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§ Equally contributed  

Abstract 

The heme enzyme myeloperoxidase (MPO) participates in innate immune defense 

mechanism through formation of microbicidal reactive oxidants and diffusible radical 

species. However, evidence has emerged that MPO-derived oxidants contribute to tissue 

damage and the initiation and propagation of acute and chronic inflammatory diseases. 

Because of the deleterious effects of circulating MPO released from phagocytosing 

neutrophils, there is a great interest in the development of new efficient and specific 

inhibitors. It has been demonstrated that the interaction between the inhibitor and the 

active site is not the only key factor playing a role in the inhibition. Here, we have 

performed a novel virtual screening procedure, depending on ligand-based 

pharmacophore modeling followed by structure-based virtual screening combined to 

drug-likeness filters. Starting from a set of 727,842 compounds, 30 molecules were 

selected by this virtual method and tested for inhibition of the chlorination activity of 

MPO. Twelve out of 30 compounds were found to have an IC50 less than 5 µM. The best 

inhibitors were 2-(7-methoxy-4-methylquinazolin-2-yl)guanidine (Zinc1) and (R)-2-(1-

((2,3-dihydro-1H-imidazol-2-yl)methyl)pyrrolidin-3-yl)-5-fluoro-1H-benzo[d]imidazole 

(Zinc3) with IC50 values of 44 and 50 nM, respectively. Studies on the mechanism of 

inhibition suggest that Zinc1 is the first potent mechanism-based inhibitor and inhibits 

irreversibly MPO at nanomolar concentration. Pharmacomodulation has been 

performed to optimize the activity of Zinc1.   

1. Introduction  

The heme enzyme myeloperoxidase (MPO, EC 1.11.2.2) is a lysosomal protein that plays 

an important role in the human innate immunity system. It is expressed in neutrophils 
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and stored in their azurophilic granules [1] [2] [3] [4] [5]. After phagocytosis of 

pathogens by the neutrophils, MPO is able to catalyze the H2O2-mediated oxidation of 

chloride to the powerful oxidizing agent hypochlorous acid (HOCl), which leads to the 

oxidation (degradation) of biomolecules of pathogens in the phagosome. Other halide 

(Br-, I- but not F-) or pseudo-halide (SCN-) ions can also act as substrates for MPO. Native 

ferric MPO [Por-Fe(III)] is oxidized by H2O2 to Compound I [•+Por-Fe(IV)=O, i.e. 

oxoiron(IV) porphyryl radical]. Compound I directly oxidizes SCN-, I-, Br- or Cl- to the 

corresponding (pseudo)hypohalous acids (HOX) thereby restoring the ferric state 

(Figure 1) [6]. Other electron donors such as tyrosine, serotonin or tryptamine are 

oxidized via a one-electron pathway resulting in the formation of Compound II [Por-

Fe(IV)-OH, i.e. oxoiron(IV)]. Finally, reduction of Compound II (which is outside the 

halogenation cycle) restores MPO in the native state (Figure 1). Although the reaction of 

Compound I with SCN-, I- and Br- is faster than with Cl-, HOCl is considered as the 

essential reaction product of MPO because of the high Cl- concentration in human blood 

plasma compared to the other species [7].   

In some cases, MPO is released from neutrophils, producing HOCl in the circulation 

which results in oxidative damages of the host tissues. These damages sometimes 

contribute to the development of injuries, e.g. in the kidney, the central nervous system, 

lung or the cardiovascular system [3]. The close relation between MPO activity and 

cardiovascular diseases prompted a study on the roles of the MPO/H2O2/Cl- system in 

atherosclerosis. It has been reported that MPO can oxidize low-density lipoproteins 

(LDLs) thereby promoting an inflammatory response in monocytes and endothelial cells 

[3]. This inflammation results in the formation of foam cells in the artery walls, thus 

generating a necrotic center of atherosclerosis. Several evidences highlighted the role of 

MPO in the oxidation of high-density lipoproteins (HDLs), causing a decrease in their 

Page 3 of 70

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

4 

capacity to remove cholesterol from atherosclerotic lesions [8]. It is well documented 

that the MPO/H2O2/Cl- system also contributes to decrease the concentration of NO•, 

and activates the protease cascades and fibrin deposition. As a result, the dysfunction of 

endothelial cells causes vulnerable plaques [9].  

The role of the MPO/H2O2/Cl- system in the inflammatory syndromes makes MPO a 

promising target for the development of new anti-inflammatory agents [10]. Several 

MPO inhibitors were already identified. Most of these compounds were obtained by 

drug design and comprise 3-aminoalkyl fluoroindole derivatives [11], aromatic 

hydroxamates [12] and indazoles [13]. Figure 2 illustrates the most potent MPO 

inhibitors discovered until now that can inhibit MPO at the nanomolar range. 

By now, the structures of human MPO unbound or in complex with fairly small anions 

(halides, thiocyanate, cyanide) or covalently-bound to 2-thioxanthine have been 

determined [14] [15]. The crystal structure of salicylhydroxamic acid (SHA) bound to 

human MPO has also been described though no structure has been deposited in the PDB 

[16]. Recently, the X-ray structure of human MPO complexed to trifluoromethyl-

substituted aromatic hydroxamate (HX1, Figure 2) has been solved [12]. These 

structural data were used in the docking experiments for three main purposes: 1) to 

predict the interaction between the inhibitors and the active site 2) to implement 

structure activity relationship (SAR) for designing potent MPO inhibitors [17] and 3) to 

find ligands selected by virtual screening from available databases [18] [19].  

Up to now, two virtual screening experiments were done to determine new MPO 

inhibitor scaffolds. The first one performed by Malvezzi et al [20] using GOLD docking 

program screened the full Zinc database. The second was carried out by Aldib et al [18] 

using Glide® as a software and ASINEX® as the ligand database. In our paper, four 

pharmacophore models were designed based on the most potent MPO inhibitors using 
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LigandScout®  [21] [22] [23]. These pharmacophore models were used to screen a filtered 

Zinc database. Compounds selected from this virtual screening were docked into the heme 

cavity of MPO by means of the LeadIT® docking program [24]  to screen the Zinc database 

for potential ligands [25]. The best compound was selected as a hit, followed by the 

synthesis and evaluation of several analogues.   

2. Results 

Pharmacophore design 

In this study, we applied a four-step computer-aided protocol to select compounds to be 

tested in vitro (Figure 3). The whole process included successively a Lipinski’s rule 

filter, a screening based on the derivation of a pharmacophore, a docking screening and 

a selection based on various drug-relevant properties (Figure 3). 

First, the 727,842 compounds of the Zinc database molecules (http://zinc.docking.org) 

were screened following the Lipinski's rule filter to select drug-like molecules using 

DruLiTo software (ref : 

(http://www.niper.gov.in/pi_dev_tools/DruLiToWeb/DruLiTo_index.html). This filter 

selected 494,915 compounds. In the second step, pharmacophore models, featuring the 

3D key chemical determinants required for binding to MPO, were generated using the 

structural data of the seven most potent MPO inhibitory compounds known so far 

(Figure 2). These molecules have been used alone or in combination. When each potent 

inhibitor was used individually to generate pharmacophore models, a small number of 

compounds from the 494,915 drug-like molecules previously filtered matched the 

pharmacophore features (less than 25 compounds in total from the seven 

pharmacophores). In contrast, when using three or more potent inhibitors to define a 
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pharmacophore model, a large number of compounds resulted from the screening 

(more than 20,000 compounds in all cases). Finally using all possible pairs combining 

the seven potent inhibitors twenty-one pharmacophore models were obtained which 

featured a pharmacophore-fit score ranging from 50.9 to 68.4 %. About 6000 hit 

molecules were then retrieved from the pharmacophore screening against the 494,915 

compound filtered database. 

 Only the pharmacophore models that produced a number of compounds less than 500 

were kept. Four models met this criterion (named model 1 to 4) as they contain, 273, 

185, 106, and 6 molecules respectively (570 compounds in total) (Figure 3). They were 

obtained from the following pairs of active potent inhibitors: 5F4C [11] and paroxetine 

[26] for model 1, HX1 [12] and 5F4C [11] for model 2, paroxetine and HX2 for model 3 

[12] and 5F3Camide [27] and HX1 for model 4 (Figure 4). Model 1 comprises one 

hydrogen bond acceptor (HBA), one hydrogen bond donor (HBD), one hydrophobic 

moiety (H), one positively charge group (PI), and 40 exclusion volumes (XVOLs). Model 

2 contains one HBA, one aromatic group (AR), one HBD, and 33 XVOLs. Model 3 

encompasses two H sites, one HBA, and 41 XVOLs. Finally, model 4 contains two HBA, 

two HBD, one AR, and 37 XVOLs (see Figure 4 and 1S). 

