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ABSTRACT

Objectives: The dihydrofolate reductase (DHFR) inhibitory activity of 6-bromo- and 
6,8-dibromo-quinazolin-4(3H)-ones (7–25) were studied to define the structural features 
and requirements that enhance selectivity and specificity for the proper binding to the 
enzyme active site.
Methods: Compounds 7–25 were tested for their in vitro DHFR inhibition. As an appli-
cation of the use of DHFR inhibitors, in vitro antitumor activity using disease-oriented 
human cell lines assay was performed.
Key findings: Compounds 19, 20, and 22 showed remarkable DHFR inhibitory activity, 
inhibitory concentration (IC50 0.6, 0.2, and 0.1 μM, respectively). Compounds 12, 17, 
18, 20, and 24 proved to be broad spectrum antitumor with median IC50 values of 0.6, 
0.6, 0.5, 0.6, and 0.7 μM, respectively. Molecular docking study results revealed that 
the active DHFR inhibitors 22 and 20 bind to DHFR with similar amino acid residues as 
methotrexate, especially Arg 28.
Conclusions: The mono-bromo series proved to be more active than the di-bromo coun-
terparts and the 3-(2-hydrazinyl-acetyl)- is more active than its 3-(acetohydrazide) isoster. 
The investigated compounds could be used as template model for further optimization.
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Introduction

Quinazolines are among the important heterocy-
clic compounds which gained considerable medi-
cal attention due to their diverse scope of biologi-
cal activity in the area of anticancer, antibacterial, 
antifungal, and antimycobacterial chemotherapy 
[1–5]. Dihydrofolate reductase (DHFR) is a key 
enzyme in folate metabolism and the biosynthe-
sis of nucleic acids. DHFR is an important target to 
combat cancers and pathogenic microbes [6–11]. 
Several quinazoline analogs including trimetrexate 
(1) have been proven to exhibit DHFR inhibitory 
activity (Fig. 1) [9].

Several series of substituted-quinazolin-4-ones 
were designed and evaluated for their in vitro DHFR 
inhibition in our laboratory [12–16]. Compounds 
2–6 (Fig. 1) were the most active members obtained 
with IC50 values ranged from 0.01 to 0.4 μM. The 
type of substituent at positions 2-, 3-, and 6- of the 
quinazolin-4-ones manipulated the activity. Those 
previous studies revealed that recognition with the 
key amino acids Glu30, Ser59, Phe31, Phe34, Arg38, 
and Lys31 together or individually is essential for 
binding to DHFR receptor sites and hence, produce 
the needed biological activity.
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In view of the aforementioned consider-
ations, and in continuation to our previous efforts 
[12–16], the mentioned previous molecular model-
ing findings were used as a guide to allocate some 
literature of quinazoline analogs as good candidates 
for DHFR inhibition activity evaluation. This liter-
ature search allowed the selection of compounds 
7–25 (Fig. 2), [17–19] which were resynthesized. 
The present study reports the DHFR inhibition 
activity of a series of 6-bromo- and 6,8-dibromo-
quinazolin-4(3H)-one analogs accommodating 
3-acetohydrazide, its isosteric analog 3-(2-hydraz-
inyl-acetyl)- and 4-hydrazine functions. In addition 
to some other analogs where the mentioned func-
tions were utilized to introduce the benzylidene–
acetohydrazide, acetyl-benzohydrazide, and its 
2-oxoethyl- isosteric counterpart, 1,3,4-oxadiazole, 
and 1H-pyrazol-one functions. DHFR inhibition 
study of those quinazolines aimed to further charac-
terize the requirements and features that enhance 
selectivity and specificity for the proper binding to 
the active site. As an application of the use of DHFR 
inhibitors, in vitro antitumor activity was also per-
formed [20–23].

Materials and Methods

DHFR inhibition activity experiments were per-
formed at Pharmacology Department, Faculty of 
Pharmacy; Future University in Egypt. Bovine liver 

DHFR enzyme, methotrexate (MTX) was used in 
the assay (Sigma Chemical Co, USA). In vitro antitu-
mor testing was conducted at The Regional Center 
for Mycology & Biotechnology, Al-Azhar University, 
Cairo, Egypt. Concerning the molecular model-
ing study, all experiments were conducted with 
Molecular Operating Environment (MOE) software. 
Electrostatic potential and total density maps were 
demonstrated using HyperChem 8.05 package from 
Hypercube running on a PC [24]. Enzyme struc-
ture, starting coordinate of human dihydrofolate 
reductase (hDHFR) enzyme in tertiary complex 
with reduced nicotinamide adenine dinucleotide 
phosphate (NADPH) and MTX, code ID 1 DLS, was 
obtained from the Protein Data Bank of Brookhaven 
National Laboratory [25]. Compounds 7–25 were 
previously reported [17–19].

