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ABSTRACT: Myeloperoxidase (MPO) is a major player of the innate
immune defense system of human neutrophils and catalyzes the production
of strong oxidizing and halogenating antimicrobial products. Because of its
role in pathogenesis of many (inflammatory) diseases, there is great interest
in the development of efficient and specific inhibitors. Here, using the X-ray
structure of MPO, high-throughput molecular docking of 1350000
compounds was performed. From this virtual screening process, 81 were
tested for inhibition of the chlorination activity of MPO, finally ending up
with eight inhibiting candidates of different chemical structures. These were
tested for inhibiting MPO-mediated low-density lipoprotein oxidation and
for interacting with the relevant redox intermediates of MPO. The best
inhibitors were bis-2,2′-[(dihydro-1,3(2H,4H)-pyrimidinediyl)bis-
(methylene)]phenol and 8-[(2-aminoethyl)amino]-3,7-dihydro-3-methyl-7-(3-phenoxypropyl)-1H-purine-2,6-dione. Both did
not irreversibly inactivate the enzyme but efficiently trapped it in its compound II state. We discuss the mechanism of inactivation
as well as pros and cons of the performed selection process.

■ INTRODUCTION
Myeloperoxidase (MPO, EC 1.11.2.2) is a major player of the
antimicrobial system of mammalian neutrophils.1,2 The cationic
oxidoreductase belongs to the peroxidase-cyclooxygenase
superfamily.3 It comprises two covalently linked monomers
(2 × 73 kDa) consisting of a light chain and a heavy chain that
both contribute to covalent linkage with an autocatalytically
modified heme group.3 Myeloperoxidase is a robust enzyme
that is stabilized by several disulfide bridges, one calcium ion
binding site as well as five N-glycosylation sites per subunit.4−9

Myeloperoxidase is found in azurophil (primary) granules of
neutrophils in high amounts (2−5% of total cellular
protein).10,11 Monocytes also contain MPO-positive granules
although they are fewer in number and lost during differ-
entiation into tissue macrophages.11,12 MPO catalyzes the
formation of potent oxidants such as hypochlorous acid,
hypobromous acid, and hypothiocyanous acid by hydrogen
peroxide (H2O2)-mediated oxidation of the corresponding
(pseudo)halides.13 The reaction products mediate inflamma-
tory responses, thereby contributing to the defense system
against pathogens.14,15

During oxidative stress, MPO is poured out and constitutes
the so-called “circulating MPO” that might damage host tissue.
It is reported that MPO plays a role in atherosclerosis, ischemia,
and neurodegenerative diseases16−21 as well as may influence
the progression of several chronic inflammatory syn-
dromes.14,22−25 For example, MPO is not expressed in normal
but in Alzheimer disease affected brain.17,20,25 It was also related
with some defined role in Parkinson disease and post-mortem
brain regions affected by multiple sclerosis.16,26 Furthermore,
MPO is suggested to be involved in cardiovascular diseases and
mechanistic links between MPO and atherogenesis have been
intensively investigated. The peroxidase produces proathero-
genic lipoproteins and induces consumption of nitric oxide
(NO), thereby contributing to the development of endothelial
dysfunction. Moreover, MPO initiates and propagates atheroma
plaque formation and rupture, thrombosis, and ventricular
remodeling.27,28
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In vitro studies have also shown that lipoproteins, modified
by the MPO/H2O2/Cl

− system, display a number of
pathophysiological effects that contribute to the initiation and
maintenance of the inflammatory process during atherosclerotic
lesion development.29 Low-density lipoproteins (LDLs)
oxidized by this system (i.e., Mox-LDL) trigger inflammatory
responses in monocytes and endothelial cells.29−36 MPO was
associated with progression of carotid atherosclerosis in
patients with HDL cholesterol levels below 49 mg/dL.33 It
was also reported to have a crucial role in converting high-
density lipoprotein (HDL) by selectively modifying apolipo-
protein A-1 and by generating dysfunctional HDL.27,30,33−36

This close relation between MPO activity and its potential
role in various diseases stimulated considerable interest in the
development of therapeutic strategies to inhibit MPO catalysis.
Studies have shown that a number of nonsteroidal anti-
inflammatory drugs (NSAIDs) such as indomethacin, mefe-
namic acid, dapsone, naproxen, phenylbutazone, and sodium
salicylate are valuable as MPO inhibitors in treating
inflammatory syndromes.37,38 Additional studies were carried
out on other NSAIDs including oxicam derivatives (IC50 = 8−
12 μM), nimesulide (IC50 = 2.1 μM), and flufenamic acid (IC50
= 1.8 μM), respectively,39−41 but also natural compounds were
reported as MPO inhibitors including quercetin (IC50 = 1.27
μM).42

