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ABSTRACT 
 
Based on previous studies on pyridinium derivatives as heat shock protein (hsp90) inhibitors, we explored the 
pharmacophoric features by measuring the inhibitory effect of synthetic halogenated pyridinium derivatives on 
hsp90 ATPase site, followed by mapping of the synthetic compounds on successful hypotheses; Hypo1/7 Hypo8/8 
and Hypo9/1 previously modelled, then docking of the synthetic compounds on geldanamycin binding site of hsp90 
protein 1YET. The inhibition of ATPase activities of hsp90 was measured and expressed as percentage of inhibition 
for 77 pyridinium derivatives with variable substituent. The highest percentage of inhibition was found for 
compounds 34, 16 and 48, equal to 48.12% , 42.67% and 40.72% related to 4-bromo-4-flouro-pyridinium derivative 
, 3-chloro-4-flouro-pyridinium derivative and 4-methylsulfide-4-bromo-pyridnium derivative respectively. Grid 
based model and 3D QSAR analysis indicate the importance of Van der Waal interaction and electrostatic potential 
in determining hsp90 inhibition. 
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INTRODUCTION 
 

Heat shock protein 90 (Hsp90) belongs to a family of molecular chaperones that play a pivotal role in the 
conformational maturation, stability, and functions of protein substrates within the cell. The ATPase 
activity of Hsp90α provides the energy needed to refold denatured cellular proteins [1]. Amongst the 
client proteins of Hsp90α are many oncogenes that are essential for the survival, proliferation, invasion, 
metastasis, and angiogenesis of tumors [2]. In fact, several oncogenic proteins have been shown to be 
dependent upon Hsp90α for conformational activation, including telomerase, Her2 (erbB2), Raf-1, focal 
adhesion kinase, and steroid hormone receptors [3]. The validity of Hsp90α as an anticancer target for 
drug discovery [4,5] was further established by emerging clinical and preclinical trials employing the 
potent Hsp90α inhibitor 17-allylamino-17-desmethoxygeldanamycin as well as the natural Hsp90α 
inhibitors geldanamycin [6], radicicol [7], and other small molecules [8]. The significance of heat shock 
protein (Hsp90) as a target in anticancer research [1–5, 9–14], combined with the availability of 
appropriate crystallographic structures for this target [15,16], prompted us to apply computational 
technique-docking-based, pharmacohore mapping, multiple linear regression analysis (MLR) [17]—to 
this target, aiming at the discovery of new pyridinium Hsp90α inhibitors. Molecular docking, which is 
basically a conformational sampling procedure in which various docked conformations are explored to 
identify the right one, can be a very challenging problem given the degree of conformational flexibility 
at the ligand-macromolecular level [18–20]. Docking programs employ diverse methodologies to 
evaluate different ligand conformations within binding pockets, [21–30], but they must be guided by 
scoring functions when evaluating the fit between the protein and the corresponding docked ligand(s) 
[31–37]. The underlying ligand–receptor molecular interactions are highly complex, and various terms 
should be considered when quantifying the free energy of the interaction process [38].  
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Importance of hetero cyclic compounds has long been recognized in the field of synthetic organic 
chemistry. It is well known that heterocyclic compounds containing nitrogen and sulphur exhibit a wide 
variety of biological activity [39]. A series of pyridine derivative were evaluated for antitumor activities 
[40]. Nicotinamide has been shown to be beneficial in the treatment of papular and pustular acne, as well 
as improvement of skin cancer [41].  Nicotinamide or nicotinic acid has been used to treat diseases such 
as hyper-cholesterolemia and schizophrenia [42,43]. Nicotinamide and its derivatives are also used to 
prevent type-1 diabetes in animal model and humans showed cytotoxic properties [44,45]. On other hand 
6–chloro–3-substituted pyridine are very important class of heterocycles and are widely used in 
pharmaceutical and agrochemical industry [46]. The increasing interest in the chemistry of nicotinamide 
and its substituted derivatives result from the wide possibilities and their practical application for 
obtaining biologically active agents. Derivatives of S-protected triazole and diazole exhibit high anti-
inflammatory activity [47]. Previously synthesized pyridinium derivatives showed hsp90 inhibitory 
effect [48]. Our interest is to explore the hsp90 inhibition of new halogenated pyridinium derivatives. An 
attempt has been made to understand the structural activity relationship of hsp90 inhibitory effect of 
pyridinium derivatives [48-50]. 
 

