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ABSTRACT: For disease network intervention, up-regulating enzyme activities is
equally as important as down-regulating activities. However, the design of enzyme
activators presents a challenging route for drug discovery. Previous studies have
suggested that activating 15-lipoxygenase (15-LOX) is a promising strategy to
intervene the arachidonic acid (AA) metabolite network and control inflammation. To
prove this concept, we used a computational approach to discover a previously
unknown allosteric site on 15-LOX. Both allosteric inhibitors and novel activators
were discovered using this site. The influence of activating 15-LOX on the AA
metabolite network was then investigated experimentally. The activator was found to
increase levels of 15-LOX products and reduce production of pro-inflammatory
mediators in human whole blood assays. These results demonstrate the promising
therapeutic value of enzyme activators and aid in further development of activators of
other proteins.

■ INTRODUCTION

The majority of current chemical biology and drug discovery
approaches to regulate target activity focus on the development
of small-molecule inhibitors. However, there are also significant
advantages to developing enzyme activators.1 In human cells,
arachidonic acid (AA) is metabolized into a large family of pro-
inflammatory eicosanoids, including leukotrienes (LTs) and
prostaglandins (PGs), through two major pathways involving 5-
lipoxygenase (5-LOX) and cyclooxygenase (COX)2 (Figure 1).
Most studies of anti-inflammatory drugs focus on discovering
inhibitors that target key enzymes in the 5-LOX and COX
pathways.2 However, previous studies3−5 have suggested that
inhibiting one of these enzymatic pathways shifts the
metabolism of AA toward the other pathway, which may
cause adverse effects. In the 1980s, Serhan et al. discovered a
series of oxygenated derivatives formed from AA in human
leukocytes called lipoxins (LXs),6 which demonstrated anti-
inflammatory activity as well as the capacity to promote the
resolution of inflammation and return to tissue homeostasis.
Utilizing the effects of these pro-resolving molecules would
activate the body’s natural pathways for curbing inflammation
and should be safer than current anti-inflammation therapeutic
strategies.7 However, LXs are difficult to synthesize and
unstable, which prevents further usage of these compounds
for inflammation control.

Human reticulocyte 15-lipoxygenase (15-LOX type 1, 15-
LOX-1) is one of the key enzymes involved in the generation of
LXs.8 Besides LXs, products of 15-LOX-1, including 15-
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Figure 1. Major eicosanoid biosynthesis pathways in the AA metabolic
network. Red, 5-LOX pathway; purple, COX pathway; green, 12-LOX
pathway; blue, 15-LOX pathway.
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hydroxyecosatetraenoic acid (15-HETE) and 13-hydroxy-
octadecadienoic acid (13-HODE), also exhibit anti-inflamma-
tory activities.9−11 Moreover, previous studies of the topology
and dynamic properties of the AA metabolic network in
computational models3,12 demonstrated that activation of 15-
LOX-1 reduces the formation of LTs and PGs. These facts
imply that 15-LOX-1 can be activated for therapeutic benefit.
However, the effects of activating specific nodes in the AA
network have not been evaluated due to a lack of proper
methods for identifying enzyme activators.
However, discovering activators is much more challenging

than identifying inhibitors. The design of activators requires
information about allosteric sites and knowledge of the
mechanism of activation, both of which are rarely available
for most enzymatic targets. Therefore, rational approaches for
discovering activators have been applied to only a limited
number of targets.13,14 Experimental high-throughput screening
is the most commonly used method for identifying
activators.15−17 However, this method generally requires
significant effort and is often serendipitous. In the present
study, we proposed a rational strategy to discover allosteric
activators of 15-LOX-1 (referred to as 15-LOX below), for
which information about allosteric sites and structural details of
the activated state remain unknown.18,19 We searched for
possible allosteric sites using the mutual information method
(MutInf20) in combination with a method that identifies
pockets and predicts their druggability (CAVITY).21,22 A virtual
screening was conducted against the predicted allosteric sites,
and novel activators and inhibitors were discovered. Using the
most potent 15-LOX activator as a molecular probe, we studied
the effects of activating 15-LOX on the AA metabolite network
in human polymorphonuclear leucocytes (PMNs) and human
whole blood.