Many other studies refer to MPO inhibitors including
hydroxamic acids such as salicylhydroxamic acid (SHA) (IC50 =

3−5 μM, KD = 2 μM)43 as well as benzoic acid hydrazides
including 4-aminobenzoic acid hydrazide and hydroxybenzoic
acid hydrazide having IC50 values of 0.3 and 2 μM,
respectively.44,45 It was also reported that indole derivatives
react with MPO and block the halogenation reaction,46,47 which
finally led to the finding that tryptamine derivatives such as 5-
fluorotryptamine (IC50 = 0.79 μM) are efficient inhibitors.48

Recently, a new class of tryptamine derivatives targeting the
chlorination activity of MPO was introduced.49

In parallel it has been demonstrated that 2-thioxanthine
derivatives are suicide substrates of MPO, e.g., 2-isobutyl
thioxanthine (IC50 = 0.87 μM).50−54 Other compounds that
affected MPO activity were H1-antihistaminic drugs55 and
naphthalene derivatives, e.g., 6-methoxy1-ethyl-3,4-dihydro-
naphthalene (IC50 = 3 μM).56 In any case, these studies have
shown that there is additional need for alternative scaffolds to
conceive more efficient inhibitors with activity in the
nanomolar range.57

Here, we have used a rational drug design approach based on
structure-based screening of large databases of molecules. In
detail, a high-throughput virtual screening (HTVS) has been
performed on the public pharmaceutical database ASINEX.58

Lead compounds were selected based on their scored affinities
and on the predicted interactions formed with the catalytic
pocket of MPO. Evaluation of data was performed by
measuring the IC50 values of the selected molecules for (i)
inhibition of the chlorination activity and (ii) MPO-mediated

Figure 1. Ribbon representation of the crystal structure of the human MPO (PDB 1DNW). The heme is depicted as sticks. The inner (in green) and
outer (in purple) boxes define the volume that the ligand center explores and the one in which all atoms must be located during the docking
sampling.
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LDL oxidation. Upon using transient-state kinetic investiga-
tions of the interaction between the potential inhibitors and the
various redox states of MPO, insights into the mechanism of
inactivation were obtained.

■ RESULTS
High-Throughput Virtual Screening (HTVS). Structure-

based virtual screening (HTVS) was performed on the X-ray
structure of human peroxidase complexed to cyanide and
thiocyanate (PDB 1DNW)7 using the ASINEX database58 and
the Glide 5.6 software from Schrodinger (Figure 1).
Three successive protocols with different levels of accuracy in

the docking and scoring processes were used starting with
HTVS, followed by Standard Precision (SP) and finally with
eXtra Precision (XP). In detail, 1350000 compounds were
docked by Glide using the HTVS mode. Ligands featuring a
docking score < −5.5 kcal/mol were kept. The following step
was carried out by docking the selected 65006 ligands using the
SP protocol, and 1000 ligands with a docking score < −7.8
kcal/mol were sorted out. The final docking protocol with XP
was then performed on these filtered molecules. Among the
100 best-scored compounds, 34% feature either a stacking or a
shifted stacking with the heme of the protein and a salt bridge
or a hydrogen bond interaction with Glu102. 45% show only
one of these interactions and 21% show none of these
interactions. Moreover, the 100 selected compounds consisted
of 54 positively charged compounds (67%), nine negatively
charged compounds (11%), and 18 neutral compounds (22%)
(Figure 2).

To assess the quality of the performed docking process, a set
of 60 molecules of varying chemical structure and known MPO
inhibiting activity was chosen from literature.37,39−49,51,56 The
same docking procedure was applied on these 60 ligands, which
feature IC50 values ranging from 8 nM (3-(5-aminopentyl)-5-
fluoro-1H-indole) to 30.5 μM, (phenylbutazone).37,49 After
HTVS, six ligands featuring a docking score < −5.5 kcal/mol
were selected. These compounds ranked according to their
score were 5-fluorotryptamine, 5-chlorotryptamine, SHA, 3-(5-
aminopentyl)-5-fluoro-1H-indole, 3-(4-methoxybenzyl)-2-thio-