EXPERIMENTAL SECTION 
 
2.1 In vitro Experimental Studies 
2.1.1. Reagents and Reference Samples 
Active hsp90 enzyme 10 �g (Sigma-Aldrich, Germany), malachite green 99% (Sigma-Aldrich, Germany), 
Ammonium molybdate 95% (Sigma-Aldrich, Germany), Sodium citrate 99%(Sigma-Aldrich, Germany), ATP 1mM 
solution (Sigma-Aldrich, Germany), Allylaminogeldanamycin 10 mg (Sigma-Aldrich, Germany), 77 Synthetic 
pyridinium derivatives purified and analyzed (Faculty of Pharmacy, Zarqa University). 
 
2.1.2 Preparation of hit compounds for In vitro assay 
The tested compounds were provided as dry powders in variable quantities (5-500 mg). They were initially 
dissolved in DMSO to give stock solutions of 0.02 M. Subsequently, they were diluted to the required 
concentrations with deionized water for enzymatic assay. 
 
2.1.3 Quantification of hsp90 activity in a spectrophotometric assay 
The ATPase activity of hsp90 was quantified by colorimetric measurement of released inorganic phosphate [51]. 
Bioassays were performed as follows; in a 96-well clear plate, the reaction solution of total volume of 50µL contains 
100mM Tris/HCl, pH 7.4, 6mM MgCl2, 20mM KCl, 100µM ATP, 0.1mg/ml BSA and 50ng/well of human hsp90 
enzyme, 5 µL of tested compounds. The plate was sealed and the reaction was incubated at 37oC for 24 hours. The 
reaction was stopped by the addition of 50µL of previously prepared malachite green solution (5.2% ammonium 
molybdate in H2SO4, 0.0812% malachite green, 2.32% polyvinyl alcohol and water in ratios of 1:2:1:2 
respectively), followed by 10 µL of 10% Sodium citrate, left for 20 minutes and the absorbance at 630 nm was 
measured using a plate reader (Bio-Tek instruments ELx 800, Winooski, VT). The calibration curve was prepared 
using 5 different concentrations of phosphate ion (10-200µM). The final concentration of DMSO did not exceed 
1.0%. Inhibition of hsp90 was calculated as percent activity of the uninhibited ATPase control. 
Allylaminogeldanamycin [52] was tested as positive control, while negative controls were prepared by adding the 
substrate after reaction termination. 
 
2.2 Docking 
The 3D coordinates of hsp90 were retrieved from the Protein Data Bank (Hsp90, PDB code: 1YET, resolution: 1.9 
Å). Hydrogen atoms were added to the protein, utilizing DS 4.0 templates for protein residues.  Libdock algorithm 
was used within DS 4.0. In the current docking experiments, the binding site was generated from the co-crystallized 
ligand (geldanamycin, GMD), and pyridinium compounds were docked into the binding site [53]. 
 
2.3 Pharmacophore mapping 
The screened compounds were mapped against hsp90 pharmacophoric models [54];    Hypo1/7, Hypo8/8 and 
Hypo9/1 using ligand pharmaophore mapping module in discovery studio DS 4.0 [55]. 
 

RESULTS AND DISCUSSION 
 
Previously synthesized pyridinium derivatives showed hsp90 inhibitory effect [48]. Accordingly, we 
initiated an exploratory effort to evaluate a series of pyridinium-based compounds exemplified by 
synthetic compounds 1-77 [50] (table 1, figure 1). Our interest is to explore the pharmacophoric features 
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of heat shock protein (Hsp90) inhibitor using malachite green assay [51]. In addition to comparision of 
the docking pose [53]  with the way of mapping [54,55]. 
 
Table 1 shows the tested compounds (1-77), which have been previously synthesized [50], it summarizes the fit 
values for both Hypo1/7, Hypo8/8 and Hypo9/1, in addition to percentage of ATPase inhibition of hsp90 at 100�M. 
However, the mapping with pharmacophores is almost not similar between the pyridinium derivatives and can not 
alone explain the variable hsp90 inhibition, e.g. hypo1/7 shows the highest fit while hypo8/8 failed to map any 
compound, other factors interfer with the activity ; variable two dimensional discriptors such as AlogP [56], 
molecular weight, number of hydrogen bond acceptors inversly affect the model while ECFP_6 [56]  fragment , 
fitting with pharmacophores Hypo1/7 and Hypo9/1 positively affect the model as shown by MLR analysis in 
equation 1: 
 