■ RESULTS
Allosteric Site Prediction and Virtual Screening. We

hypothesized that enzymatic activity can be modulated by
mutations or restraints at distal surface residues that show
correlated motions with residues in the active site. A mutual
information approach called the “MutInf” method was applied
to identify clusters of residues with statistically significant
correlations between their dihedral motions.20 We found
several clusters of residues that correlated with the active site
(Figure 2a). A suitable binding pocket is also necessary for
designing allosteric modulators. Surface cavities were identified
and analyzed with the CAVITY program21,22 (Figure 2b).
Cavity 1, which contained potential allosteric network residues
with the highest CAVITY score (Supporting Information (SI),
Table S1), was predicted to be the potential allosteric site.
Virtual screening was then conducted with the SPECS
compound database (November 2009 version for 10 mg;
201 007 compounds) to identify allosteric activators of 15-
LOX. A two-step molecular docking scheme was performed,
which has been successfully used in discovering active
molecules in other systems23 (see Experimental Section). We
selected 175 compounds through this screening method.
Compound Activity Testing. The activity of selected

compounds was evaluated with recombinant human 15-LOX in
a cell-free assay.24 One compound activated 15-LOX dose-
dependently, and 11 compounds inhibited 15-LOX by more
than 50% at 40 μM (SI Table S2). Dose−response profiles
were generated for compounds that significantly affected the
enzymatic activity of 15-LOX (EC50 < 20 μM). The activator,

(E)-1-(7-benzylidene-3-phenyl-3,3a,4,5,6,7-hexahydroindazol-
2 - y l ) - 2 - ( 4 - m e t h y l p i p e r a z i n - 1 - y l ) e t h a n o n e
(PKUMDL_MH_1001, SPECS ID: AO-476/43305824, Figure
3a), enhanced the activity of purified 15-LOX by 85%, with an

AC50 value of 6.8 ± 0.4 μM (Figure 3b). Surface plasmon
resonance (SPR) demonstrated PKUMDL_MH_1001 bound
to 15-LOX in a concentration-dependent manner, with a KD
value of 3.9 ± 0.1 μM (Figure 3c). All these compounds did
not match the list of pan assay interference compounds
(PAINS),25 which describes a number of substructural features
that appear in frequent hitters (promiscuous compounds) in
many biochemical high-throughput screens. This further
validated that PKUMDL_MH_1001 is a true hit.
Though our computational screening method only considers

how to identify allosteric effectors that bind to target proteins,
the allosteric inhibitors and activators that are discovered using
the same site can be used to improve our understanding of how
15-LOX is allosterically regulated and facilitate the design of
new activators. We found that PKUMDL_MH_1001 possessed
a higher positive charge in neutral solution than those of
inhibitors. We selected 54 that had binding features similar to
those of PKUMDL_MH_1001. (The selection criteria for

Figure 2. Allosteric site prediction. (a) MutInf identified highly
correlated residue couples (correlated residues are shown with the
same colored spheres). (b) Pockets identified by the program
CAVITY.

Figure 3. Structures of PKUMDL_MH_1001 and results of cell-free
assays. (a) Structures of PKUMDL_MH_1001. Data shown represent
the mean ± SEM (n = 3). (b) Dose−response curves of cell-free
assays. (c) SPR dose−response curves.
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these 54 compounds are stated in the Experimental Section.)
Two activators were identified, acenaphtho[1,2-e]pyrido-
[ 1 ′ , 2 ′ : 3 , 4 ] i m i d a z o [ 1 , 2 - b ] p y r i d a z i n - 8 - i u m
(PKUMDL_MH_1024, SPECS ID: AQ-405/42300458) and
1H-benzimidazolium, 1-methyl-3-[(phenylmethylene)amino]-,
iodide (PKUMDL_MH_1025, SPECS ID: AE-848/30538061)
(Table 1). All of the activators were positively charged in
neutral solution and did not fully occupy the pocket. The ability
to identify new activator compounds based on analysis of the
binding feature of 15-LOX activator and inhibitors discovered
from virtual screening provides more support to validate the
binding modes of the compounds.
Binding Modes of the Allosteric Effectors. To test if

these compounds bound to the predicted site, we mutated the
predicted key binding residues in 15-LOX according to
molecular docking studies. Three single mutations (R242A,
E275A, and D277A) and one double mutation (F435A/S440A)
were created at the predicted allosteric site (Figure 4a). These
mutants possessed different enzymatic activities and showed
different responses to PKUMDL_MH_1001 (Figure 4b, SI
Table S3) . The 15-LOX-act iva t ing ac t iv i t ies of
PKUMDL_MH_1001 were dramatically reduced for mutants
R242A (EC50 = 51 ± 7 μM, max activation = 400%) and
D277A (no activation) compared to that for wild-type 15-LOX

(EC50 = 6.8 ± 0.4 μM, max activation = 85%). According to the
binding mode given by docking studies, PKUMDL_MH_1001
formed fewer hydrogen bonds with these mutant forms than
that observed with wild-type 15-LOX. These results suggest
that PKUMDL_MH_1001 binds to the predicted allosteric
site.