xanthine, and 3-(2-methoxy-ethyl)-2-thioxanthine. Four com-
pounds were selected upon SP protocol. These compounds
with decreasing docking score were 5-fluorotryptamine, 5-
chlorotryptamine, SHA, and 3-(5-aminopentyl)-5-fluoro-1H-
indole. Finally, the XP protocol produced the following order:
SHA, 5-chlorotryptamine, 5-fluorotryptamine, and 3-(5-amino-
pentyl)-5-fluoro-1H-indole. Noticeably three out of these four
compounds are analogues of indole. Concerning SHA, a crystal
structure of this acid bound to MPO was determined59 and
made available to us by one of the authors (Davey C., private
communication). By comparing the lowest-energy docked pose
with the crystal structure, a root-mean-square deviation of the
atomic positions of 0.5 Å was obtained, sustaining the capacity
of the Glide software to retrieve the experimental position of
the ligand in the MPO binding site. Noticeably, a series of
known inhibitors with fairly good potency were however not
selected. This outcome may be due to the well-known
prevailing weakness of the scoring functions in docking
programs.
Pharmacomodulation of compounds based on the 3-

alkylaminoindole structure gave one of the best MPO inhibitors
found so far (IC50 = 8 nM).49 Because the interactions of these
derivatives with MPO are well understood, we chose 5-
fluorotryptamine48,49 for analysis and comparison of the
interactions of the selected compounds from the screened
ASINEX database (Table 1). As previously reported, docked 5-
fluorotryptamine shows a stacking of the indole ring onto the
pyrrole ring D of the heme. An ionic interaction between the
amine and Glu102 is observed as well as one hydrogen bond
with Thr100 (Figure 3).49 5-Chlorotryptamine as well as 3-(5-
aminopentyl)-5-fluoro-1H-indole exhibited similar interac-
tions.49 This contrasts with the interactions formed by docked
SHA where hydrogen bonds are made with Gln91 and Arg239
although its aromatic ring also stacks onto pyrrole ring D, in
agreement with the crystal structure of the complex.43

Selection and Characterization of the Best MPO
Inhibitors. Among the 100 best compounds selected through
HTVS, the activities of 81 molecules available for purchase
from ASINEX were tested with a MPO inhibition assay that
probed the inhibition of chlorination mediated by MPO.60

Thirty-two compounds (39%) were active, but only eight
compounds featuring different chemical structures and with
IC50 values ranging between 0.46 ± 0.07 and 12 ± 3 μM were
selected (Table 2). Among these molecules compounds F9
(IC50 = 0.46 ± 0.07 μM) and A1 (IC50 = 0.5 ± 0.1 μM) are the
best inhibitors. Compound C6 is slightly less active than F9
and A1 (IC50 = 0.97 ± 0.09 μM). Compounds F6, C12, and
F10 have about the same activity (IC50 3−4 μM). Compounds
A5 and D11 are active at higher concentrations (D11, IC50 =
6.2 ± 0.5 μM; A5, IC50 = 12 ± 3 μM). We noticed that half of
the compounds are positively charged (A1, C12, F9, and F10),
including the most potent inhibitors, two are neutral
compounds (D11, A5) and two are negatively charged (F6,
C6).
Figure 4A depicts the best score pose of compound F9,

featuring a stacking of its purinedione onto the pyrrole ring D, a
salt bridge with Glu102, and two hydrogen bonds with the
propionate group of pyrrole ring A and Thr100 (Figure 4A).
Compound A1 shows a shifted stacking of its phenyl ring with
pyrrole ring D, a salt bridge with Glu102, and three hydrogen
bonds with Arg239, Glu102, and Phe147 (Figure 4B).
Compound F6 features one salt bridge with Glu102 and
three hydrogen bonds with Glu102, Arg239, and Gln91. Its

Figure 2. Schematic representation of the virtual screening docking
protocols (HTVS, SP, and XP) starting from the ligand preparation
(LIGPREP) of the compounds in the Asinex database to the selection
of the best hits.
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carboxylate group is oriented toward the iron atom of the heme
(Figure 4C). Compound C12 forms two hydrogen bonds with
Glu102 and Arg239. The presence of a bulky substituent on
this compound may hinder the formation of additional
interactions with the catalytic pocket (Figure 4D). Compound
C6 makes two hydrogen bonds with residues Arg239 and
Gln91. Its carboxylate group is also found to be oriented
toward the iron atom in the heme (Figure 4E). Compound
D11 forms one salt bridge with Glu116 and one hydrogen
bond with Glu102 (Figure 4F). Compound A5 shows a
stacking of its indole moiety with pyrrole ring D, three
hydrogen bonds with the propionate group of the pyrrole ring
D, Glu102, and Arg239, respectively (Figure 4G). Finally,
compound F10 shows a stacking of its benzimidazole ring with
pyrrole D, one salt bridge with Glu102, and two hydrogen
bonds with the propionate group of pyrrole ring A and with