[ MLRTempModel ] =  5.906 - 34.53 x [ALogP] - 0.1045 x [Molecular_Weight] - 9.728 x 
 [Num_H_Acceptors] + 5.871 x [ECFP_6] + 4.138 x [Hypo9/1] + 2.195 x [Hypo1/7] ……………Eq1 
N= 77    ,                      R2 =  0.416,                       q2 (cross validation) = 0.006  
 
Furthermore by building 3DQSAR model (R2 = 0.719) that create grid based model using DS 4.0 as shown in figure 
3B and figure 4. It is clear from the analysis; the contribution of Van der Waal interactions and electrostatic 
potential of the substituent in explaining the structure  activity relationship of pyridinium derivatives. However, all 
of them  have the same scaffold but change in the substituent at R1, R2, R3, R4 groups by lipophilic functional groups 
with variable lipophilicity and molecular size. Although mapping with Hypo1/7 is almost higher than fitting with 
Hypo9/1 and similar between all pyridinium derivatives , it could not explain the activity alone.  It is clear that 
mapping with pharmacophores alone is unnecssarily lead to active compounds, the physicochemical properties such 
as lipophilicity, molecular volume , electrostatic potential and Van der Waal interactions play a signifcant role in 
determining the structure activity relationship of tested compounds. Further exploration of the molecular interaction 
of potential pyridinium compound 34 (% inhibition = 48.1%) , as shown in figure 1, (A, B, E) that show mapping 
with Hypo1/7, Hypo9/1 and pose of docked compound 34 inside the binding pocket of hsp90 (pdb: 1 YET) after 
docking inside the ATPase binding site of hsp90 using libdock module in DS 4.0, the corresponding amino acids 
that are involved in the interactions significantly are; Lys58, Asn51, Phe138, Leu107, Asp102, Lys112, Asp93 and 
Met98. Those amino acids form the binding pocket for the corresponding docked compounds. By comparision the 
mapping features in (A) Hypo1/7 that could be explained as follows; bromo atom mapped with hydrophobic feature 
corresponding to Van der Waal interaction with hydrophobic part of Val136 , Lys112, and mapping corresponding 
phenyl group with ring aromatic feature is due to pi stacking of electron rich aromatic group of Phe138 with electron 
poor aromatic group in compound 34. Two Hydrogen bond donors corresponding to interaction of NH groups with 
two carbonyl group of Asn51. Furthermore, mapping compound 34 with Hypo9/1 as shown in Fig.1 (B) correlated 
with the docking pose inside the geldanamycin binding pocket of hsp90 ( coded 1YET, resolution 1.9A); flouro 
group mapped with hydrophobic feature correspoding to Van der Waal interaction with hydrophobic part of Lys58.  
Mapping phenyl group with ring aromatic feature is corresponding to pi stacking with Met98 according to figure 1E, 
two hydrogen bond donors corresponding to interaction of NH groups of pyridinium compound with corresponding 
two carbonyl groups of Asn51. Two dimensional analysis of docked pose of compound 34 inside the binding pocket 
of hsp90 (pdb: 1YET, resolution 1.9A) using the function (Analyze single complex) in Discovery Studio DS 3.5 was 
used as shown in figure 2A. It is clear that several types of interactions with corresponding amino acids in the 
binding pocket such as; Ile96, Ala55, Gly97, Ser52, Thr184, Asn106, Tyr139, and Asn106 corresponding to 
hydrophobic interactions , Gly135, Met98, Lys58 and Asn51 corresponding to electrostatic interactions. However, 
figure 1 (E) shows the most important amino acids that correlated with the mapped features in Hypo1/7 and 
Hypo9/1. Figure 2A,B shows extra amino acids that is involved in the interactions. It is known that not all 
interactions inside the binding pockets are important for activity, docking lack the connection of activity with 
docked pose [57], however the docked poses are scored by several functions that are not necessarily correlated with 
activity [53] Figure 3B shows the two dimensional plot of 3DQSAR model that correlates the 
GridBasedTempModel with the percentage of inhibition values for 77 pyridinium compounds linearly.  
GridBasedTemp Model is dependent on two parameters; Van der Waal (VDW) values and electrostatic potential 
(EP) values as represented in figure 4. The MLR analysis in equation 1 explains the correlation of most important 
discriptors that affect the hsp90 ATPase inhibition by pyridinium compounds 1-77.  
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Table 1: Pyridinium derivatives with percentage of hsp90 inhibition 