Influence of the 15-LOX Activator on the AA Network
Metabolite Distribution. To further validate the anti-
inflammatory activity of PKUMDL_MH_1001, a human
whole-blood (HWB) assay was performed to simulate in vivo
conditions. Fresh human blood was obtained from healthy
volunteers who had not received NSAIDs for at least 14 days.
We simultaneously stimulated the 5-LOX and COX pathways
using lipopolysaccharide and calcium ionophore A23187. Time
courses for the formation of major eicosanoids in the AA
metabolic network after stimulation were obtained by LC-MS/
MS.
Biosynthetic pathways for major eicosanoids in the AA

metabolic network and their products were measured as shown
in Figure 1. Without any inhibitors or activators, the outputs of
the 5-LOX, COX, 12-LOX, and 15-LOX pathways were
markedly elevated after stimulation. Changes in eicosanoids
after stimulation are shown as heat maps in Figure 5. To
evaluate the effects of 15-LOX activation, 100 μM of

Table 1. Activity of Activators in the Cell-Free Assaya

aAll these compounds did not match the list of PAINS. bErrors of KD were given by fitting response curves.

Figure 4. Results of mutation experiments. (a) Binding modes of the
PKUMDL_MH_1001. (b) Enzymatic activities and responses to
PKUMDL_MH_1001 of 15-LOX mutants. Data shown represent the
mean ± SEM (n = 3).

Figure 5. Heat map of dynamic eicosanoid profiles of control group
(with no activator or inhibitor).
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PKUMDL_MH_1001 was incubated with blood for 20 min
before stimulation. The percent changes in eicosanoids after
incubating with PKUMDL_MH_1001 are shown in Figure 6a.

(Absolute amounts of eicosanoids formed and standard error of
means are given in SI Table S4.) The production of 15-HETE
and 13-HODE increased by 33 ± 8% and 95 ± 10%,
respectively, relative to the control during the 120 min time
period (this value is equivalent to the percent change in the
area under the concentration−time curve divided by 120 min).
On the other hand, addition of the 15-LOX activator reduced
the levels of products from the 5-LOX and COX pathways.
PKUMDL_MH_1001 reduced the formation of leukotriene B4
(LTB4, 5-LOX pathway) and Thromboxane B2 (TXB2, COX
pathway) by 52 ± 13% and 27 ± 13%, respectively.
To verify that this phenomenon was caused by 15-LOX

activation, we tested the effects of PKUMDL_MH_1001 on
other enzymes in the AA network. PKUMDL_MH_1001 did
not demonstrate activity against COX-1/COX-2, 5-LOX, or
leukotriene A4 hydrolase (LTA4H) in cell-free assays (less than
5% inhibition or activation at 100 μM) and only slightly
inhibited cytosolic phospholipase A2 (cPLA2) (inhibition =
20% at 100 μM) and mPGES (IC50 = 20 ± 1 μM, inhibition =
6 3% a t 1 0 0 μM) . We a l s o c o n fi rm e d t h a t
PKUMDL_MH_1001 could activate 15-LOX in human
PMNs (SI Figure S1). Moreover, when a 5-LOX inhibitor
(Zileuton) was added in HWB which completely shut off the 5-
LOX pathway, PKUMDL_MH_1001 could still elevate the
production of 15-HETE (SI Figure S2). These results suggest

that the effects of PKUMDL_MH_1001 in the AA network
were predominantly caused by 15-LOX activation.