Thr100 (Figure 4H) (see also Supporting Information Figure
S1).
The most common interactions found among all eight

docked ligands are the ionic bond with Glu102 and a stacking
(shifted or not) with pyrrole ring D of the prosthetic group.
Hydrogen bonds with Glu102 and with Thr100, Gln91,
Arg239, or the propionate groups of the heme are also found
in several docked geometries of the complexes. Interestingly,
interactions with Glu102 and pyrrole ring D of the heme were
also seen with fluorotryptamine derivatives that are efficient
MPO inhibitors49 (see Supporting Information Figure S2).

Inhibition of LDL Oxidation. For measuring MPO-
dependent LDL oxidation, an ELISA was developed based on
a mouse monoclonal antibody (Mab AG9) that specifically
recognizes MPO-oxidized APO B-100 on LDL.61 The eight
selected compounds were tested, and MPO inhibition was
probed at three different inhibitor concentrations in DMSO

Table 1. Test Results of the Three Docking Procedure Steps Performed on Known MPO Inhibitors Following the Criteria Used
for the Virtual Screening (See Results)a

compound IC50 MPO inhibition assay (μM) HTVS SP XP refs

5-fluorotryptamine 0.79 passed passed passed 48
5-chlorotryptamine 0.73 passed passed passed 48
SHA 32 passed passed passed 43
3-(5-aminopentyl)-5-fluoro-1H-indole 0.008 passed passed passed 49
3-(4-methoxybenzyl)-2-thioxanthine 0.49 passed 52, 53
3-(2-methoxy-ethyl)-2-thioxanthine 0.44 passed 52, 53
naphthalene derivatives 3−6 failed 56
oxicam group 8−12 failed 39
other NSAIDs group 0.045−30.5 failed 37, 39−41
antimalarial drugs group 0.23−1.1 failed 37
natural compounds 1.27−3 failed 42, 49
4-aminobenzoic acid hydrazide 0.3 failed 44

aThe IC50 values range between 0.008 and 35 μM

Figure 3. Close view of the best scored 5-fluorotryptamine docked position in the catalytic site of human MPO. Its major interactions such as one
salt bridge and one hydrogen bond made with residues Glu102 and Thr100, respectively, are depicted as yellow−black dotted lines.
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(1.25, 5.0, 50.0 μM) and taking the equivalent volume of
DMSO as the control at 100%. Compound A1 and F9 showed
good inhibition on MPO-dependent LDL oxidation (62 ± 6,
4.5 ± 0.9, 11 ± 2% and 11 ± 2, 2.6 ± 0.8, 6 ± 4%, respectively),
while no significant effect was detected for the other
compounds.
Transient-State Kinetics. We further studied transient-

state kinetics in order to determine the mechanism of
inhibition. Two redox intermediates are relevant in the
enzymology of MPO, namely compound I and compound II.
Ferric MPO is oxidized by hydrogen peroxide into compound I,
which is directly reduced back to the native state by chloride
thereby producing hypochlorous acid.62,63 Those reactions
constitute the halogenation cycle. Alternatively, compound I
can also be reduced back by two one-electron reduction steps
via compound II (Figure 5). A good MPO inhibitor should (i)
either efficiently block the entry to the heme cavity or (ii)
promote formation of compound II, which is not competent in
chlorination activity.57

We have preformed the two redox intermediates compound I
and compound II47,62 and probed their reactivity with the eight
selected compounds. Figure 5 clearly demonstrates that all
compounds acted as one-electron donors for compound I (k2)
and compound II (k3) in monophasic reactions. Generally, all
putative inhibitors reacted fast with compound I, with k2 values

ranging from 6.8 × 105 M−1 s−1 and 4.1 × 107 M−1 s−1,
respectively, whereas compound II reduction was still mono-
phasic but significantly slower. As a consequence, compound II
accumulated. The high discrepancy in reactivity of the putative
inhibitors with compound I and compound II is underlined by
the k2/k3 ratios given in Table 3.