Docking calculations 

In the next stage, compounds issued from the pharmacophore screening procedure were 

docked on the X-ray structure of human MPO complexed with thiocyanate (PDB 1DNU) 

using the FlexX software.  

To validate the docking procedure, compound HX1 which has well-established 

interactions with MPO was docked (Figure 5). The best-score docked pose of HX1 
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featured the pyrimidine ring stacked on the pyrrole ring D of the heme, and the 

trifluoromethyl aromatic ring occupying the hydrophobic pocket at the entrance of the 

active site. The hydroxamic acid group lied in the center of the distal cavity, and both the 

carbonyl and hydroxyl oxygens form hydrogen bonds with Gln91 and His95 residues. 

One of the pyrimidine nitrogens provided the main interaction with the heme 

propionate group, whereas the oxygen of the hydroxyl group was well positioned for a 

hydrogen bond with Asp94. The trifluoromethyl aromatic ring of the molecule extended 

toward the surface of the enzyme. These interactions formed in the HX1 docked pose 

are quite similar to those in the crystallographic structure [12] allowing for the 

validation of the docking procedure. The compounds 5F4C, 5F3Camide and paroxetine 

were also docked according to our procedure. The best pose of these compounds 

featured the same set of interactions as those predicted with Glide software [11] [26] 

(Figure 5). The indole groups of 5F4C, 5F3Camide and benzodioxole part of paroxetine 

were positioned almost parallel to the plane of pyrrole ring D of the MPO heme, and the 

amino groups formed salt bridge with Glu102. In addition, the fluorophenyl moiety of 

paroxetine occupied the hydrophobic pocket at the entrance of the active site. 

Noticeably, the fluorophenyl group of HX1 defined as an AR in the pharmacophore 

models 2 and 4 is not the aromatic moiety, the pyrimidine, making the stacking with the 

pyrrole in the Xray structure or the docking (Figure 5). Also the indole and 

benzodioxole groups of 5F4C and paroxetine respectively which form π-π interaction 

with the pyrrole in the docking experiments are defined as H groups in the 

pharmacophore model 1 for 5F4C and in pharmacophore models 1 and 3 for paroxetine. 

In contrast the indole groups of 5F3Camide and 5F4C (in pharmacophore model2) are 

(in pharmacophore model 4) which are presented as AR groups in pharmacophore  

models 4 and 2 respectively indeed make aromatic interactions in their docked poses. 
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. 

From the docked compounds issued from the pharmacophore screening procedure, only 

ligands featuring a docking score < -8.0 kcal/mol were kept. These compounds 

represent the 10 % best scoring molecules from models 1, 2 and 3 (24, 20, 12 and 3 

compounds respectively) and the 50% best scoring molecules from model 4 (4 

molecules). The inspection of the docked poses of these selected molecules showed that 

most of them make interactions with Glu102, Thr100 and/or Gln91 (see the docking 

figures in supporting information). 

Toxicological Evaluation and Drug-Like Profile 

Finally, the OSIRIS® property explorer tool (www.organic-chemistry.org/prog/peo) 

was used to predict drug-likeness, toxicity risk, mutagenicity, irritant, and tumorigenic 

effects of the selected molecules. Only the compounds passing this filter were 

considered for future studies (Figure 3). From this selection, 16, 8, 5 and 1 compounds 

from models 1 to 4 successfully passed through the last filtering step respectively.  

To assess the specificity and the sensitivity of this protocol, a set of 20 molecules of 

various chemical structures containing 10 active and 10 inactive compounds on MPO 

was chosen from the literature (the results of the method validation are illustrated in 

Table 1). All the active compounds were selected by Lipinski’s filter and OSIRIS explorer 

(except MENF which is derived from dihydro-naphtalene). As a result, the 

pharmacophore screening procedure selected all active compounds except BDX and 

thioxanthine derivative, with a total selectivity of 80% and nine out of ten active 

compounds have passed the docking filter. In addition, regarding the 10 inactive 
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molecules, none passed all screening filters indicating that these filters can retain 

possible inactive compounds.   

Finally, the selected molecules were filtered for Pan Assay Interference Compounds 

(PAINS) by online filter (http://zinc15.docking.org/patterns/home/). Only quercetin 

and Zinc9 did not pass from this filter (section 3 of supporting information).   

Inhibition of MPO Chlorination Activity  

After the selection of compounds through virtual screening, their activities were 

assessed by the taurine chloramine assay [10] and their IC50 values were determined 

(Table 2). The in vitro tests revealed that 12 compounds have an IC50 smaller than 5 µM. 

Among them, 9, 2 and 1 compounds belonged to the pharmacophore models 1, 2 and 4, 

respectively (no molecule associated to model 3). The best activities were found for 

model 1.   

Compounds Zinc1, Zinc3 and Zinc10 have attracted our attention owing to their low 

IC50 ranging from 44 to 130 nM. Remarkably, they displayed docking features similar to 

those of 5F5C, 5F4C and paroxetine, in particular an ionic interaction of their 

ammonium or guanidinium group with Glu102 (see Figure 6). Among the tested 

candidates, 4 molecules were found to have IC50 values less than 5 µM including 

hydralazine, primaquine, metoclopramide and mefenamic acid (Table 2). Other drugs 

were of particular interest such as the fluoroquinolones (lomefloxacin and 

ciprofloxacine) due to good predicted interactions with the active site of the enzyme, 

and the absence of inhibition. Other drugs were supposed to have a high potency, but 

their inhibitory properties were low (triflupromazine, thioridazine, nifuroxazide, 

celecoxib, sulfadimethoxine and isoxsuprine). These results suggest that other 
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parameters such as the redox properties (of some of these compounds) play an 

important role in the inhibition of MPO, emphasizing the limitation of the virtual 

screening protocol. [27]. 

Steady-state Activity Studies on the Mechanism of Inhibition 

Myeloperoxidase inhibitors are classified in three main groups, namely (i) irreversible 

inhibitors (e.g. thioxanthine), (ii) compounds that promote accumulation of Compound 

II without binding to the active site (e.g. dapsone) and (iii) compounds that bind 

reversibly to the active site of MPO (e.g. SHA). Compounds from the second category 

may loose their inhibitory effects in a physiological environment because of the 

abundance of better peroxidase substrates such as ascorbate and tyrosine that restore 

ferric MPO by reduction of Compound II [12]. In order to evaluate the mechanism of 

action of the chosen inhibitors, compounds with IC50 < 1 µM were selected and their 

interactions with MPO were studied in the absence and presence of hydrogen peroxide. 

In practice, after 10 minutes of incubation, the enzyme was diluted 100-fold, and the 

residual chlorination activity was measured. The inhibitor alone caused about 10-30 % 

inactivation of MPO, whereas hydrogen peroxide alone minimally affected activity. 

However, Zinc1 or hydralazine and hydrogen peroxide caused an almost complete loss 

in enzyme activity. Chloride did not prevent enzyme inactivation by these compounds 

(Table 3). By contrast, combination of the other compounds with hydrogen peroxide did 

not cause more than 30 % of inhibition. These data clearly suggest that MPO uses 

hydrogen peroxide to oxidize Zinc1 and hydralazine, producing an irreversible enzyme 

inactivation. 

Furthermore, we added 5 µM Zinc1 (a model of irreversible inhibitor) and 

metoclopramide (a model of reversible inhibitor) to MPO in the presence of 30 µM of 
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guaiacol. After incubation with or without hydrogen peroxide for 20 minutes, the 

reaction mixture was diluted 200 times and the residual peroxidase activity was 

assessed by following the increase of absorbance at 470 nm for 10 min [12]. Figure 7 

demonstrates that in the presence of Zinc1, the activity of MPO cannot be recovered by 

dilution as long as H2O2 was present. In the absence of H2O2 there was no inhibition of 

MPO, clearly underlining that Zinc1 is an irreversible mechanism-based inhibitor. By 

contrast, the effect of metoclopramide on the residual activity of MPO both in the 

presence and absence of H2O2 was similar to that of DMSO indicating that 

metoclopramide acts as reversible MPO inhibitor (Figure 7A).  

In order to see wither metoclopramide can bind with the active site with a relatively low 

dissociation rate, other reversibility test was done. Tyrosine was used as a substrate for MPO 

since it can be oxidized by MPO Compound I and II. DMSO was used as negative reference 

while metoclopramide without presence of tyrosine was used as positive one. After adding 

10µM H2O2 the activity of MPO was monitored by observing the light absorbance of 

3,3′,5,5′-tetramethylbenzidine (TMB) during 10 minutes. As shown in figure 7B, 

metoclopramide can inhibit MPO even in the presence of tyrosine, thus the inhibitor bind to 

the active site residues preventing tyrosine to inter the active site and oxidize Compound II to 

ferric enzyme. 