Combinations of 15-LOX Activator with 5-LOX or COX
Inhibitors. We also studied the effects of combining the 15-
LOX activator with the 5-LOX or COX inhibitor. When 5-LOX
inhibitor (Zileuton, 2 μM) was used, the production of 5-
HETE and LTB4 (Figure 6b) in blood was decreased with
average values of 35 ± 5% and 28 ± 4%, respectively. In
contrast, the levels of TXB2 and prostaglandin E2 (PGE2) were
increased by 1.5 times and 1.4 times, respectively. The addition
of PKUMDL_MH_1001 to the 5-LOX inhibitor further
reduced the production of 5-HETE and LTB4 to 59 ± 5%
and 54 ± 5%, respectively (Figure 6b,c). Although TXB2 and
PGE2 concentrations were higher than that of the control, the
levels of these metabolites were lower in the combination group
than that in the 5-LOX inhibitor alone group (Figure 6b,c).
The levels of 15-HETE and 13-HODE were increased with the
combination by 36 ± 5% and 67 ± 9% on average, respectively,
which were greater than that with the 5-LOX inhibitor alone.
Similarly, the addition of PKUMDL_MH_1001 with a COX
inhibitor (Flurbiprofen, 2 μM) further increased COX
inhibition and decreased the production of 5-HETE and
LTB4. The combination also slightly elevated the levels of 15-
HETE and 13-HODE compared to using COX inhibitor alone
(Figure 6d,e). In summary, addition of the 15-LOX activator to
the 5-LOX or COX inhibitor resulted in more efficient
modulation of the target pathways. Side effects caused by
inhibitors will be avoided with the activator, because AA is
expected to be shunted toward anti-inflammatory pathways.

■ DISCUSSION
Pharmacological activation of enzymes requires interactions
with allosteric sites, because active-site competitors are
generally inhibitory. In a previous study, we developed an
approach to identify allosteric sites in proteins based on the
coarse-grained two-state Go̅ model.26 This method successfully
predicted several new allosteric sites that led to the discovery of
novel allosteric inhibitors of Escherichia coli phosphoglycerate
dehydrogenase. However, this method requires that both the
bound and unbound structures are known and the structures
should be different at the level of the residue-to-residue
contacts. In the present study, we used a protein dynamics-
based allosteric-site prediction approach together with a pocket-
finding method to predict potential allosteric sites that are
suitable targets for pharmacological regulators. One advantage
of the present approach is that we can predict an allosteric site
without prior knowledge of the active conformation or co-
crystal structure of the ligand bound to the target site. This is an
important advantage, as this information is rarely available for
the allosteric sites of enzymes. Another advantage of our
approach is that structure-based drug design methods, such as
virtual screening, fragment-based, or de novo design, can be
directly applied to identify allosteric regulators by considering
the ligand-binding abilities of potential allosteric sites.
Adding or removing a posttranslational modification of a

protein can be seen as a covalent allosteric regulation27 and
often involves changes in charge. In a previous study,28

negatively charged compounds which mimic phosphorylation
have been successfully designed to activat protein kinase PDK1
by binding to an allosteric site. In our study, all activators carry
positive charge and the single mutation R242A has a
significantly lowered enzymatic activity, which can be rescued
by binding to the positively charged activator. These results

Figure 6. Dynamic eicosanoid production profiles in response to
stimulation for 120 min. Changes in eicosanoid production of (a)
s amp l e s p r e i n c ub a t e d w i t h t h e 15 -LOX ac t i v a t o r ,
PKUMDL_MH_1001, (b) samples preincubated with the 5-LOX
inhibitor, Zileuton, (c) samples preincubated with a combination of
PKUMDL_MH_1001 and Zileuton, (d) samples preincubated with
the COX inhibitor, Flurbiprofen, and (e) samples preincubated with a
combination of Flurbiprofen and PKUMDL_MH_1001. Change in
production was defined as the normalized concentration of eicosanoid
relative to that in the control set minus 1 and multiplied by 100%.
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suggest that change in local charge at the predicted allosteric
site can affect the activity of 15-LOX and binding of
PKUMDL_MH_1001 gives an allosteric perturbation similar
to posttranslational modification. Of course, further exper-
imental studies are needed to understand the mechanism
In many cases,29−31 a slight enhancement in enzymatic

activity may be sufficient to induce biological effects. In the
present study, PKUMDL_MH_1001 activated 15-LOX by
about 30% in the HWB assay. However, it significantly altered
the flux distribution in the AA metabolic network as shown in
the metabolite analysis experiments. The activator simulta-
neously decreased the production of LTs and PGs, whereas
selective inhibitors caused an inevitable increase in other pro-
inflammatory metabolites. Our experimental results in cell
assays demonstrate that the 15-LOX activator can improve the
control of inflammation due to reduced production of pro-
inflammatory products and increased production of 15-HETE.
Our discovery of the 15-LOX activator should aid in the
discovery of new anti-inflammatory drug combinations that are
safe and effective. In addition to their potential therapeutic
applications, our activators are valuable tools in understanding
the biological consequences of enzyme activation within the
signaling pathway.