HN

ONH

O

N+

R3

R1

Cl

R2

R4
 

No R1 R2 R3 R4 Hypo1/7 Hypo8/8 Hypo9/1 % Inhibition* 
1 4-Cl H 4-Cl H 8.399 0 3.888 3.84 
2 4-Cl H 3-Cl H 8.838 0 4.942 10.48 
3 4-Cl H 2-Cl H 8.904 0 4.161 25.53 
4 4-Cl H 4-Br H 8.905 0 4.469 5.51 
5 4-Cl H 4-I H 8.797 0 4.007 8.67 
6 4-Cl H 4-CH3S- H 8.885 0 3.678 10.71 
7 4-Cl H 4-F H 8.824 0 4.384 12.44 
8 4-Cl H 2-Cl 4-Cl 8.907 0 4.115 16.95 
9 4-Cl H 3-Cl 5-Cl 8.911 0 4.857 20.86 
10 3-Cl H 4-Cl H 8.558 0 5.033 12.50 
11 3-Cl H 3-Cl H 7.049 0 4.96 19.11 
12 3-Cl H 2-Cl H 6.845 0 4.964 9.16 
13 3-Cl H 4-Br H 8.295 0 4.574 5.72 
14 3-Cl H 4-I H 8.29 0 4.58 32.52 
15 3-Cl H 4-CH3S- H 8.522 0 4.961 27.01 
16 3-Cl H 4-F H 6.859 0 4.906 42.67 
17 3-Cl H 2-Cl 4-Cl 8.517 0 4.972 14.95 
18 3-Cl H 3-Cl 5-Cl 8.973 0 4.83 19.13 
19 2-Cl H 4-Cl H 8.489 0 4.094 0 
20 2-Cl H 3-Cl H 7.029 0 4.928 16.41 
21 2-Cl H 2-Cl H 3.771 0 3.715 0 
22 2-Cl H 4-Br H 8.331 0 3.837 17.50 
23 2-Cl H 4-I H 8.442 0 3.482 10.0 
24 2-Cl H 4-CH3S- H 8.557 0 3.686 7.76 
25 2-Cl H 4-F H 3.774 0 3.595 16.66 
26 2-Cl H 2-Cl 4-Cl 8.463 0 3.99 9.64 
27 2-Cl H 3-Cl 5-Cl 7.037 0 4.859 14.73 
28 4-Br H 4-Cl H 8.974 0 4.29 19.88 
29 4-Br H 3-Cl H 8.974 0 4.897 29.88 
30 4-Br H 2-Cl H 8.977 0 4.104 8.72 
31 4-Br H 4-Br H 8.987 0 4.148 26.20 
32 4-Br H 4-I H 8.981 0 3.787 29.78 
33 4-Br H 4-CH3S- H 8.968 0 4.138 13.10 
34 4-Br H 4-F H 8.972 0 4.155 48.12 
35 4-Br H 2-Cl 4-Cl 9.021 0 4.325 10.83 
36 4-Br H 3-Cl 5-Cl 8.973 0 4.83 12.36 
37 4-I H 4-Cl H 8.97 0 4.113 19.29 
38 4-I H 3-Cl H 9.038 0 5.032 38.19 
39 4-I H 2-Cl H 8.977 0 4.005 35.17 
40 4-I H 4-Br H 9.038 0 3.826 21.14 
41 4-I H 4-I H 9.032 0 3.669 12.39 
42 4-I H H 4-CH3S- 8.961 0 3.878 28.86 
43 4-I H 4-F H 9.026 0 4.023 18.50 
44 4-I H 3-Cl 5-Cl 9.044 0 4.852 33.63 
45 4-CH3S- H 4-Cl H 8.9 0 4.486 15.47 
46 4- CH3S- H 3-Cl H 8.744 0 4.894 38.47 
47 4- CH3S- H 2-Cl H 8.74 0 4.498 18.26 
48 4- CH3S- H 4-Br H 8.862 0 4.348 40.72 
49 4- CH3S- H 4-I H 8.573 0 4.22 0 
50 4- CH3S- H 4-CH3S- H 8.717 0 4.005 2.04 
51 4- CH3S- H 4-F H 8.74 0 3.8 13.21 
52 4- CH3S- H 2-Cl 4-Cl 8.9 0 4.486 0 
53 4- CH3S- H 3-Cl 5-Cl 8.62 0 4.791 6.43 
54 4-F H 4-Cl H 8.399 0 3.888 4.32 
55 4-F H 3-Cl H 7.062 0 4.924 31.17 
56 4-F H 2-Cl H 3.849 0 3.018 4.30 
57 4-F H 4-Br H 8.609 0 3.609 35.40 
58 4-F H 4-I H 8.342 0 3.514 16.63 
59 4-F H 4-CH3S- H 8.502 0 2.948 23.92 
60 4-F H 4-F H 3.678 0 3.011 31.70 
61 4-F H 2-Cl 4-Cl 8.441 0 4.161 0 
62 4-F H 3-Cl 5-Cl 7.04 0 4.884 37.59 
63 2-Cl 4-Cl 3-Cl H 8.629 0 4.926 1.06 
64 2-Cl 4-Cl 2-Cl H 8.86 0 4.184 10.94 
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65 2-Cl 4-Cl 4-Br H 8.807 0 4.318 25.52 
66 2-Cl 4-Cl 4-I H 8.68 0 4.058 16.82 
67 2-Cl 4-Cl 4-CH3S- H 8.885 0 4.848 22.77 
68 2-Cl 4-Cl 2-Cl 4-Cl 8.877 0 4.129 8.44 
69 2-Cl 4-Cl 3-Cl 5-Cl 8.885 0 4.848 28.53 
70 3-Cl 5-Cl 4-Cl H 8.548 0 4.691 16.61 
71 3-Cl 5-Cl 3-Cl H 7.048 0 4.906 3.53 
72 3-Cl 5-Cl 2-Cl H 6.871 0 5.244 0 
73 3-Cl 5-Cl 4-Br H 8.535 0 4.765 17.55 
74 3-Cl 5-Cl 4-I H 8.605 0 4.842 14.37 
75 3-Cl 5-Cl 4-CH3S- H 8.521 0 4.921 0.3 
76 3-Cl 5-Cl 4-F H 6.884 0 4.699 8.89 
77 3-Cl 5-Cl 2-Cl 4-Cl 8.487 0 5.317 20.57 