Transient-State Kinetic Studies 

Next, we probed the interaction of five compounds with the relevant redox 

intermediates of MPO, i.e. Compound I and Compound II (Figure 1) [7], by using 

multimixing stopped-flow spectroscopy. In detail, we aimed to study the mechanism of 

interaction involving irreversible inhibitors Zinc1 and hydralazine, reversible inhibitor 

metoclopramide and inactive compounds thioridazine and lomefloxacin. Compound I 
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was pre-formed and probed for interaction with these molecules. Concerning Zinc1 and 

hydralazine, an unusual behavior was observed (Figure 8 and S2). As with most 

inhibitors, Compound I was reduced via a one-electron reaction to Compound II, 

reflected by an increasing absorbance at 456 and 632 nm (Figure 8A and C). These 

reactions were fast with an apparent bimolecular rate constant k3 of 1.98 ⋅ 106 M-1 s-1 and 

1.7 ⋅ 106 M-1 s-1 for Zinc1 and hydralazine, respectively (Table 4). Finally, the Compound 

II spectrum was converted (independent of the concentration of Zinc1) (Figure 8D) to a 

spectrum with a Soret maximum at 432 nm (accompanied by hypochromicity) and 

peaks at 570 and 626 nm. This spectrum cannot be assigned to native MPO or 

Compound III (Figure 8B), but, interestingly, resembles that observed for MPO with 

covalently bound 2-thioxanthine [15].  

With metoclopramide and thioridazine, there was a direct and fast transition of  

Compound I to Compound II (Soret maximum at 456 nm) with clear isosbestic points 

(Figure 9A). The reactions were monophasic (inset to Figure 9A) and from the slope of 

the linear plot of kobs values versus inhibitor concentration, the apparent bimolecular 

rate constant (k3) of Compound I reduction was calculated (Figure 9C). Both molecules 

are good electron donors for Compound I (Table 3). As typical reversible inhibitors, 

metoclopramide reduces Compound II back to ferric MPO (Figure 9B and D) at a slow 

rate (k4 = 180 M-1 s-1). The ratio of k3/k4 is high and as a consequence Compound II 

accumulates thereby reducing the chlorination activity of MPO.  

The behavior of the two inactive molecules thioridazine and lomefloxacin was 

completely different. The successive transformations Compound I → Compound II 

→ferric MPO in the presence of thioridazine was very fast. The calculated apparent 

bimolecular rate constants of both reactions were k3 = 5.2 × 106 M-1 s-1 and k4 = 1.7 ×104 
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M-1 s-1. Therefore, thioridazine does not mediate Compound II accumulation and thus 

(reversible) inhibition of the chlorination activity (Table 4). By contrast, lomefloxacin 

was shown to be a bad electron donor for Compound I (k3 = 3.1 × 104 M-1 s-1) and 

Compound II reduction to the ferric state could not be measured. However, there was a 

steady-state shift to Compound II similar to that seen with Zinc1 and hydralazine 

(Figure S3). However, in contrast to the latter lomefloxacin reacts very slowly with 

Compound I (Table 4, supporting information) and thus cannot compete with chloride 

(140 mM) for Compound I reduction. 

Determination of partition ratio for mechanism-based inhibitors 

The transient-state kinetic studies on Zinc1 and hydralazine together with the steady-

state activity tests indicated that Zinc1 and hydralazine are mechanism-based 

irreversible inhibitors of MPO. The mechanism of irreversible interaction might include 

modification of the prosthetic group (e.g. covalent bond between inhibitor and heme) or 

of the protein, whereas a reversible inhibitor (e.g. metoclopramide) is released from the 

(unmodified) enzyme. Here we probed the impact of different ratios of concentration of 

[inhibitor]/[MPO] on the remaining MPO activity. Figure 10 demonstrates that the 

remaining MPO activity decreased as a linear function of [inhibitor]/[MPO] ratio and 

completely disappeared at [inhibitor]/[MPO] ratios of 67 and 110 for Zinc1 and 

hydralazine, respectively. This suggests that on average one individual enzyme is able to 

cycle 67 times before being irreversibly inhibited by Zinc1. A completely different 

picture was obtained with the reversible inhibitor metoclopramide (Figure 10). There 

was no decrease of remaining MPO activity at increasing [metoclopramide]/[MPO] 

ratios.  

LDL oxidation inhibition  
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Finally, we investigated the effect of these compounds on the MPO-mediated oxidation 

of LDL by using an enzyme-linked immunosorbent assay (ELISA) based on a mouse 

monoclonal antibody (Mab AG9) that specifically recognizes MPO-oxidized ApoB-100 on 

LDL. The obtained IC50 values are summarized in Table 3. Most of these molecules 

inhibit LDL oxidation at low µM concentrations. The hierarchy of IC50 values correlated 

with that of the taurine chlorination inhibition assay but the absolute IC50 values 

obtained from the LDL oxidation assay were slightly increased. Zinc1 exhibits the best 

LDL oxidation inhibitory activity with a calculated IC50 value of 90 nM. Interestingly, in 

this assay metoclopramide did not show inhibitory activity.   

Oxidation products of hydralazine and Zinc1  

The one-electron oxidation of hydralazine by horseradish peroxidase (HRP) is known to 

produce hydralazyl radicals which then decompose to form various products or react 

with molecular oxygen to generate reactive oxygen-centered radicals [28]. Here, we 

incubated MPO with hydralazine in Phosphate-buffered saline (PBS), started the 

reaction by adding H2O2 and analyzed the reaction mixture by LC-HRMS after 60 min of 

incubation. Phtalazine (MH+= 131.0606, error= -1.8 ppm) was the only detected reaction 

product (Figure S4A). Upon H2O2-mediated oxidation of hydralazine by HRP this 

intermediate was also found as main reaction product. 

In case of Zinc1, two reaction products were detected by LC-HRMS. Regarding the first 

derivative, the amino group of the guanidine was eliminated giving N'-(7-methoxy-4-

methylquinazolin-2-yl)formimidamide (ZincOx-1) (MH+= 217.0926, error= 0.42 ppm) 

(Figure S4B). The second detected compound was formed via the elimination of 

diamine-methylene group from the side guanidine group to give 2-amino-7-methoxy-4-

methylquinazoline (ZincOx-2) (MH+= 190.0973, error= 1.6 ppm) (Figure S4C). It is 
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worthy to note that phtalazine and ZincOx-1 could not be detected when the 

experiment was performed without adding H2O2, while the metabolite Zinc-Ox-2 was 

also found in the absence of H2O2, although in very low amounts. 

Optimization of Zinc1 Derivatives 

Following the inhibition of taurine chlorination, compound Zinc1 provides the best 

activity. This result prompted us to improve its activity. A series of N-(4-methyl-

quinazolin-2-yl)-guanidines (Z1-7) was designed based on the features of the docking 

poses of Zinc1. The introduction of halogen atoms (F, Cl or Br) at positions 6 and 7 as 

well as displacement of methoxy group for hydrogen was probed by docking 

experiments (structures provided in table 5). It has resulted that candidate Z1 (without 

HBA group) featured a shifted stacking pose, while compounds Z3-4 (Br or Cl on 

position 6) had no stacking pose. Ligands Z2 and Z5 with fluorine on position 6 and 7 

show the same interactions as Zinc1 but with a lower affinity.   

Subsequently, N-(4-Methyl-quinazolin-2-yl)-guanidine analogues were synthesized 

through Skraup reaction by incorporating the relevant aniline at a high dilution level, 

which led to the corresponding 1,2-dihydro-2-methylquinoline. Treatment with 

cyanoguanidine gave the substituted N-(4-methyl-quinazolin-2-yl)-guanidines Z1-7 

(Scheme 1) [29].  

These N-(4-methyl-quinazolin-2-yl)-guanidine derivatives were assayed by the taurine 

chloramine test to determine the respective IC50 values (Table 5). The most active 

molecules were Z5 and Zinc1 that possessed F and MeO substituents, respectively, at 

position 7. In addition, halogen atoms at the same position conferred a higher activity 
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than compounds with a halogen atom at position 6. Finally, the absence of a functional 

group on the aromatic ring of Z1 resulted in the lowest activity. 

Compounds in Table 5 showed a variation of activity as a function of halogen atom 

following the order: F > Cl > Br. Docking experiments shed light on the in vitro results 

(Figure 11). All compounds from Z5 to Z7 functionalized with a halogen atom at 

position 7 featured stacking pose while those substituted with Br or Cl at position 6 

featured a shifted stacking pose (Z3 and Z4). However, all N-(4-methyl-quinazolin-2-

yl)-guanidine derivatives interacted with Glu102 and propionate of the active site 

through the guanidinium group. Regarding Z5, Z6 and Z7, Thr100 appeared to be part of 

the anchoring site of MPO.    