■ EXPERIMENTAL SECTION
Comparative Modeling. We used the PRIME (Schrodinger, Inc.)

comparative modeling environment to construct a model of human
15-LOX from rabbit 15S-lipoxygenase (PDB code: 2P0M, 81%
sequence identity, similarity = 90%). We retained the metal iron and
the geometries of the conserved side chains. In addition, we optimized
and minimized the side chains of non-conserved residues.
Molecular Dynamics Simulations. We performed molecular

dynamics simulations in explicit solvent with the Desmond32 software
package and OPLS-AA/SPC force field.33 The protein was placed in
an orthorhombic simulation with a buffer of 10 Å on each side. Na+

and Cl− ions were added to neutralize the system, and then 0.05 M
NaCl was added. Minimization was initially performed with the solute
positions restrained at 50 kcal/(mol·Å) for 2000 steps. The solute
positions were unrestrained, and minimization proceeded for another
2000 steps. Next, heavy atoms in the solute were restrained at 50 kcal/
(mol·Å). NVT molecular dynamic simulations were performed at 10 K
for 12 ps. This was followed by NPT equilibration at 10 K for 12 ps.
Then, the system was simulated for another 34 ps at 300 K with the
same settings. Finally, restraints on heavy atoms were removed, and
the system was simulated for an additional 24 ps at 300 K with a
thermostat-relaxation rate of 0.1 ps−1 and barostat-relaxation rate of 2
ps−1.
After minimization and equilibration, multiple (different random

seed) production runs of 10 ns were performed on each system with
the Martyna−Tobias−Klein integrator34 at 300 K and 1 atm.
Snapshots were taken every 1.0 ps. Production runs were collected
as follows. Six production runs were performed for 10 ns each and
were used for the MutInf calculations. Additional sampling was
performed to identify open pockets and for clustering. More
production runs of up to 9 ns each were initiated from 10 ns
equilibration checkpoints. Overall, 232 ns of production molecular
dynamics was collected. Detailed procedures are described in the SI.
MutInf Calculations. To identify novel allosteric sites for

activation of 15-LOX, we used the previously reported MutInf
program20 for the initial set of six 10 ns production runs. This method
analyzes conformational ensembles, such as those from molecular
dynamic simulations, to identify statistically significant correlated
motions based on mutual information metrics, which thermodynami-
cally quantify correlated motions. To identify novel allosteric sites, we
hierarchically clustered residues that exhibited similar magnitudes of
mutual information using the heat map function in the R statistical
package as previously described.20

Clustering and Identification of Significantly Populated
Open-Pocket Conformations. All production simulations were
combined for clustering purposes, and clustering was performed in
Gromacs with QT clustering (“cluster−method gromos”)35 and a
cutoff of 0.5 Å. Representative conformations from the top 30 clusters
were inspected. Six open-pocket conformations were selected and
aligned using all-atoms in Pymol (Schrodinger, Inc.) with the
“intra_fit” command.

CAVITY Analysis. The structure of human 15-LOX was analyzed
by the program CAVITY21,22 using the default parameters. The
predicted maximal pKd values of the identified pockets in this protein
are listed in SI Table S1.

Virtual Screening. We clustered the conformations of Cavity 1
that were obtained from the molecular dynamics simulation
trajectories and identified a number of populated, open-pocket
conformations. Representative conformations from six highly popu-
lated open conformations were used for subsequent docking studies.
All compounds in the SPECS compound database (November 2009
version for 10 mg; 201 007 compounds) were docked into the
allosteric pocket with the rigid-body docking approach of the DOCK
6.136 program using the default parameters. Twenty thousand
compounds with the lowest estimated Ki values were selected from
each of the six pocket conformations for the next step. The AutoDock
step of virtual screening was performed with the Lamarckian genetic
algorithm using the following parameters: number of genetic algorithm
runs, 20; number of individuals in population, 150; maximum number
of energy evaluations, 1 750 000; maximum of generations, 27 000.
Size of grid box was 60 × 60 × 60 (number of grid points in xyz-
coordinates). Center of grid box was at the center of Cavity 1 (key
residues of Cavity 1: 239, 240, 242, 280, 354, 358, 363, 435, and
436).The first 500 compounds with the lowest estimated Ki values
were selected from each of the six pocket conformations. The binding
conformations of these compounds were exported and manually
evaluated according to the following criteria: (1) The compound
formed at least two hydrogen bonds. (2) The compound was not a
polypeptide. (3) The compound did not contain metal atoms.
Correlation analysis between experimental pIC50 and calculated pKd is
given in SI Figure S3. Ranks of identified hits in virtual screen are
given in SI Table S5.

