. Kim, K. H.; Martin, Y. C.; Brooks, C. D. W. Quantitative Structure-Activity
Relationships 1996, 15, (6), 491-497.

21. Basha, A.; Ratajczyk, J. D.; Dyer, R. D.; Young, P.; Carter, G. W.; Brooks, C. D. W.
Medicinal Chemistry Research 1996, 6, (1), 61-67.

22. Kim, K. H.; Martin, Y. C.; Brooks, D. W.; Dyer, R. D.; Carter, G. W. Journal of
Pharmaceutical Sciences 1994, 83, (3), 433-438.

23. Suzuki, H.; Ueda, T.; Juranek, I.; Yamamoto, S.; Katoh, T.; Node, M.; Suzuki, T.
Biochem Biophys Res Commun 2000, 275, (3), 885-9.

24. Sekhar Rao, K. C.; Divakar, S.; Appu Rao, A. G.; Karanth, N. G.; Suneetha, W. J.;
Krishnakantha, T. P.; Sattur, A. P. Biotechnology Letters 2002, 24, (23), 1967-1970.

13



25. Segraves, E. N.; Shah, R. R.; Segraves, N. L.; Johnson, T. A.; Whitman, S.; Sui, J. K;
Kenyon, V. A.; Cichewicz, R. H.; Crews, P.; Holman, T. R. Journal of Medicinal Chemistry
2004, 47, (16), 4060-4065.

26. Fu, X.; Schmitz, F. J.; Govindan, M.; Abbas, S. A.; Hanson, K. M.; Horton, P. A.; Crews,
P.; Laney, M.; Schatzman, R. C. J Nat Prod 1995, 58, (9), 1384-91.

27. Amagata, T.; Whitman, S.; Johnson, T. A.; Stessman, C. C.; Loo, C. P.; Lobkovsky, E.;
Clardy, J.; Crews, P.; Holman, T. R. Journal of Natural Products 2003, 66, (2), 230-235.

28. Carroll, J.; Jonsson, E. N.; Ebel, R.; Hartman, M. S.; Holman, T. R.; Crews, P. Journal of
Organic Chemistry 2001, 66, (21), 6847-6851.

29. Bracher, F.; Krauss, J.; Laufer, S. Pharmazie 2001, 56, (5), 430-430.

30. Benrezzouk, R.; Terencio, M. C.; Ferrandiz, M. L.; Hernandez-Perez, M.; Rabanal, R.;
Alcaraz, M. J. Inflammation Research 2001, 50, (2), 96-101.

31. Jiang, Z. D.; Ketchum, S. O.; Gerwick, W. H. Phytochemistry 2000, 53, (1), 129-133.
32. Weinstein, D. S.; Liu, W.; Gu, Z. X.; Langevine, C.; Ngu, K.; Fadnis, L.; Combs, D. W_;
Sitkoff, D.; Ahmad, S.; Zhuang, S. B.; Chen, X.; Wang, F. L.; Loughney, D. A.; Atwal, K. S_;
Zahler, R.; Macor, J. E.; Madsen, C. S.; Murugesan, N. Bioorganic & Medicinal Chemistry
Letters 2005, 15, (5), 1435-1440.

33, Israel, E.; Cohn, J.; Dube, L.; Drazen, J. M. Jama-Journal of the American Medical
Association 1996, 275, (12), 931-936.

34, Gillmor, S. a.; Villasenor, A.; Fletterick, R.; Sigal, E.; Browner, M. F. Nature Structural
Biology 1998, 5, (3), 242-242.

35. Jacobson, M. P.; Sali, A. Annual Reports in Medicinal Chemistry 2004, 39, 259-276.

36. Selzer, P. M.; Chen, X. W.; Chan, V. J.; Cheng, M. S.; Kenyon, G. L.; Kuntz, [. D.;
Sakanari, J. A.; Cohen, F. E.; McKerrow, J. H. Experimental Parasitology 1997, 87, (3), 212-
221.

37. Ring, C. S.; Sun, E.; Mckerrow, J. H.; Lee, G. K.; Rosenthal, P. J.; Kuntz, 1. D.; Cohen,
F. E. Proceedings of the National Academy of Sciences of the United States of America 1993, 90,
(8), 3583-3587.