3. Discussion 

The present study aimed at evaluating a new virtual screening approach consisting of 

ligand-based pharmacophore modeling and structure-based virtual screening in order 

to design new potent MPO inhibitors.  

Four pharmacophore models were generated to screen a subset of the Zinc database 

containing compounds that match the Lipinski’s rules. The pharmacophore model 

obtained using 5F4C and paroxetine provided the largest pool of active molecules: 9 hits 

out of 15 tested compounds displayed IC50 less than 5 µM, five of them being active at 

nanomolar concentrations. According to the docking experiment, this model highlighted 

the specific interactions of each candidate with the active site. The ionizable basic 

groups in both 5F4C and paroxetine form a same interaction in the active site, i.e. a salt 

bridge with Glu102. In addition, their aromatic groups form π-π interactions with the 

heme. The presence of these two types of interaction may explain the success of 
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pharmacophore model 1 as the other 3 models do not feature aromatic and amine 

groups in both compounds. Furthermore the HBD or HBA functions of the potent 

inhibitors exhibit a different interaction with the enzyme (i.e. the HBD of 5F4C and 

5F3Camid forms hydrogen bond with Glu102, while that of HX1 faces the heme iron). 

This observation could be rationalized by considering that the HBD group in HX1 

contained in a hydroxamic acid group is known to have an excellent affinity for heavy 

metals such as iron, whereas the amino group of 5F4C and the amide group of 

5F3Camid do not possess this property.  

All the ligands issued from our protocol share an aromatic ring, a HBA on the aromatic 

group and a HBD or a positively charged group at the alkyl chain. Following the docked 

poses the aromatic moiety of most ligands is involved in a π-stacking with the pyrrole D 

of the heme and their positively charged group or HBD interacts with Glu102. Noticeably 

several compounds selected from the virtual docking based on their scoring values 

showed a low activity and some of them even had none (i.e. Celecoxib, lomefloxacin, 

ciprofloxacin, triflupromazine, thioridazine, nifuroxazide, Zinc5, sulfadimethoxine and 

isoxsuprine). Other compounds such as serotonin [7] and 5-carboxytryptamine [27] 

were also previously reported to be inactive despite their good affinity [7]. These 

observations were explained by prevailing weaknesses of the scoring function used in 

the docking programs to estimate the experimental affinities [17]. This is indeed 

observed here as the ∆G score values and the activity of the inhibitors correlate poorly. 

Another possible cause for this poor correlation found for some compounds could be 

rationalized by their potential reaction with MPO which cannot be modeled by the 

docking.. Despite these weaknesses, our procedure produced 21 active out of 24 tested 

compounds (88%) and 12 had an IC50 less than 5 µM (50%).     
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A kinetic study based on active (Zinc1, hydralazine and metoclopramide) and inactive 

(thioridazine and lomefloxacin) ligands was carried out in order to understand the 

mechanism of inhibition of the active inhibitors and the absence of activity of the others. 

In general, a compound is endowed with a high activity when it is able to react fast with 

Compound I and slowly with Compound II due to the accumulation of the inactive form 

of MPO (k3>>k4) [7] [27]. This classical phenomenon was found for metoclopramide 

(Figure 9A and B)(Table 3).  

In contrast, oxidation of Zinc1 and hydralazine did not follow the classical peroxidase 

cycle. Both molecules are oxidized by Compounds I and II but the resulting reaction 

products (i.e. radicals) apparently shift the enzyme out of the peroxidase cycle into the 

Compound III state. The latter can only be formed from ferric or ferrous MPO with 

activated oxygen (k6) or dioxygen (k7) respectively (Figure 1). It seems that the 

substrate radicals react with ferric MPO and reduce it to ferrous enzyme (k5) or 

alternatively, reduce dioxygen to superoxide that reacts with ferric MPO to Compound 

III. Only partial recovery of ferric MPO after H2O2 consumption demonstrated that these 

molecules are mechanism-based inhibitors since they irreversibly inhibited MPO in a 

H2O2-dependent reaction. This was confirmed in the steady-state peroxidase activity 

assays even in the presence of competing electron donors like guaiacol. Complete 

inhibition of MPO by Zinc1 and hydralazine is achieved by [inhibitor]/[MPO] ratio of 67 

and 110, respectively. In contrast, all other tested inhibitors showed a completely 

different behavior, i.e. they followed the peroxidase cycle and their inhibitory activity 

did not depend on the presence of hydrogen peroxide. 

In the case of thioridazine, the values of k3 and k4 did not show a sufficient k3/k4 ratio to 

promote accumulation of the inactive form of MPO (Compound II) and as a result the 
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ligand has no activity. Lomefloxacin slowly reacts with Compound I (k3 at the order of 

104 M-1s-1), and consequently, cannot compete with the natural electron donor, chloride 

anion. Thus, our kinetic results showed that the inactive compounds selected by our 

screening method either react in a very fast way with both Compound I or II or poor 

substrates of MPO. This indicates that a potent MPO inhibitor must be a good electron 

donor for Compound I capable of shifting the activity of the enzyme to the peroxidation 

cycle. In some cases, the subsequent products of this reaction can react with MPO-

Compounds to irreversibly block the enzyme as Zinc 1 and hydralazine do. 

In general, predictions of biological activities based on docking experiments are below 

50% for most of the tested enzymes [31]. For MPO, this was shown to drop to 10% [18]. 

Our study suggest that the ligand-based pharmacophore modeling may contribute to 

improving the results (50% with our procedure versus 10% with structure-based 

virtual screening), especially when model 1 is used due to the similarity of the chemical 

and physiochemical properties of both tested inhibitors (5F4C and paroxetine). To 

reach the MPO active site nearby the heme compounds have to go through a rather 

narrow channel lined with hydrophobic patches. In that respect our procedure which 

included a Lipinski’s rule filter may have improved the results by selecting the 

compounds that have suitable molecular mass and lipophilicity.  

It has been documented that MPO-dependent LDL oxidation plays an important role in 

atherogenesis. In addition, there are numerous pieces of evidence that the complex of 

MPO with ApoB-100 of LDL is mainly formed through electrostatic interactions and 

modifies the chemical and steric requirements for efficient penetration of substrates 

and/or inhibitors into the binding site [32]. In this context, the inhibiting potency of the 

new inhibitors on LDL oxidation carried out by the MPO/H2O2/Cl- system has been 
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assessed. The results demonstrated that the compounds with IC50 > 5 µM cannot inhibit 

the oxidation of LDL carried out by MPO. This decrease in inhibitory activity in the LDL 

assay compared to the taurine test may be caused by blocking of the catalytic site of 

MPO during binding to LDL, thereby providing some protective effect [33]. The heme 

group of MPO that is responsible for the enzymatic activity is indeed located in a distal 

hydrophobic cavity with a narrow oval-shaped opening. Hence, the formation of a 

complex macromolecular structure between MPO and LDL may modify the chemical and 

steric requirements for good penetration of substrates and/or inhibitors into the heme 

cavity [33]. Parameters such as charge and lipophilicity of compounds have already 

been evoked to explain similar results [17]. 

The molecular path of modification of MPO by hydralazine and Zinc1 remains 

elusive. Upon oxidation by Compounds I and II, both molecules are oxidized to radicals. 

In the case of hydralazine, the primary amine is oxidized [28] followed by transfer of the 

radical site to the aromatic ring and loss of the diamino group. Then, either the resulting 

intermediate loses another electron, forming a stable phtalazine, or might react with the 

heme group leading to irreversible modification and inhibition of MPO (Figure 12A). A 

similar oxidation pathway can be proposed for Zinc1. The corresponding one-electron 

oxidation product could lose one amino group or a diamine-methylene group forming 

two radical intermediates which in turn react with the heme or lose another electron to 

give stable molecules (Figure 12B).        

In order to optimize the activity of Zinc1 (the best hit and the mechanism-based 

inhibitor) several derivatives were synthesized and tested. The results showed that a 

halogen atom on the aromatic ring is very important for the inhibitory activity. 

According to docking, this group features a hydrogen bond with His95 and/or Gln91 
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(Figure 11). However, this interaction is achieved only when the HBA is on the position 

7 of the quinazoline. In addition, the activity increases as followed: F > Cl > Br. This can 

be explained by an increase of the volume from F to Br and/or increasing the 

electronegativity from Br to F.   