Choosing Compounds That Have a Binding Mode Similar to
That of PKUMDL_MH_1001. The top 3000 compounds from virtual
screening were rescored by Glide (Schrodinger, Inc.), and their
interactions with residues within 12 Å were calculated. The difference
between these interactions and that of PKUMDL_MH_1001 was
defined as follows:

∑= −
Difference of Interactions

(Score Score )i icompound x, compound 1,
2

(1)

where “Score” is the Glide-Score term of a compound interacting with
certain residues and i is the residue number. A scatter map was drawn
using the difference between Coulombic and van der Waals interaction
scores as the y-axis and the difference of the hydrogen-bond scores as
the x-axis (SI Figure S4). The compounds that had binding modes
similar to that of PKUMDL_MH_1001 clustered around the origin of
the scatter map. Compounds in the cluster were selected for in vitro
testing.

Chemicals and Reagents. The purities of the compounds in the
SPECS database exceed 90%; most compounds are more than 95%
pure (confirmed by the supplier, using NMR, LS-MS, or both; data
available through the website.; for our hits, PKUMDL_MH_1001,
PKUMDL_MH_1024, and PKUMDL_MH_1025, NMR and LC-MS
data are provided in the SI). PD146176 and standard compounds for
LC-MS/MS were purchased from Cayman Chemical (Ann Arbor, MI,
USA). Zileuton was purchased from Tocris Bioscience (Bristol, UK).
Flurbiprofen and Nordihydroguaiaretic acid were purchased from Alfa
Aesar. Calcium ionophore A23187 was obtained from Sigma-Aldrich
(St. Louis, MO, USA). Heparin was obtained from J&K Chemical
(Beijing, China). Acetonitrile (ABSOLV grade) was supplied by Tedia
Company (Fairfield, OH, USA). Ampicillin, clarithromycin, isopropyl
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β-thiogalactoside, dithiothreitol, ethylenediaminetetraacetic acid,
phenylmethanesulfonyl fluoride, and dimethyl sulfoxide (DMSO)
were from Amresco (Solon, OH, USA). The Symmetry C18 reverse-
phase column (3.5 μm, 2.1 mm × 150 mm) and Oasis solid-phase-
extraction cartridge (30 mm, 1 cm3/30 mg) were purchased from
Waters Corp. (Milford, MA, USA). Water was purified with a Milli-Q
Reagent Water System (Millipore, Billerica, USA).
Molecular Cloning, Protein Expression, and Purification of

15-LOX. Wild-type human 15-LOX was amplified from a cDNA clone
(MGC:34638 IMAGE:5179700; Source BioScience). The amplified
fragments of 15-LOX were ligated into the pET-28a vector with T4
DNA ligase. The resulting plasmid, pET-15LOX-h28, encoded the 15-
LOX protein with an N-terminal His6 tag. Mutations were introduced
into 15-LOX with the QuikChange site-directed mutagenesis kit
(Stratagene) with pET-15LOX-h28 as a template.
pET-15LOX-h28 and mutants were transformed into E. coli strain

Rosetta <DE3> for expression of His6-tagged 15-LOX (His6-15LOX)
and His6-tagged mutant proteins. Cells were cultured at 37 °C in LB
media containing Fe2+ (50 μM), kanamycin (34 μg mL−1), and
chloramphenicol (30 μg mL−1). At an A600 of about 1.0, isopropyl
β-D-thiogalactopyranoside was added to a final concentration of 0.5
mM. Cells were grown for an additional 12 h at 22 °C, harvested,
resuspended in lysis buffer [Tris-HCl (50 mM, pH 8.0), NaCl (100
mM), 1,4-dithiothreitol (1 mM), and phenylmethylsulfonyl fluoride (1
mM)], and lysed by ultrasonic treatment.
The supernatant of the lysate was applied to a nickel−nitrilotriacetic

acid column (HisTrap HP; GE Healthcare) and eluted with Tris-HCl
buffer (pH 8.0) containing imidazole (200 mM). The eluted enzyme
was further purified using an anion-exchange column (Q Trap HP; GE
Healthcare). All buffers were degassed before use, and the entire
purification procedure was performed at 4 °C.
The purities of the protein samples (>95%, SI Figure S5) were

confirmed by SDS/PAGE on a polyacrylamide gel (10%, w/v) with a
mini-vertical gel system (Bio-Rad). Bands were visualized by
Coomassie Brilliant Blue staining. Protein concentrations were
determined by measuring absorbance at 280 nm with an extinction
coefficient of 1.20 × 105 M−1 cm−1. Detailed procedures are described
in the SI.
Activation and Inhibition of 15-LOX in a Cell-Free Assay.