38. Que, X. C.; Brinen, L. S.; Perkins, P.; Herdman, S.; Hirata, K.; Torian, B. E.; Rubin, H.;
McKerrow, J. H.; Reed, S. L. Molecular and Biochemical Parasitology 2002, 119, (1), 23-32.
39, Li, R. S;; Chen, X. W.; Gong, B. Q.; Selzer, P. M.; Li, Z.; Davidson, E.; Kurzban, G.;
Miller, R. E.; Nuzum, E. O.; McKerrow, J. H.; Fletterick, R. J.; Gillmor, S. A.; Craik, C. S.;
Kuntz, I. D.; Cohen, F. E.; Kenyon, G. L. Bioorganic & Medicinal Chemistry 1996, 4, (9), 1421-
1427.

40. Enyedy, 1. J.; Lee, S. L.; Kuo, A. H.; Dickson, R. B.; Lin, C. Y.; Wang, S. M. Journal of
Medicinal Chemistry 2001, 44, (9), 1349-1355.

41. Enyedy, 1. J.; Ling, Y.; Nacro, K.; Tomita, Y.; Wu, X.; Cao, Y.; Guo, R.; Li, B.; Zhu, X_;
Huang, Y.; Long, Y. Q.; Roller, P. P.; Yang, D.; Wang, S. J Med Chem 2001, 44, (25), 4313-24.
42, Schapira, M.; Raaka, B. M.; Samuels, H. H.; Abagyan, R. BMC Struct Biol 2001, 1, (1),
1.

43, Zuccotto, F.; Zvelebil, M.; Brun, R.; Chowdhury, S. F.; Di Lucrezia, R.; Leal, I.; Maes,
L.; Ruiz-Perez, L. M.; Gonzalez Pacanowska, D.; Gilbert, I. H. Eur J Med Chem 2001, 36, (5),
395-405.

44, Vangrevelinghe, E.; Zimmermann, K.; Schoepfer, J.; Portmann, R.; Fabbro, D.; Furet, P.
J Med Chem 2003, 46, (13), 2656-62.

14



45, Honma, T.; Yoshizumi, T.; Hashimoto, N.; Hayashi, K.; Kawanishi, N.; Fukasawa, K_;
Takaki, T.; Ikeura, C.; Ikuta, M.; Suzuki-Takahashi, I.; Hayama, T.; Nishimura, S.; Morishima,
H. J Med Chem 2001, 44, (26), 4628-40.

46. McGovern, S. L.; Helfand, B.T.; Feng, B.; Shoichet, B. K. J Med Chem 2003, 46, (20),
4265-4272.

47. Diller, D. J.; Li, R. J Med Chem 2003, 46, (22), 4638-47.

48. Oshiro, C.; Bradley, E. K.; Eksterowicz, J.; Evensen, E.; Lamb, M. L.; Lanctot, J. K;
Putta, S.; Stanton, R.; Grootenhuis, P. D. J Med Chem 2004, 47, (3), 764-7.

49, Gan, Q. F.; Sigal, E.; Browner, M. F. Adv Exp Med Biol 1997, 433, 435-8.

50. Prigge, S. T.; Boyington, J. C.; Gaffney, B. J.; Amzel, L. M. Proteins-Structure Function
and Genetics 1996, 24, (3), 275-291.

51. Hughes, R. K.; West, S. I.; Hornostaj, A. R.; Lawson, D. M.; Fairhurst, S. A.; Sanchez,
R. O.; Hough, P.; Robinson, B. H.; Casey, R. Biochemical Journal 2001, 353, 345-355.

52. Ruddat, V. C.; Mogul, R.; Chorny, I.; Chen, C.; Perrin, N.; Whitman, S.; Kenyon, V_;
Jacobson, M. P.; Bernasconi, C. F.; Holman, T. R. Biochemistry 2004, 43, (41), 13063-13071.
53. Gillmor, S. a.; Villasenor, A.; Fletterick, R.; Sigal, E.; Browner, M. F. Nature Structural
Biology 1997, 4, (12), 1003-1009.

54. Jacobson, M. P.; Pincus, D. L.; Rapp, C. S.; Day, T. J.; Honig, B.; Shaw, D. E.; Friesner,
R. A. Proteins 2004, 55, (2), 351-67.

55. Jacobson, M. P.; Kaminski, G. A.; Friesner, R. A.; Rapp, C. S. Journal of Physical
Chemistry B 2002, 106, (44), 11673-11680.

56. Jacobson, M. P.; Friesner, R. A.; Xiang, Z. X.; Honig, B. Journal of Molecular Biology
2002, 320, (3), 597-608.

57. Altschul, S. F.; Madden, T. L.; Schaffer, A. A.; Zhang, J. H.; Zhang, Z.; Miller, W_;
Lipman, D. J. Nucleic Acids Research 1997, 25, (17), 3389-3402.