4. Conclusion  

In summary, 12 active MPO inhibitors were identified. Most of them act simply as 

electron donors toward this important oxidoreductase, blocking efficiently and 

reversibly its halogenation activity. Zinc1 was found to be a mechanism-based inhibitor 

of high inhibitory potency. It is oxidized by the relevant enzymatic redox intermediates 

Compounds I and Compound II to the corresponding one-electron oxidation products 

that attack the enzyme and irreversibly modify its structure. Actually, Zinc1 and 

paroxetine are the first mechanism-based inhibitor which inhibits MPO at nanomolar 

concentration. By its pharmacomodulation, further active compounds were obtained. 

This approach of combining ligand-based pharmacophore modeling and structure-based 

virtual screening seems to be promising to obtain new scaffolds of MPO inhibitors.  

5. Experimental Section: 

Synthesis 

1H- and 13C-NMR spectra were taken on a Bruker Avance 300 MHz spectrometer 

(Wissemburg, France) at 293 K. Chemical shifts (δ) are given in parts per million (ppm) 

relative to DMSO-d6 or CDCl3, and the coupling constants are expressed in hertz. Infrared 

spectroscopic analysis was performed with a Shimadzu (Kyoto, Japan) IRAffinity-1 

spectrophotometer equipped with an ATR device, and the peak data are given in cm-1. 

All reactions were followed by thin-layer chromatography (TLC) carried out on Fluka 
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(Bornem, Belgium) PET foils silica gel 60, and compounds were visualized by UV. 

Column chromatographies were performed with EchoChrom MP silica 63-200 from MP 

Biomedicals (Santa Ana, CA). Organic solutions were dried over Na2SO4 and 

concentrated with a Buchi rotatory evaporator (Flawil, Switzerland). Starting materials 

aniline, 4-chloroaniline, 3-chloroaniline, 4-bromoaniline, 3-bromoaniline and 4-

(trifluoromethyl)aniline were available from TCI (Japan). 1-Cyanoguanidine was 

purchased from Sigma-Aldrich (Bornem, Belgium). Purity was determined with liquid 

chromatography (LC) with diode-array detection (DAD) (Agilent) on a 150 mm × 4.6 

mm Symmetry C18 column at a mobile phase flow rate of 1 mL/min. The mobile phase 

was a mixture of methanol (350 mL) and a KH2PO4 solution (0.07 M in water, 650 mL) 

adjusted to pH 3.0 with a 34 wt % H3PO4 solution. The chromatograms were extracted at 

maximum absorption wavelengths by using the Max Plot extraction mode. The purity 

was ≥ 95% for all compounds. 

General procedure of synthesis of N-(4-methylquinazoline-2-yl)-guanidine 

derivatives [29] 

To a solution of aniline derivative (10 mmol) in freshly distilled acetone (17 mL) was 

added iodine (1.0 g, 4 mmol). The resultant solution was heated to 130 °C for 2 days. The 

solution was cooled to room temperature and concentrated in vacuo. The residue was 

dissolved in dichloromethane, washed with a 5% sodium bicarbonate and with brine. 

The solvent removed in vacuo to give 2.0 g of brown oil. Purification on silica gel via 

flash column chromatography (ethyl ether/ petroleum ether 3:97) gave 1,2-dihydro-

2,2,4-trimethylquinoline derivatives. The resulting compound (1 mmol) was dissolved 

in dry acetonitrile (0.4 mL) and added to a solution of hydrochloric acid in diethylether 

(2 M, 1 mL, 2 mmol). The resultant solution was stirred at room temperature until 
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precipitation. The brown crystals were filtered, washed with dry hexane and dried in 

vacuo. The hydrochloride salt (0.9 mmol) was suspended in a mixture of water (1.5 mL) 

and EtOH (1 mL), and dicyandiamide (75 mg, 0.9 mmol) was added. The resultant 

solution was refluxed for 1 day, and then decanted hot, removing the brown oil that 

formed during the reaction. The solution was adjusted to pH 10-11 with 2M potassium 

hydroxide and concentrated in vacuo until a precipitate began to form. The solution was 

then filtered and the precipitate washed with cold water. The cured compound was 

suspended in chloroform by the aid of sonicator. Then the suspension was filtered and 

the precipitate washed with chloroform.  

N-(4-Methyl-quinazolin-2-yl)-guanidine (Z1) 

The titled compound was synthesized according to the general procedure to give a 

yellowish solid (40 mg, 20% yield). 1H NMR (DMSO-d6) δ 8.06 (d, 1H, J = 9 Hz, H-8), 7.93 

(t, J= 3 Hz, 1H, H-7), 7.90 (t, 1H, J= 3 Hz, H-6), 7.67 (d, 1H, J = 9 Hz, H-5), 2.94 (s, 3H, CH3). 

13C NMR (DMSO-d6)  δ 159.5 (C-guanidine*), 157.3 (C-2*), 155.3 (C-4), 148.8 (C-8a), 

135.2 (C-7), 128.7 (C-8), 127.4 (C-6), 126.8 (C-5), 125.3 (C-4a), 21.9 (CH3). IR (FT) 3325, 

3143, 2197, 2150, 1622, 1503, 1333, 1248, 1026, 927 cm-1. 

N-(6-Fluoro-4-methyl-quinazolin-2-yl)-guanidine (Z2) 

The titled compound was synthesized according to the general procedure to give a 

yellowish solid (37 mg, 17% yield). 1H NMR (DMSO-d6)  δ 8.17 (ddd, 1H, J = 9, 9, 3 Hz, H-

7), 8.03 (dd, 1H, J = 9, 4 Hz, H-8), 7.94 (dd, 1H, J = 9, 3 Hz, H-5), 2.83 (s, 3H, CH3). 13C NMR 

(DMSO-d6)  δ 167.4 (d, J= 233 Hz, C-6), 158.9 (C-guanidine*), 157.9 (C-2*), 153.1 (C-4), 

150.3 (C-8a), 136.2 (d, J= 18.9 Hz, C-7), 132.2 (d, J = 20 Hz, C-5), 130.6 (d, J = 7 Hz, C-8), 
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126.5 (C-4a), 22.7 (CH3). IR (FT) 3325, 3143, 2197, 2150, 1622, 1503, 1333, 1248, 1026, 

927 cm-1. 

N-(6-Chloro-4-methyl-quinazolin-2-yl)-guanidine (Z3) 

The titled compound was synthesized according to the general procedure to give a 

yellowish solid (84 mg, 36% yield). 1H NMR (DMSO-d6)  δ 8.22 (d, 1H, J = 9 Hz, H-8), 7.86 

(m, 2H, H-5, 7), 2.95 (s, 3H, CH3). 13C NMR (DMSO-d6)  δ 158.6 (C-guanidine*), 157.1 (C-

2*), 155.0 (C-4), 148.6 (C-8a), 136.4 (C-7), 132.4 (C-6), 130.6 (C-8*), 129.1 (C-5*), 123.9 

(C-4a), 21.4 (CH3). IR (FT) 3325, 3143, 2197, 2150, 1622, 1503, 1333, 1248, 1026, 927 

cm-1. 

N-(6-Bromo-4-methyl-quinazolin-2-yl)-guanidine (Z4) 

The titled compound was synthesized according to the general procedure to give a 

yellowish solid (59 mg, 21% yield). 1H NMR (DMSO-d6)  δ 8.40 (d, J = 3 Hz, 1H, H-5), 7.99 

(dd, J = 9, 3 Hz, 1H, H-7), 7.85 (d, J= 9 Hz, 1H, H-8), 2.93 (s, 3H); IR (FT) 3325, 3143, 

2197, 2150, 1622, 1503, 1333, 1248, 1026, 927 cm-1. 

N-(7-Fluoro-4-methyl-quinazolin-2-yl)-guanidine (Z5) 

The titled compound was synthesized according to the general procedure to give a 

yellowish solid (37 mg, 17% yield). 1H NMR (CDCl3)  δ 7.31 (dd, 1H, J = 9, 6 Hz, H-5), 7.23 

(dd, 1H, J = 9, 3 Hz, H-8), 6.97 (ddd, 1H, J = 9, 9, 3 Hz, H-6), 5.19 (s, 4H, 2NH2), 2.05 (s, 3H, 

CH3). 13C NMR (CDCl3)  δ 160.6 (d, J= 143 Hz, C-7), 157.7 (C-guanidine*), 156.6 (C-2*), 

133.3 (C-4), 127.7 (d, J= 7 Hz, C-8a), 114.2 (d, J = 6 Hz, C-4a), 112.3 (d, J = 10 Hz, C-5), 

110.9 (d, J = 26 Hz, C-6), 103.9 (d, J = 23 Hz, C-8), 24.3 (CH3). IR (FT) 3325, 3143, 2197, 

2150, 1622, 1503, 1333, 1248, 1026, 927 cm-1. 
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N-(7-Chloro-4-methyl-quinazolin-2-yl)-guanidine (Z6) 

The titled compound was synthesized according to the general procedure to give a 

yellowish solid (56 mg, 24% yield). 1H NMR (DMSO-d6)  δ 8.27(d, J = 9Hz, 1H, H-5), 8.19 

(s, 1H, H-8), 7.78 (d, J = 9 Hz, 1H, H-6), 2.99 (s, 3H); 13C NMR (DMSO-d6)  δ 159.9(C-2*), 

157.9 (C-guanidine*), 151.7 (C-4), 149.7 (C-8a), 136.5 (C-7), 132.6 (C-8), 131.3 (C-6), 

127.9 (C-5), 125.4 (C-4a), 21.9 (CH3). IR (FT) 3325, 3143, 2197, 2150, 1622, 1503, 1333, 

1248, 1026, 927 cm-1. 