Lipoxygenase rates were assessed by measuring the formation of
product at 235 nm (ε = 25 000 M−1 cm−1).24 The enzyme was added
to quartz 96-well microtiter plates in sodium phosphate buffer (100
mM, pH 7.4) and incubated with a compound (dissolved in DMSO)
at room temperature for 1 min. Reactions were initiated by adding the
substrate, AA. Absorbance of 15-HpETE was monitored on a plate
reader (Synergy, Biotek). The IC50 and AC50 calculations were
performed with 50 μM AA and 1% DMSO. The initial reaction rates at
different concentrations of compound were used to determine EC50
concentrations, which were calculated with a four-parameter logistical
model of log dose against percentage inhibition or activation and were
obtained from three sets of experiments. For Compound Activity
Testing, the initial reaction rate without any compound was kept about
0.17 μM s−1 (9.3 O.D. h−1). We also digested His6-15LOX with
thrombin (Sigma) to remove the His6 tag and test the enzymatic
activity using this method. No significant difference was observed (SI
Figure S6). Therefore, all data from in the cell-free assay was
conducted using His6-15LOX.
Inhibition of 5-LOX in a Cell-Free Assay. The enzymatic activity

of 5-LOX was determined by monitoring the oxidation of the
substrate, H2DCFDA, to the highly fluorescent 2′,7′-dichloro-
fluorescein product during the catalytic reaction mediated by 5-LOX
as reported.37 The human 5-LOX protein was prepared as previous
reported.38 Briefly, the reactions were initiated by adding AA as the
substrate and monitoring excitation at 500 nm and emission at 520 nm
on a multi-wall fluorometer (Synergy4, BIOTEK). Fluorescence
signals were recorded for 5 min. Inhibition of 5-LOX was measured
in a similar manner as that of 15-LOX. Detailed procedures are
described in the SI.
Inhibition of cPLA2 in a Cell-Free Assay. The enzymatic activity

of cPLA2 was determined by monitoring the hydrolysis of the

substrate, 7-hydroxycoumarinyl-γ-linolenate or 2-oxo-2H-chromen-6-
yl (6Z,9Z,12Z)-octadeca-6,9,12-trienoate, to the highly fluorescent
product, 7-hydroxycoumarin, during the catalytic reaction mediated by
cPLA2 as described previously.39 The reactions were initiated by
adding purified human cPLA2 (final concentration 1 μg/mL) and
monitoring excitation at 355 nm and emission at 460 nm on a multi-
wall fluorometer (Synergy4, BIOTEK). Fluorescence signals were
recorded for 84 min. Inhibition of cPLA2 was measured in a similar
manner as that of 15-LOX.

Inhibition of mPGES-1 in a Cell-Free Assay. The enzymatic
activity of mPGES-1 was determined by assessing conversion of PGH2
to PGE2.

40,41 Production of PGE2 in the reaction mixture was
measured with the PGE2 EIA kit (Cayman Chemical). Inhibition was
measured in a similar manner as that of 15-LOX.

Inhibition of COX-2 in a Cell-Free Assay. The enzymatic
activities of COX family members were determined by spectrophoto-
metrically monitoring the oxidation of N,N,N′,N′-tetramethyl-p-
phenylenediamine during the conversion of PGG2 to PGH2.

42

Inhibition was measured in a similar manner as that of 15-LOX.
Inhibition of LTA4H in a Cell-Free Assay. LTA4H hydrolase

activity was measured by monitoring the formation of LTB4 with an
enzyme-linked immunosorbent assay.43 Inhibition was measured in a
similar manner as that of 15-LOX.

SPR Experiments. The binding affinity of compounds toward 15-
LOX was assayed using the SPR-based Biacore T200 instrument. 15-
LOX was immobilized on a CM5 sensor chip by using standard amine-
coupling at 25 °C with running buffer PBS-P (20 mM phosphate
buffer, 2.7 mM NaCl, 137 mM KCl, 0.05% surfactant P-20, pH 7.4) as
described previously.44 In the direct binding experiments between 15-
LOX and compounds, 15-LOX immobilization level was fixed at 800
response units (RU), and then different concentrations of compounds
containing 5% DMSO were serially injected into the channel to
evaluate binding affinity. Regeneration was achieved by extended
washing with the running buffer after each sample injection. The
equilibrium dissociation constants (KD) of compounds were obtained
by fitting binding response units to Hill equation. The SPR dose−
response curves of activators with immobilized 15-LOX are shown in
SI Figure S7.