■ DISCUSSION AND CONCLUSION

Using virtual screening of large databases of compounds has
become a reliable strategy to identify new lead candidates in the
drug discovery process. It is a complementary method to
experimental approaches. Virtual screening involves molecular
docking of the 3D structure of each ligand into the binding site
of the target protein thereby generating a predicted binding
mode whose fitness is evaluated. The obtained score is used in
ranking of the compounds.
It is the first time that this approach has been carried out on

MPO with such a large-scale database and without applying
preselection criteria. A recent study described the virtual
screening of 208 compounds extracted from the ZINC
database58 after filtering with a pharmacophore model based
on the crystal structure of human MPO in complex with SHA.6

As a consequence, structures forming interactions similar to
SHA were found, i.e., stacking with the pyrrole ring D and
hydrogen bonds with Gln91, His95, and Arg239.64 Compared

Table 2. Lead Compounds Listed along with Their Affinity of the Best Score Docked Position (Gscore, kcal/mol), Their IC50
(μM) Obtained with the MPO Inhibition Assay and the Interactions Formed within the MPO Binding Site
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to this study, the present work describes new scaffolds and new
types of interactions with MPO.
Our calculations consisted of successive steps of docking

including different levels of ligand selection (Figure 2). Starting
from around 700000 molecules and 1350000 conformers, the

whole docking procedure selected 100 molecules, 81 of which
were tested in vitro. Eight hits were then characterized in terms
of inhibiting the oxidative modification of LDL by MPO.
Moreover, their interaction with the redox intermediates
compounds I and II were tested.

Figure 4. View of the docked positions of the eight compounds featuring the lowest IC50 on MPO. Hydrogen bonds and salt bridges are depicted as
yellow−black dotted lines. (A) Compound F9, (B) compound A1, (C) compound F6, (D) compound C12, (E) compound C6, (F) compound
D11, (G) compound A5, (H) compound F10.
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As for their predicted binding mode with MPO, the eight
selected compounds feature one salt bridge with Glu102 and a
stacking (shifted in a few cases) with pyrrole D of the
prosthetic group. This emphasizes the importance of a positive
charge and an aromatic moiety in potent MPO inhibitors. The
importance of Glu102 has already been postulated for efficient
binding of fluorotryptamine derivatives.49 Compound A1
represents a new scaffold and could serve as a lead structure
for MPO inhibition comprising interactions such as three
hydrogen bonds with Glu102, Arg239, Phe147, and one salt
bridge with Glu102. Compound F9 is one of the most potent
inhibitor, and its purinedione structure has similarities with the
structure of thioxanthine derivatives, which were patented as
MPO inhibitors (Figure 6).50,51 Among the other hit
compounds, compound A5 which contains one indole ring is
analogous to the already explored tryptamine derivatives.48,49

Finally, compound C12 features a quinoline structure as the
antimalaric drugs used as MPO inhibitors.37

Both new lead compounds act as electron donors of both
compound I and compound II of MPO, but due to the
differences in the oxidation capacity of the redox intermediates
of MPO,13 reaction with compound I was significantly faster (k2
≫ k3). This suggests that the standard reduction potential of
the selected MPO inhibitors is higher than 0.9 V.13 As a

consequence, the enzyme is trapped in the compound II state,
which is outside the halogenation activity of this peroxidase.
This mode of reversible inactivation of the chlorination and
bromination activity has been shown with several other potent
inhibitors.37,40−43,46−49,57

Functional scoring of ligand−protein complexes is mainly
used to compare the relative affinity of different ligands or to

Figure 5. Schematic representation of the chlorination and peroxidase
cycles of MPO. Reaction 1: ferric MPO is oxidized by hydrogen
peroxide to compound I (i.e., oxoiron(IV) porphyrin radical cation).
Reaction 2: compound I is reduced to compound II (i.e., protonated
oxoiron(IV)) by a one-electron donor. Reaction 3: compound II is
reduced to native state, thereby oxidizing a second substrate molecule.
Reactions 1, 2, and 3 constitute the peroxidase cycle. Reaction 4:
compound I is directly reduced back to the resting state by halides,
thereby releasing hypohalous acid. Reactions (1) and (4) constitute
the halogenation cycle.

Table 3. Apparent Bimolecular Rate Constants of MPO
Compound I (k2) and Compound II Reduction (k3) by the
Eight Selected Compoundsa

compd k2 (M
−1 s−1) k3 (M

−1 s−1) k2/k3

A5 4.1 × 107 750 (E) 54667
F9 5.1 × 106 210 24286
A1 5.1 × 106 150 (E) 34000
C6 1.9 × 106 10 (E) 190000
F10 1.4 × 106 1.1 1272727
C12 9.36 × 105 28 (E) 33429
F6 6.8 × 105 27 (E) 25185
D11 ND ND ND

aAdditionally, the k2/k3 ratio is given. ND = no available data. (E) =
estimated.