N-(7-Bromo-4-methyl-quinazolin-2-yl)-guanidine (Z7) 

The titled compound was synthesized according to the general procedure to give a 

yellowish solid (42 mg, 15% yield). 1H NMR (DMSO-d6)  δ 8.09 (d, J = 9 Hz, 1H, H-6), 7.89 

(s,1H, H-8), 7.68 (d, J = 9 Hz, 1H, H-5), 2.93 (s, 3H); 13C NMR (DMSO-d6)  δ 159.1(C-2*), 

157.5 (C-guanidine*), 153.5 (C-4), 150.7 (C-8a), 134.2 (C-8), 130.8 (C-6), 128.5 (C-7), 

127.2 (C-5), 126.0 (C-4a), 22.4 (CH3). IR (FT) 3325, 3143, 2197, 2150, 1622, 1503, 1333, 

1248, 1026, 927 cm-1. 

Data Sets 

For the virtual screening campaigns, the ZINC database v.8 was downloaded from the 

ZINC Web site (http://zinc.docking.org/). This database is composed of 727842 small 

synthetic chemicals and consists of compounds. These compounds were transformed 

into a LigandScout ® database using the idbgen-tool of LigandScout®. The selected 

compounds Zinc1-10 (Zinc codes of these compounds are available in Table S1) were 

purchased from Aurora Fine Chemicals Ltd. The remaining selected compounds were 

available from Fagron (Belgium).  

Pharmacophore Modeling 
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DruLiTo software (ref: 

http://www.niper.gov.in/pi_dev_tools/DruLiToWeb/DruLiTo_index.html) was used to filter 

the Zinc database molecules against the Lipinski's rules that is the selected molecules have 

no more than 5 hydrogen bond donors and 10 hydrogen bond acceptors, a molecular 

mass less than 500 g mol-1 and a Moriguchi's logP (MLogP) < 5. 

The pharmacophore models were constructed using LigandScout®3.12 

(www.inteligand.com). In a shared feature pharmacophore model generation, 

LigandScout generates pharmacophore models from the chemical functionalities of the 

training compounds and aligns the molecules according to their pharmacophores. In our 

study, the search for a pharmacophore using the structural data of all seven highly potent 

MPO inhibitory compounds (Figure 2) was not successful. The models obtained using each 

of the seven inhibitors selected only compounds analogous to this inhibitor (so no new 

scaffold was found). The search made combining the seven inhibitors per different 

groups of three molecules selected very large ensembles of hits because of the low 

numbers of the shared functional groups. Only the models obtained using the seven 

inhibitors in pairs produced pharmacophores with the highest number of shared 

chemical functionalities. 

The quality of the pharmacophore models was quantitatively evaluated by calculating 

the selectivity (eq 1) and specificity (eq 2) for each model using known active and 

inactive compounds. 

Eq1        selectivity	 =
����	������

���	���	������	��������	
                               

Eq2            specificity	 =
����	��������

���	���	������	��������
                            

 Docking experiments 
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The X-ray structure of human myeloperoxidase complexed to thiocyanate (PDB code 

1DNU) was used as the target structure for the docking studies [34]. The protein dimer 

was loaded into LeadIT ® 2.1.8 and chains B and D were selected to form the receptor 

components. The binding site was defined by choosing thiocyanate as a reference. 

Amino acids within 11 Å of the ligand were selected as binding site (the residues 81 to 

120 and 330 to 337). The X-ray water and other ligand molecules were removed from 

the active site. 

The ligand input files were prepared according to the following procedure. The initial 3D 

structures of the ligands were generated by use of the LigandScout ® procedure. The 

prediction of different protonation states of all ligands was achieved with the 

protonation state option in LeadIT ® software. For the stereochemistry, the options R/S 

and pseudo R/S were chosen in stereo mode to cover all the possible stereo models of 

the ligands. Docking was performed with FlexX program included in LeadIT (version 

2.1.8), no additive filters were applied. Hydrogen bond donors and acceptors, phenyl 

centers, and hydrophobic features are defined similarly in FlexX as pharmacophore 

features. The FlexX scoring function was used. The ligand binding was driven by hybrid 

approach (enthalpy and entropy). The remaining parameters were set to their default 

values. The experiment was validated using the crystal HX1 ligand [12].  

In Silico Toxicological Evaluation and Drug-Like Profile 

The in silico toxicity and drug-like profile of the selected molecules were calculated 

using the Program OSIRIS Property Explorer. Data were generated on-line in the Osiris 

Program, accessed by the link (http://www.organic-chemistry.org/prog/peo/) and 

represented by toxicity risks (mutagenic, irritant, tumorigenic and reproductive effects), 

drug likeness and drug-score. Drug likeness was calculated based on equation summing 
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up score values of the fragments present in the molecule under investigation. The 

fragments were identified from a list of 5,300 distinct substructure fragments with 

associated drug likeness scores. Drug-score was calculated combining the drug likeness, 

cLogP, logS, molecular weight and toxicity risks data. 

Enzymatic Activity Assays  

Taurine Chlorination Assay 

The assay is based on the production of taurine chloramine produced by the 

MPO/H2O2/Cl- system in the presence of a selected inhibitor at defined concentration. 

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, compound to be tested (up 

to 20 μM), and a 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 was initiated with 10.0 μL of H2O2 (100 

μM). After 5 min, the reaction was stopped by the addition of 10 μL of catalase (8 

units/μL). To determine the amount of taurine chloramine produced, 50 μL of 1.35 mM 

solution of thionitrobenzoic acid was added and the volume was 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 absorbance as a function of inhibitor concentration was plotted. 

IC50 values were then determined by standard procedures, taking into account the 

absence of hydrogen peroxide as 100% inhibition and the absence of inhibitors as 0% 

inhibition [17]. 

Mechanism of MPO inhibition  
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Five µM of compound was incubated with 100 nM of MPO in 100 mM phosphate buffer, 

pH 7.4, at 21 °C with or without 30 μM hydrogen peroxide in the absence or presence of 

100 mM sodium chloride. Five minutes after adding hydrogen peroxide to start the 

reaction, the enzyme was diluted 100-fold, and its residual peroxidation activity was 

measured using 3,3′,5,5′-tetramethylbenzidine (TMB) as the reducing substrate.  

For the test of binding with active site, 50 nanomolar of MPO was incubated in 10 mM 

phosphate buffer (pH 7.4, 300 µM NaCl) with 5 μM of the inhibitor and 30 μM TMB with 

or without 10 μM tyrosine. After 5 min, 10 μM H2O2 was added, and then the MPO 

activity was immediately monitored at 470 nm during 10 minutes. Monitoring the 

absorbance was done by kinetic mode with Agilent spectrophotometer 8543.  

Transient-State Kinetics 

Highly purified myeloperoxidase with purity index (A430/A280) of at least 0.86 was 

purchased from Planta Natural Products (http://www.planta.at). Its concentration was 

calculated by use of ε430 = 91 mM-1·cm-1. Hydrogen peroxide obtained from a 30% 

solution was diluted and the concentration was 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 dimethyl sulfoxide (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 was 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 followed both at single wavelength and by use of a 
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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 5 times in excess of the enzyme. 

Conditions of MPO compound I formation were described by Furtmüller et al [35]. 

Typically, 8 μM MPO was premixed with 80 μM H2O2, and after a delay time of 20 ms, 

compound I was allowed to react with varying concentrations of the 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). 

Residual MPO activity  

To determine the partition ratio for the Zinc1 and hydralazine, MPO (50 nM) was 

incubated 10 mM phosphate buffer (pH 7.4) with 2 μM H2O2 and the inhibitor at 

concentrations varying between 0.05 to 20 µM to achieve varying values of 

[inhibitor]/[MPO]. After 15 min, an aliquot of the preincubation mixture was rapidly 

diluted 100-fold into the assay buffer containing 2 μM H2O2 and 30 μM 3,3′,5,5′-

tetramethylbenzidine (TMB) and the MPO activity was immediately monitored. The 

initial rate of each progress curve was determined, and the fractional MPO activity of 

each inhibited reaction was plotted as a function of the ratio of inhibitor to MPO 

([inhibitor]/[MPO]).  
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Determination of LDL Oxidation Inhibition 

Preparation of the Recombinant Enzyme and of LDL 

Recombinant MPO was prepared as previously described. 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 [36]. Human plasma served for the isolation of LDL by ultracentrifugation 

according to Havel et al [37]. 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. 