Induction of an Inflammatory Reaction in the AA Metabolic
Network in Human Whole Blood. Fresh human blood was
obtained from healthy volunteers who had not received NSAIDs for at
least 14 days. Coagulation was prevented with heparin (J&K Chemical
LTD) at 10 UI/mL, and 0.5 mL of blood was immediately divided into
a series of PP tubes. Blood samples were pre-incubated for 20 min at
37 °C with either vehicle (DMSO) or various concentrations of test
compounds in DMSO solution. LPS (Sigma) was added to blood at
100 μg/mL followed by incubation for 24 h at 37 °C. The calcium
ionophore A23187 was then added at a final concentration of 20 μg/
mL. The incubation was terminated at various time points by freezing
the samples in liquid nitrogen.

Sample Preparation. Human blood samples were lysed by three
cycles of freezing and thawing. The lysate was diluted with 0.1% formic
acid (v/v) in water to a final 2 mL volume. PGB2 was added to the
diluted sample as an internal standard. Eicosanoids were extracted with
Oasis HLB solid-phase-extraction cartridges. The cartridges were
preconditioned with 2 mL of methanol and equilibrated with 2 mL of
H2O. The plasma samples were centrifuged and the supernatants were
placed on HLB cartridges. The cartridges were washed with 2 mL of
water containing 5% methanol and 0.1% formic acid (v/v). The
eicosanoids were eluted with 1 mL of methanol and 0.1% formic acid
(v/v). The samples were evaporated under a stream of nitrogen and
reconstituted with 100 μL of methanol before LC-MS analysis.

LC-MS/MS Method. LC separation was performed with a
Shimadzu Prominence UFLC XR (Shimadzu Corporation). The
multiple-reaction-monitoring (MRM) spectra were obtained with a
QTRAP 5500 mass spectrometer (AB SCIEX) equipped with an ESI
source. A Waters Symmetry reverse-phase C18 column (2.1 mm ×
150 mm, 3.5 μm) was used for the LC separation. The mobile phase
consisted of water (A) containing 0.1% formic acid and acetonitrile
(B) containing 0.1% formic acid. The flow rate was 0.3 mL min−1. The
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solvent-gradient elution was changed as follows: 0 min, 30% B; 6.5
min, 36.5% B; 6.5 min, 38.9% B; 10.0 min, 40% B; 16.5 min, 56% B;
27.5 min, 56% B; 31.9 min, 78% B; 32.0 min, 90% B; 38.0, 90% B;
followed by re-equilibration from 38 to 45 min. Twenty milliliter
portions of each sample were injected into the HPLC system. All data
were acquired in negative-ion mode. Up to 35 eicosanoids were
monitored, including TXB2, PGF2α, PGF1α, PGE2, PGD2, LXB4, LXA4,
LTE4, LTB4, 14,15-leukotriene C4 (EXC4), AA, 9-HODE, 8-HETE,
8,9-epoxyeicosatrienoic acid (EET), 8,9-dihydroxyeicosatrienoic acid
(DHET), 5-oxoeicosatetraenoic acid (oxoETE), 5-HETE, 5,6-EET,
5,6-DHET, 20-hydroxy-PG F2α, 20-hydroxy-PGE2, 20-hydroxy-LTB4,
20-HETE, 19-HETE, 18-HETE, 17-HETE, 16-HETE, 15-oxoETE, 15-
HETE, 14,15-EET, 14,15-DHET, 13-HODE, 12-oxoETE, 12-HETE,
11,12-DHET, and internal standards (PGB2 and 5-HETE-d8).
Optimized LC-MS/MS parameters for the analysis of eicosanoids
are listed in SI Table S6.
Influence of the 15-LOX Activator in Human Polymorpho-

nuclear Leucocytes. Following the reported procedure,3 human
PMNs were isolated from the venous blood of healthy volunteers who
had not ingested any aspirin-like compounds in the preceding week.
PMNs were pre-incubated with vehicle (menthol), Zileuton (an
inhibitor of 5-LOX), and PKUMDL_MH_1001 at 37 °C for 15 min,
respectively. To stimulate the PMNs, 10 μM A23187, 2 mM Ca2+, and
2 mM Mg2+ were added for 1 h at 37 °C. Incubations were terminated
by the addition of cold menthol (700 μL of menthol was added into
300 μL of reaction solution). PGB2 was added as an internal standard.
The upper solvent was evaporated under a stream of nitrogen, and the
residue was dissolved in 150 μL of methanol before LC-MS analysis.
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