Figure 6. Reaction of MPO compound I with compound F9 (pH 7.4
and 25 °C). (A) Spectral changes upon reaction of 2 μM MPO
compound I with 10 μM compound F9. (B) Typical time trace and fit
of MPO compound II formation followed at 456 nm. (C) Pseudo-first-
order rate constants for MPO compound I reduction plotted against
F9 concentration. (D) Spectral changes upon reaction of 2 μM MPO
compound I with 500 μM compound F9. (E) Typical time trace and
fit of MPO compound II reduction with 2 mM F9 followed at 456 nm.
(F) Pseudo-first-order rate constants for MPO compound II reduction
plotted against F9 concentration.
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discriminate the “native-like” conformations of a ligand from
the “non-native-like” ones. This scoring step remains very
challenging and produces a correlation with experimental
affinities which is not always optimal. As shown in Table 1, not
all known potent MPO inhibitors would have been selected by
our docking protocol. In the same way, among 81 compounds
tested in the present work, 49 were totally inactive (60.5%), 32
were active (39.5%), and 8 compounds (i.e., 10%) inhibited
more than 50% of the chlorination activity of MPO at 5 μM.
One bottleneck in revealing the most essential receptor−

ligand interactions for the inhibition mechanism is the lack of
sufficient crystallographic data of complexes between MPO and
promising lead compounds. So far, the MPO-SHA complex
structure formed the basis for most of the studies.64 Structural
data of complexes with new scaffolds could clearly improve the
selection of novel compounds because alternative selection
criteria in HTVS could be applied.
In summing up, in this work eight active and reversible MPO

inhibitors were selected. They act as electron donors of the
oxidoreductase and efficiently block the halogenation activity
without irreversible inactivation. Two of the selected
compounds have a submicromolar activity and inhibit MPO-
dependent LDL oxidation. In further steps, a pharmacomodu-
lation on those hits should be endorsed to increase the
inhibiting activity. The high-throughput virtual screening has
thus been shown to be a successful tool to find new leads of
MPO inhibitors. It improves the probability for finding new
promising candidates at diminished time and expenses. Starting
from a large-scale database, the process has allowed selecting
original scaffolds of MPO inhibitors never explored so far.

■ EXPERIMENTAL SECTION: MATERIALS AND
METHODS

Docking Experiments. Preparation and Design of the MPO
Receptor. The X-ray structure of human MPO complexed to cyanide
and thiocyanate (PDB code: 1DNW) was used as the target structure
to endeavor the docking studies.7 The PDB was prepared using the
Protein Preparation Wizard protocol in the Schrodinger software
graphical user interface Maestro including the usage of Epik 2.1109,
Protassign 2.0.0, and Impact 56107. The X-ray water molecules in the
catalytic site of MPO have been removed, and the charge of iron was
set to +3. The structure was refined and optimized according to the
following steps: (i) Only one monomer (chains A and C) was kept
along with the heme and the cyanide anion close to the heme, (ii) all
other molecules were removed (acetic acid, α-D-mannose, α-L-fucose,
N-acetyl-D-glucosamine, thiocyanate ion, sulfate ion), (iii) the S-
hydroxycysteine (150) was modified so as to generate a cysteine
(Cys150), (iv) in agreement with the crystal structure, Asp94 and
Glu242 were covalently bonded to the modified methyl groups of rings
A and C of the heme through ester bonds, Met243 was also covalently
bonded to the vinyl group of the heme (ring C) creating a sulfonium
cation,63 (v) following a pKa calculation, Asp98 was protonated,

63 (vi)
His95 was protonated on the Nδ to promote a hydrogen bond to the
conserved Asp237 and to favor a proton transfer from hydrogen
peroxide.63 All hydrogens were added, and the whole structure was
energy minimized. This final structure was used for the receptor grid
generation (see next section).
Receptor Grid Generation. The final preparation step consisted of

the definition of a cubic volume in which the shape and properties of
the receptor (in absence of the cyanide) are represented on a grid by
several different sets of force fields that provide progressively more
sophisticated scoring of the ligand pose. This box, consisting of two
embedded cubes (outer box and inner box), was centered on the
position of the cyanide residue with a dimension of 26 Å for the larger
box to contain the catalytic site of MPO. No constraints were placed

on the grids. The rotatable groups were assigned for the hydroxyl
groups of Asp98, Thr100, and Thr238 (Figure 1).