Inhibition of LDL Oxidation 

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: 

pH 7.2, PBS buffer, MPO (1 μg/mL), LDL (1000 μg/mL), 2 μL 1 N 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 in ice. The assay was performed as described by Moguilevsky et 

al. 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). 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 and as previously described was added as a diluted solution in PBS 

Page 31 of 70

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

32 

buffer with 0.5% BSA and 0.1% of Polysorbate 20. After incubation for 1 h at 37 °C, the 

plate was washed four times with the TBS 80 buffer and a 3000 times diluted solution of 

IgG antimouse alkaline phosphatase (Promega, Leiden, The Netherlands) 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). Results were expressed 

as IC50 [38]. 

Study of the oxidation of hydralazine and Zinc1 occurred by MPO 

The irreversible inhibitor (4 µM) was incubated with 100 nM MPO in 10 mM phosphate 

buffer (pH 7.4, 300 mM NaCl). This mixture was incubated at 37 °C and the reaction was 

initiated with 10.0 μL of H2O2 (100 μM). After 60 min, the mixture was injected to LC-MS. 

Mass spectrometric data were obtained on a QTOF 6520 (Agilent, Palo Alto, CA), column 

Zorbax C18, positive mode, min range (m/z) 50, max range (m/z) 1050, scan rate 1 / 

sec, by diffusion of 0.2 mL/min and pressure 550 bar, by mobile phase HCOOH (0.1% in 

water)/ HCOOH 0.1% in CH3OH (gradient mode as following: 0 min, 1% solvent B; 3 

min, 5% solvent B; 15 min, 90% solvent B; 25 min, 90% solvent B; 25.5 min, 5% solvent 

B; 30 min, 5% solvent B) (VCAP 3500 V, source T, 350 °C; fragmentation, 110 V; 

skimmer, 65 V).   

Supporting Information 
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Docking figures for all compounds, spectral analyses of the synthetic compounds, purity 

data for the commercial compounds and zinc codes of the compounds. This material is 

available free of charge via the Internet at http://pubs.acs.org. 

Accession Codes 

The PDB code for MPO is 1DNU. 
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Tables 

Table (1): Active and inactive compounds used to validate the filters. (+) means that the 

compound passed the filter and (-) means that the compounds failed. 

Table (2): Lead compounds listed along with their IC50 (µM) obtained by taurine chloramine 

assay, their affinity of the best score docked position (Gscore, kcal/mol) and the model by 

which they were selected. 

Table (3): Residual activity of 100 nM of MPO with incubating with 5 µM of tested 

compound, after diluting the reaction mixture 100-folds. IC50 values for inhibition of 

oxidation of LDL mediated by the MPO/Cl–/H2O2 system. 

Table (4): Apparent bimolecular rate constants of reduction of MPO Compound I (k3) and 

Compound II reduction (k4) by Zinc1, metoclopramide, hydralazine, thioridazine and 

lomefloxacin. 

Table (5): The synthesized compounds derived from Zinc1 with their IC50 (nM) with the 

taurine chloramine assay and their affinity with the best score docked position (Gscore, 

kcal/mol). 

Table 1: 
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Compound

s 

Structures 

Lipinski’s 

Filter 

Pharmacophor

e Screening 

Docking 

screening 

OSIRIS ® 

Property 

Explorer 

Active compounds 

Chalcone 

[39] 
O

F

H2N

 

+ Models 1 and 2 + + 

Ferulic AC 

[40] 

MeO

HO

OH

O

 

+ Model 4 + + 

Melatonin 

[41] 
N
H

H3CO

HN
O

 

+ Model 4 + + 

Mefenamic 

AC [42] 

H
N

COOH

F3C

 

+ Model 3 + + 

BDX [13] 
O

O N
N

S

 

+ - - + 

Isoniazid 

[20] 

N

H
N O

H2N

 

+ Model 1 + + 

MENF [43] 

MeO  

+ Model 3 + - 
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Thx1 [15] 

HN

N N

H
N

S

O

O

C2H5  

+ - + + 

Perm [18] 

OH

N N

OH

 

+ Model 1 and 3 + + 

HX3 [12] 

OH

N
H

OH

O

 

+ Model 2 + + 

Inactive compounds 

Tyrosine 

[7] 

HO

COOH

NH2

 

+ - - - 

Fluoxetine 

[26] 

O

CF3

H
N

 

+ Model 1  - + 

INCO [27] 

N
H

NH2

HOOC

 

- Model 2 + - 

INOH [27] 

N
H

OH

F

 

- - - - 

Diclofenac 

[42] 

NH

ClCl

COOH

 

+ - - + 

Piroxicam 

[42] S
N

OH

O O

N
H

N

O

 

+ - - + 
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Sulindac 

[44] 

OH

O

F

S
O

 

+ - - + 

Naproxen 

[44] O

H

COOH

CH3

 

+ Model3 - + 

Chloroquin

e [45] 
N

HN
N

Cl  

+ - + + 

Antipyrine 

[45] 

N
N

O  

+ - - + 
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Table 2 

Compounds Structures IC50 (µM) 

∆G 

(kcal/mol) 

Model 

Zinc1 

N

NN

H2N NH2

O

 

0.044 ± 

0.005 

16.20 Model 1 

Lomefloxacin N

F

F

N

NH

HOOC

O

 

Not active 14.17 Model 1 

Ciprofloxacine N

F

N

NH

HOOC

O

 

Not active 14.02 Model 1 

Sulpiride 

H
N

N

O

O

S
H2N

O O

 

7.68 ± 

1.32 

10.89 Model 1 

Kumatakenin B 

O

O

OH

HO

 

5.79 ± 

0.58 

9.77 Model 1 
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Apegenin 

O

O

OH

HO

OH
 

3.8 ± 0.44 9.21 Model 1 

Quercetin 

O

O

OH

HO

OH

OH

OH

 

1.15 ± 

0.09 

11.21 

Model 1 

(PAINS) 

Kaempferol 

O

O

OH

HO

OH

OH

 

2.24 ± 

0.12 

10.79 Model 1 

Hydralazine 
N

N

NH
H2N

 

0.90 ± 

0.12 

9.32 Model 1 

Oxolinic acid 

N

O

O

O

HOOC

 

Not 

available 

9.10 Model 1 

Triflupromazine   

S

N

N

N

O

CF3

 

12.35% 

inhibition 

at 5µM 

11.70 

Model 1 and 

2 
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Zinc2 

O

N NH
F

 

1.74 ± 

0.08 

10.89 Model 1 

Thioridazine 

S

N

N

S

 

24.23% 

inhibition 

at 5µM 

11.22 

Model 1 and 

2 

Primaquine 
N

HN

O

H2N

H

 

0.3 ± 0.01 9.22 Model 1 

Zinc3 

 

0.05 ± 

0.009 

13.71 Model 1 

Metoclopramide 

NH2

Cl

O

O
H
N

N

 

0.35 ± 

0.03 

9.97 Model 1 

Nifuroxazide 

OH

ON
H

N

O

O2N

 

Not active 10.67 Model 2 
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Zinc4 

NO

N

H
N

HO
Cl

F  

4.68 ± 

1.07 

9.96 Model 2 

Zinc5 

F S

HN

N

O

NH2

 

37.25% 

inhibition 

at 5µM 

8.63 Model 2 

Celecoxib 

N

N

S

CF3

NH2
O

O  

11.02% 

inhibition 

at 5µM 

8.22 Model 2 

Mefenamic acid 

H
N

COOH

 

0.98 ± 

0.02 

8.11 Model 2 

Sulfadimethoxine 

S

H
N

N N

H2N

O O

 

33.85% 

inhibition 

at 5 µM 

8.06 Model 2 
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Zinc6 NHO

HO

HO

O

 

Not 

available 

9.68 Model 3 

Isoxsuprine 

OH

HO

H
N

O
 

5.32% 

inhibition 

at 5µM 

8.88 Model 3 

Zinc7 

O NH2

CN

F3C

HO  

10.10 ± 

2.8 

8.87 Model 3 

Zinc8 

HO

O

NH

H
N O

O

O  

Not 

available 

8.36 Model 3 

Zinc9 

N
H

N

O
O

OHO  

Not 

available 

8.02 

Model 3 

(PAINS) 