* Inhibition at 100 micM concentration 
AAG was used as standard inhibitor with 87% inhibition at 100micM 

 

 
 

(A) (B) 

  
(C) (D) 
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(E) (F) 
Figure 1 : (A)mapping of Hypo1/7 with  compound 34, (B) mapping of Hypo9/1 with compound 34 (C) Mapping of Hypo1/7 with 

compounds 1-77, (D) mapping of Hypo9/1 with compounds 1-77, (E) Highest libDockScore pose of compound 34 docked inside the 
binding pocket of hsp90 (1YET, resolution 1.9A) (F) docked compounds 1-77 with highest libDockScore. 

 

 
(A) 



Mahmoud A. Al-Sha'er et al                 J. Chem. Pharm. Res., 2015, 7(4):103-112 
______________________________________________________________________________ 

109 

 
(B) 

Figure 2: (A) Two dimensional analysis of the pose with highest libDockScore of compound 34 (B) Two dimensional analysis of the 
cocrystalized geldanamycin (1YET) using DS 3.5 visualizer 

 

A)  
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B)           
Figure 3: Two dimensional plot of A) Multiple Linear Regression analysis (MLR) model that correlate the MLRTempModel with the 

percentage of inhibition for pyridinium compounds, B) 3DQSAR model that correlate the GridBasedTempModel with the percentage of 
inhibition for pyridinium compounds 

 
 
 

 
(A) 
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(B) 

Figure 4: Grid Based Model of the pyridinium compounds aligned to (A) Van der Waal (VDW)  model, yellow color means negative 
VDW Isosurface, green color means positive VDW  Isosurface (B) Electrostatic potential (EP) model using DS 4.0., red color means 

negative EP Isosurface, blue color means positive EP Isosurface 
 

CONCLUSION 
 

Although effective mapping of pyridinium compounds with hsp90 hypotheses and successful docking inside the 
ATPase binding site, 3D-QSAR model, grid based model indicates the significance of the physicochemical 
properties; Van der Waal interaction and electrostatic potential in hsp90 inhibition of pyridinium scaffold.  
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