Preparing Ligands for the HTVS. We chose to screen the ASINEX
pharmaceutical database contained in the public Zinc database (Gold,
Platinum, Synergy libraries).58 The database consisted of 36 SDF files
containing around 700000 molecules. Ligprep module from
Schrodinger was used to prepare the ligands by generating the proper
structures for docking, which included different tautomers and ionized
forms prevalent at a pH range of 7.0 ± 2.0. The total number of
ligands resulting from this procedure was 1350000 (Figure 2).

Docking Procedure. The Glide (Grid-Based Ligand Docking with
Energetics) algorithm approximates a systematic search of positions,
orientations, and conformations of the ligand in the receptor binding
site using a series of hierarchical filters (www.schrodinger.com). The
default settings of Glide version 5.6 were used. Three different Glide
docking protocols and scoring function (HTVS, SP, and XP) were
used to score the poses of the different ligands.

In Vitro Inhibition Assays. Recombinant MPO was prepared as
previously described by Moguilevsky et al (1991).65 Each batch
solution is characterized by its protein concentration (mg/mL), its
activity (U/mL), and its specific activity (U/mg). The chlorination
activity was determined according to Hewson and Hager.66

Myeloperoxidase Inhibition Assay. The assay was based on the
production of taurine chloramine produced by the MPO/H2O2/Cl

−

system in the presence of a selected inhibitor at defined
concentration.60 The reaction mixture contained the following
reagents in a final volume of 200 μL: 10 mM phosphate buffer, pH
7.4, 300 mM NaCl, 15 mM taurine, the compound to be tested (up to
20 μM), and the fixed amount of recombinant MPO (6.6 μL of MPO
batch solution diluted 2.5 times, 40 nM). When necessary, the volume
was adjusted with water. This mixture was incubated at 37 °C and the
reaction initiated with 10.0 μL of H2O2 from a 100 μM stock solution.
After 5 min, the reaction was stopped by addition of 10.0 μL of
catalase (8 U/μL). To determine the amount of taurine chloramines
produced, 50 μL of 1.35 mM solution of thionitrobenzoic acid were
added and the volume adjusted to 300 μL with water. Then, the
absorbance of the solutions was measured at 412 nm with a microplate
reader and the curve of the absorbance as a function of the inhibitor
concentration was plotted. IC50 values were then determined using
eight different concentrations between 0.1 and 16 μM, taking the
absence of hydrogen peroxide as 100% of inhibition and the absence of
inhibitors as 0% of inhibition.41 The calculation of the IC50 has been
done by linearization of the slope according to the equation ASIN (Y)
= a + b × LOG10 (X) in Microsoft Office 2010. The values are the
mean ± SD of three independent measurements.

Determination of LDL Oxidation Inhibition. Human plasma served
for the isolation of LDL by ultracentrifugation according to Havel et
al.67 Before oxidation, the LDL fraction (1.019 < d < 1.067 g/mL) was
desalted by two consecutive passages through PD10 gel-filtration
columns (Amersham Biosciences, The Netherlands) using PBS buffer.
The different steps were carried out in the dark, and the protein
concentration was measured by the Lowry assay for both MPO and
LDL.

LDL oxidation was carried out at 37 °C in a final volume of 500 μL.
The reaction mixture contained the following reagents at the final
concentrations indicated between brackets: PBS buffer, pH 7.2, MPO
(1 μg/mL), LDL (1000 μg/mL), 2 μL 1 M HCl (4 mM), one of the
drugs at different concentrations, and H2O2 (100 μM). The reaction
was stopped after 5 min by cooling the tubes on ice. The assay was
performed as described by Moguilevsky et al.68 in a NUNC maxisorp
plate (VWR, Zaventem, Belgium): 200 ng/well of LDL was coated
overnight at 4 °C in a sodium bicarbonate pH 9.8 buffer (100 μL)63

Afterward, the plate was washed with TBS 80 buffer and then
saturated during 1 h at 37 °C with the PBS buffer containing 1% BSA
(150 μL/well). After washing the wells twice with the TBS 80 buffer,
the monoclonal antibody Mab AG9 (200 ng/well), obtained according
to a standard protocol, was added as a diluted solution in PBS buffer
with 0.5% BSA and 0.1% of Polysorbate 20.68 After incubation for 1 h
at 37 °C, the plate was washed four times with the TBS 80 buffer and a
solution of IgG antimouse alkaline phosphatase (Promega, Leiden,
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The Netherlands) diluted 3000 times in the same buffer was added
(100 μL/well). The wells were washed again four times, and a
revelation solution (150 μL/well) containing 5 mg of para-nitrophenyl
phosphate in 5 mL of diethanolamine buffer was added for 30 min at
room temperature. The reaction was stopped with 60 μL/well of 3 N
NaOH solution. The measurement of the absorbance was performed
at 405 nm with a background correction at 655 nm with a Bio-Rad
photometer for a 96-well plate (Bio-Rad laboratories, CA,
USA).68Measurements were obtained by retrieving the effect of
DMSO used for dissolving the compounds. Results were expressed as
inhibition percentages.
Transient State Kinetics. Highly purified MPO of a purity index