Zinc10 
N
H

NF O

HN

 

0.13 ± 

0.02 

10.91 Model 4 
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Table 3 

Compounds 

Residual 

MPO activity 

without H2O2 

(%) 

Residual MPO 

activity with H2O2 

(%) 

Residual MPO 

activity with Cl-

+ H2O2 (%) 

LDL 

oxidation 

inhibition 

IC50 (µM) 

Zinc1 84 ± 5 4 ± 3 5 ± 4 0.09 ± 0.03 

Quercetin 72 ± 9 78 ± 8 79 ± 8 3.10 ± 0.21 

Kaempferol 78 ± 12 81 ± 6 84 ± 14 N.D 

Hydralazine 76 ± 8 9 ± 2 6 ± 13 2.36 ± 1.10 

Primaquine 86 ± 4 91 ± 5 86 ± 8 N.D 

Zinc3 83 ± 9 84 ± 8 84 ± 16 0.12 ± 0.06 

Metoclopramide 91 ± 21 86 ± 7 83 ± 8 > 5 

Mefenamic acid 87 ± 12 82 ± 12 87 ± 15 2.21 ± 0.31 

Zinc10 79 ± 24 87 ± 18 81 ± 14 N.D 
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Table 4 

Compounds k3 (M
-1

s
-1

) k4 (M
-1

s
-1

) IC50 (µM) 

Zinc1 1.9 × 10
6
 - 

0.044 ± 0.005 

Metoclopramide 2.6 × 10
6
 180 1.0 ± 0.2 

Hydralazine 7.1 × 10
6
 - 0.90 ± 0.1 

Thioridazine 5.2 × 10
6
 1.7 × 10

4
 Low activity 

Lomefloxacin 3.1 × 10
4
 1.2 × 10

3
 Inactive 
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Table 5 

 

Compounds R IC50 (nM) ∆G (kcal/mol) Stacking pose 

Zinc1 7-OMe 44 ± 0.5 -16.2 Stacking 

Z1 H 900 ± 110 -12.85 Shift stacking 

Z2 6-F 145 ± 30 -13.2 Stacking 

Z3 6-Cl 630 ± 33 -10.5 No stacking 

Z4 6-Br 756 ± 62 -10.5 No stacking 

Z5 7-F 40 ± 9 -14.65 Stacking 

Z6 7-Cl 96 ± 8 -12.65 Stacking 

Z7 7-Br 106 ± 21 -12.15 Stacking 
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Figures 

Figure (1): Scheme of chlorination and peroxidase cycles of myeloperoxidase (MPO). 

Reaction (1): native ferric MPO is oxidized by hydrogen peroxide to Compound I. In reaction 

(2), Compound I is directly reduced back to the native state by chloride or other 

(pseudo)halides, thereby releasing hypo(pseudo)halous acids. Reactions (1) and (2) constitute 

the halogenation cycle. In reaction (3), Compound I is reduced to Compound II via a one-

electron process. In reaction (4), Compound II is reduced to the native form of MPO by a 

second electron donor. Reactions (1), (3), and (4) constitute the peroxidase cycle [11]. 

Compound III can only be formed from ferric or ferrous MPO with activated oxygen (reaction 

6) or dioxygen (reaction 7) respectively. Reaction (5): Reduction of ferric to ferrous MPO by 

potential electron donors. 

Figure (2): Structures of the most active MPO inhibitors with their IC50 values obtained by 

taurine chloramine test. 

Figure (3): Schematic representation of the filter used to select the hits starting from 727,842 

compounds of the Zinc ®database. 

Figure (4): Pharmacophore models 1, 2, 3 and 4 for MPO inhibition. On the right side, the 

ensembles of compounds are represented as 2D structures. On the left side, the ensembles 

of compounds are aligned with the chemical features of the respective models. The 

pharmacophore features are color-coded: HBA, red; HBD, green; H, yellow; AR, blue. In the 

middle, the pharmacophore features with XVOLs. 

Figure (5): The best poses of compounds HX1, 5F4C, 5F3Camid and paroxetine (3D 

structures of the compounds stacking on the heme of the active site).  
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Figure (6): View of the docked positions of Zinc1 (A), hydralazine (B), Zinc3 (C) and 

Zinc10 (D). Red dotted lines depict strong interactions like salt bridges; the violet dotted lines 

depict week interactions like hydrogen bonds and π−π interaction.  

Figure (7): (A) Probing the reversibility of MPO inhibition by Zinc1 and metoclopramide. 

Monitoring the absorbance at 470 nm during 400 second after adding 2 µM H2O2 and 30 µM 

guaiacol to the 200-fold diluted reaction mixtures which consist of MPO (50 nM) in 10 mM 

phosphate buffer (pH 7.4) and 5 µM of the inhibitor with 2 µM H2O2 (◆) Zinc1, (▲) 

metoclopramide or without H2O2 (■) Zinc1 (X) metoclopramide. (B) The chlorinating 

activity of MPO during 600 second after the inhibition by metoclopramide with or without 

presence of tyrosine. (◆ ) metoclopramide with tyrosine, (▲) metoclopramide without 

tyrosine and (■) DMSO. 

 

Figure (8): Reaction of MPO Compound I with Zinc1 (pH 7.0 and 25 °C). (A) Initial spectral 

changes upon reaction of 2 µM MPO Compound I with 10 µM Zinc1. The first spectrum was 

taken 5 ms after mixing, with subsequent spectra at 10, 15, 20, 26, 32, 38, 45, 58, 74, and 129 

ms. Inset shows a typical time trace for the MPO Compound I reduction over the first 200 ms 

followed at 456 nm. (B) Continuation of (A). The first spectrum in (B) is identical to the last 

spectrum in (A). The first spectrum was taken at 129 ms and subsequent spectra were taken at 

561 ms, 1.28 s, 2.1, 3.1, 4.1, 5.2, and 10 s. Inset shows the time traces at 429 nm and 456 nm. 

The red spectrum is Compound II, the blue spectrum is the last spectrum after 10 s that have a 

Soret maximum at 432 nm and a sharp band at 626 nm. Arrows indicate spectral changes. (C) 

Pseudo-first-order rate constants for MPO Compound I reduction plotted against Zinc1 

concentration. (D) Pseudo-first-order rate constants for MPO Compound II decay plotted 

against Zinc1 concentration.  
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Figure (9): Reaction of MPO Compound I and II with metoclopramide (pH 7.0 and 25 °C). 

(A) Spectral changes upon reaction of 2 µM MPO Compound I with 20 µM metoclopramide. 

The first spectrum was taken 5 ms after mixing, with subsequent spectra at 10, 15, 20, 26, 32, 

38, 58, and 100 ms. Inset shows a typical time trace for the MPO Compound I reduction over 

the first 200 ms followed at 456 nm. Red spectrum shows Compound II. (B) Spectral changes 

upon reaction of 2 µM MPO Compound I with 500 µM metoclopramide. First spectrum was 

taken 0.04 s after mixing; subsequent spectra were taken at 8.5, 10.2, 11.3, 12.6, 14, 15.3, 

16.1, 18.2, 20.8, 30.4, 40.5, 61.2, and 100 s. First spectrum (red) indicates Compound II last 

spectrum (green) shows the ferric MPO. Inset shows a typical time trace for the MPO 

Compound II reduction followed at 456 nm. Arrows indicate spectral changes. (C) Pseudo-

first-order rate constants for MPO Compound I reduction plotted against metoclopramide 

concentration. (D) Pseudo-first-order rate constants for MPO Compound II reduction plotted 

against metoclopramide concentration.  

Figure (10): Determination of the partition ratio for mechanism-based inactivation of 

MPO by Zinc1, hydralazine and metoclopramide. The fractional MPO activity of each 

inhibited reaction was plotted as a function of the ratio of inhibitor to MPO 

([inhibitor]/[MPO]). Data are averages, and error bars represent the SD from two 

separate experiments. (◆)Zinc1, (■) and (▲) metoclopramide.  

Figure (11): View of the docked positions of Z1 (A) and Z5 (B). Z1 shows shifted stacking 

while Z5 features a stacking pose on the pyrrole D of the heme.  

Figure (12): Proposal scheme of the oxidation of hydralazine (A) and Zinc1 (B).  
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Figure 9 
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Figure10 
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Figure 11  
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Figure 12 
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Scheme  

Scheme (1): synthesis of N-(4-methyl-quinazolin-2-yl)-guanidine derivatives (Z1-7). (i) 

acetone, I2, ∆, 3 days; (ii) HCl, Et2O, CH3CN 10 min, then dicyandiamide, KOH, ∆, 15h. R= 

H, F, Cl and Br at positions 6 and 7 [29].  
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