58. Jorgensen, W. L.; Maxwell, D. S.; TiradoRives, J. Journal of the American Chemical
Society 1996, 118, (45), 11225-11236.

59. Kaminski, G. A.; Friesner, R. A.; Tirado-Rives, J.; Jorgensen, W. L. Journal of Physical
Chemistry B 2001, 105, (28), 6474-6487.

60. Gallicchio, E.; Zhang, L. Y.; Levy, R. M. Journal of Computational Chemistry 2002, 23,
(5), 517-529.

61. Ghosh, A.; Rapp, C. S.; Friesner, R. A. Journal of Physical Chemistry B 1998, 102, (52),
10983-10990.

62. Friesner, R. A.; Banks, J. L.; Murphy, R. B.; Halgren, T. A.; Klicic, J. J.; Mainz, D. T.;
Repasky, M. P.; Knoll, E. H.; Shelley, M.; Perry, J. K.; Shaw, D. E.; Francis, P.; Shenkin, P. S.
Journal of Medicinal Chemistry 2004, 47, (7), 1739-1749.

63. Halgren, T. a.; Murphy, R. B.; Friesner, R. A.; Beard, H. S.; Frye, L. L.; Pollard, W. T.;
Banks, J. L. Journal of Medicinal Chemistry 2004, 47, (7), 1750-1759.

64. Eldridge, M. D.; Murray, C. W.; Auton, T. R.; Paolini, G. V.; Mee, R. P. J Comput Aided
Mol Des 1997, 11, (5), 425-45.

65. Kontoyianni, M.; McClellan, L. M.; Sokol, G. S. Journal of Medicinal Chemistry 2004,
47, (3), 558-565.

66. Sloane, D. L.; Leung, R.; Barnett, J.; Craik, C. S.; Sigal, E. Protein Engineering 1995, 8,
(3), 275-282.

15



Tables

Table 1. Chemical structures, docking ranks, and ICso values for top scoring compounds in the
docking screens against the models of 12-hLO and 15-hLO. Only the top 1000 compounds from
the Glide SP results were subjected to re-scoring with Glide XP. Some compounds did not
successfully dock into one or both of the models, generally due to a steric clash or other highly
unfavorable interaction. The ICso values for the 3 low micromolar inhibitors were determined by
fitting the data presented in Supplementary Materials. The ICso values for the remaining
molecules were estimated using single-point screens, and categorized as follows: >50 (50-100

uM), >100 (100-200 M), >200 (200-1000 1M), and >1000 LM.
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Table 2. Structures, ranks from Glide SP docking, and estimated ICso values for the randomly
selected compounds. Some compounds did not successfully dock into one or both of the models,
generally due to a steric clash or other highly unfavorable interaction. “Agg” refers to

compounds that displayed visible aggregation, despite the use of detergent in the assay.
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Table 3. Chemical properties of the low micromolar inhibitors.

Chembridge | ID Number | Molecular LogP Rotatable Hbond Hbond

ID from Text Weight Bonds donors acceptors
6635967 h12-005 302.75 5.42 4 1 3
5680672 h12-002 306.81 4.64 2 2 1
6640337 h15-009 296.32 3.93 3 3 4
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Figures

Figure 1. Superimposed images of the co-crystallized inhibitor RS7 in the 15-rLO crystal
structure (grey), as well as the same inhibitor docked into 15-rLO structure (purple) and the 12-
hLO (yellow) and 15-hLO (teal) homology models. The lipoxygenase proteins are not shown,

but are structurally superimposed on the 15-rLO crystal structure.
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Figure 2. Surface representation of the 15-rLO (a), 15-hLO (b) and 12-hLO (c) active sites with
the co-crystallized pose of the RS7 inhibitor shown for reference. The residues shown in
wireframe are those that are primarily responsible for determining the size/depth of the active
site among the three isozymes (Met and Ile in 15-rLO and 15-hLO; Val and Ala in 12-hLO). The
iron is shown in a spacefilling representation. The colors on the surface reflect the identity of the

heavy atoms lining the cavity: red for oxygen, blue for nitrogen, and gray for carbon.
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Figure 3. Surface representations of 15-hLO selective compound h12-005 docked to 15-hLO
(left) and 12-hLO (right). Glu355 from the receptor is shown in wireframe, because it forms
hydrogen bonds to the inhibitor. The iron is shown in a spacefilling representation. The colors
on the surface reflect the identity of the heavy atoms lining the cavity: red for oxygen, blue for
nitrogen, and gray for carbon. The h12-005 inhibitor fills the binding pocket in 15-hLO much

better than in 12-hLO, possibly providing an explanation for its selectivity against 15-hLO.
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