(A430/A280) of a least 0.86 was purchased from Planta Natural Products
(http://www.planta.at). Its concentration was calculated using λ430 nm
= 91 mM−1cm−1. Hydrogen peroxide, obtained from a 30% solution,
was diluted and the concentration determined by absorbance
measurement at 240 nm, where the extinction coefficient is 39.4
M−1 cm−1. Tested compounds stock solutions were prepared in
dimethylsulfoxide (DMSO) and stored in dark flasks. Dilution was
performed with 200 mM phosphate buffer, pH 7.4, to a final DMF
concentration of 2% (v/v) in all assays.
The multimixing stopped-flow measurements were performed with

the Applied Photophysics (UK) instrument SX-18MV. When 100 μL
were shot into a flow cell having a 1 cm light path, the fastest time for
mixing two solutions and recording the first data point was 1.3 ms.
Kinetics were monitored both at a single wavelength and by using a
diode array detector. At least three determinations (2000 data points)
of pseudo-first-order rate constants (kobs) were performed for each
substrate concentration (pH 7.4, 25 °C), and the mean value was used
in the calculation of the second-order rate constants, which were
calculated from the slope of the line defined by a plot of kobs versus
substrate concentration. To allow calculation of pseudo-first-order
rates, the concentrations of substrates were at least 10 times in excess
of the enzyme.
Conditions of MPO compound I formation were described

recently.63 Typically, 8 μM MPO were premixed with 80 μM H2O2,
and after a delay time of 20 ms, compound I was allowed to react with
varying concentrations of tested compounds in 200 mM phosphate
buffer, pH 7.4. The reactions were followed at the Soret maximum of
compound II (456 nm). Compound II formation and reduction could
be followed in one measurement. The resulting biphasic curves at 456
nm showed the initial formation of compound II and its subsequent
reduction to native MPO by the tested compounds (decrease in
absorbance at 456 nm).
The samples which were analyzed for transient-state kinetics and

compound I and compound II formation were dissolved in DMSO.
When DMSO was interfering in the k3 calculation, we used instead the
estimated value of k3, which was calculated and estimated by using the
spectrum of less concentrated solutions.
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(50) Tideń, A. K.; Sjögren, T.; Svensson, M.; Bernlind, A.;
Senthilmohan, R.; Aucher̀e, F.; Norman, H.; Markgren, P. O.;
Gustavsson, S.; Schmidt, S.; Lundquist, S.; Forbes, L. V.; Magon, N.
J.; Paton, L. N.; Jameson, G. N; Eriksson, H.; Kettle, A. J. 2-
Thioxanthines are mechanism-based inactivators of myeloperoxidase
that block oxidative stress during inflammation. J. Biol. Chem. 2011,
286, 37578−37589.
(51) Hanson, S.; Nordvall, G.; Tiden, A. K. Preparation of
xanthinethione derivatives as myeloperoxidase inhibitors. PCT Int.
Appl.WO 2003089430 A1 20031030,2003.
(52) Choi, D. K.; Koppula, S.; Choi, M.; Suk, K. Recent
developments in the inhibitors of neuroinflammation and neuro-
degeneration: inflammatory oxidative enzymes as a drug target. Expert
Opin. Ther. Pat. 2010, 20, 1531−46.
(53) Bogevig, A.; Lo-Alfredsson, Y.; Pivonka, D.; Tiden, A. K. Pyrrolo
[3,2-d]pyrimidin-4-one derivatives and their use in therapy. U.S.
Patent US007829707B2, 2010.
(54) Svensson, M.; Tiden, A. K.; Turek, D. Use of derivatives of 2,4-
dihydro-[1,2,4]triazole-3-thione as inhibitors of the enzyme myeloper-
oxidase (MPO). U.S. Patent US 20070093483Al, 2007.
(55) Lojek, A.; Cíz,̌ M.; Pekarova,́ M.; Ambrozǒva,́ G.; Vasí̌cěk, O.;
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