Dihydrofolate reductase inhibition assay

The assay mixture of 50 μM Tris-HCl buffer (pH 
7.4), 50 μM NADPH, and 10 μl dimethyl sulfoxide 
(DMSO) was adjusted to a final concentration of 
10−11 to 10−5 M, and 10 μl of bovine liver DHFR, in a 
final volume of 1.0 ml [26–28]. After addition of the 
enzyme, the mixture was incubated at room tem-
perature for 2.0 minute, and the reaction was initi-
ated by adding 5 μl of dihydrofolic acid, the change 
in absorbance (ΔOD/minute) was measured by the 
spectrophotometer at 340 nm and 22°C, kinetic 

Figure 1. Structures of some lead quinazoline DHFR inhibitors.
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program (reading every 15 seconds for 2.5 min-
utes). Results were reported as % inhibition of 
enzymatic activity (Table 1) calculated using the 
following formula:

Fractional activity of enzyme = 
(Sample ΔOD/minute − 
blank ΔOD/minute) × 
d/12.3 × V × mgP/ml

where ∆OD/minute: the spectrophotometer 
readings

12.3: extinction coefficient for the DHFR reaction 
at 340 nm.

V: Enzyme volume in ml (the volume of enzyme 
used in the assay)

d: The dilution factor of the enzyme sample.
mgP/ml: enzyme concentration of the original 

sample before dilution.

In vitro antitumor screening

Cell lines were grown under a sterile condition, in 
RPMI 1640 media (Gibco, NY) supplemented with 

10% fetal bovine serum (Biocell, CA), 5 × 105 cell/ml 
was used to test the growth inhibition activity of the 
synthesized compounds. The concentrations of the 
compounds ranging from 0.01 to 100 μM were pre-
pared in phosphate buffer saline. Each compound 
was initially solubilized in DMSO, however, each final 
dilution contained less than 1% DMSO. Solutions 
of different concentrations (0.2 ml) were pipetted 
into separate well of a microtiter tray in duplicate. 
Cell culture (1.8 ml) containing a cell population of  
6 × 104 cells/ml was pipetted into each well. 
Controls, containing only phosphate buffer saline 
and DMSO at identical dilutions, were also prepared 
in the same manner. These cultures were incubated 
in a humidified incubator at 37°C. The incubator 
was supplied with 5% CO2 atmosphere. After 48 
hours, cells in each well were diluted 10 times with 
saline and counted by using a Coulter counter. The 
counts were corrected for the dilution [19–22,29], 
(Table 1).

Figure 2. List of structures of the investigated compounds 7–25.
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Docking and molecular modeling study

The three-dimensional structures of the substi-
tuted quinazoline derivatives, which presented 
best and worst biological profiles, in their neutral 
forms, were constructed using the MOE of Chemical 
Computing Group Inc software [24]. Lowest energy 
conformer of each new analog “global minima” was 
docked into the hDHFR enzyme-binding domain. 
Starting coordinate of hDHFR enzyme in tertiary 
complex with reduced NADPH and MTX, code ID 
1 DLS, was obtained from the Protein Data Bank 
of Brookhaven National Laboratory [25]. All of 
the hydrogens were added and enzyme structure 
was subjected to refinement protocol in which 
the constraints on the enzyme were gradually 
removed and minimized until the rms gradient 
was 0.01 kcal/mol Å. The energy minimization 
was carried out using the molecular mechanics 
force field “AMBER.” The energy-minimized struc-
ture was used for molecular modeling studies 
keeping all the heavy atoms fixed until an RMSD 
gradient of 0.05 kcal/ mol Å was reached. Ligand 
structures were built with MOE and minimized 
using the MMFF94× forcefield until an RMSD gra-
dient of 0.05 kcal/ mol Å was reached. For each 
analog, energy minimizations were performed 
using 1,000 steps of steepest descent followed 

by conjugate gradient minimization to an RMSD 
energy gradient of 0.01 kcal/mol Å. The active site 
of the enzyme was defined using a radius of 10.0 Å 
around MTX. Energy of binding was calculated as 
the difference between the energy of the complex 
and individual energies of the enzyme and ligand 
[13,30–34]. The docking was performed using the 
Alpha Triangle placement method and the London 
dG scoring method. Three hundred results for each 
ligand were generated, discarding the results with 
an RMSD value >3 Å. The best scored result of the 
remaining conformations for each ligand was fur-
ther analyzed. The protein/ligand complexes were 
minimized using the MMFF94× force field, until an 
RMSD gradient of 0.1 kcal mol/Å was reached.

Flexible alignment and superposition

The investigated compounds were subjected to 
flexible alignment and superposition experiments 
using “MOE” software (MOE of Chemical Computing 
Group Inc., on a Core 2 duo 2.3 GHz workstation). 
The molecules were built using the Builder mod-
ule of MOE. Their geometry was optimized by 
using the MMFF94 forcefield followed by a flexible 
alignment using systematic conformational search. 
Lowest energy aligned conformation(s) were iden-
tified [35].

Table 1. DHFR inhibition activity (IC50, μM) and antitumor screening (GI%, IC50, μM) of compounds 7–25 against the 
human cancer lines Skin A-431, Lung A-549, Colon HCT-116, and hepatocellular Hep-G2 carcinomas.

Compound
DHFR inhibition 

(IC50, µM)
GI% (IC50, µM) Median GI% 

(IC50, µM)A-431 A-549 HCT-116 Hep-G2
7 4.7 ± 0.2 2.0 1.8 0.5 0.4 1.2
8 15.9 ± 0.1 1.5 1.6 0.5 0.6 1.1
9 11.9 ± 1 4.3 2.4 1.2 1.3 2.3

10 48.2 ± 1 2.8 1.1 0.4 0.5 1.2
11 5.9 ± 0.4 1.8 0.7 0.6 0.6 0.9
12 6.5 ± 0.7 1.5 0.6 0.2 0.2 0.6
13 35.9 ± 0.1 4.3 2.9 4.0 2.6 3.5
14 12.7 ± 0.8 1.1 0.8 0.8 0.6 0.8
15 48.2 ± 1 1.9 1.2 1.0 1.1 1.3
16 4.4 ± 0.5 1.8 1.0 1.5 0.9 1.3
17 21.4 ± 0.7 1.4 0.5 0.2 0.2 0.6
18 14.6 ± 1.0 1.1 0.4 0.3 0.2 0.5
19 0.6 ± 0.003 1.2 1.2 0.3 0.7 0.9
20 0.2 ± 0.003 1.0 0.8 0.1 0.5 0.6
21 1.9 ± 0.01 1.8 1.0 1.1 0.3 1.1
22 0.1 ± 0.01 1.2 1.0 0.2 0.7 0.8
23 2.5 ± 0.03 3.1 1.5 0.6 0.5 1.4
24 >100 2.0 0.3 0.2 0.2 0.7
25 67.9 ± 1.9 1.2 0.7 0.4 0.9 0.8

MTX 0.08 1.0 0.8 0.5 0.5 0.7
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Electrostatic potential isosurface maps

Molecular structure of the selected com-
pounds was constructed from fragment librar-
ies in the HyperChem program [34]. The partial 
atomic charges for each analog were assigned 
with the semiempirical mechanical calculation 
method “AM1” implemented in HyperChem 8.05. 
Conformational search was formed around all the 
rotatable bonds with an increment of 10° using 
conformational search module as implemented in 
HyperChem 6.03. All the conformers were mini-
mized until the rms deviation was 0.01 kcal/mol Å.

Results and Discussion

In vitro dihydrofolate reductase inhibition

The investigated compounds 7–25 were evaluated 
as inhibitors of bovine liver DHFR which possess 
75% resemblance to human DHFR, using reported 
procedures [26–28]. Results were shown as IC50 
values (μM) in Table 1. Compounds 19, 20, and 22 
expressed remarkable DHFR inhibitory potency, 
(IC50 0.6, 0.2, and 0.1 μM, respectively), in compar-
ison to MTX (IC50, 0.08 mM) which was used as a 
positive control. Compounds 7, 11, 12, 16, 21, and 
23 showed moderate DHFR inhibition with IC50 val-
ues range of 1.9–6.5 μM; while the rest of test com-
pounds were of weak activity.

In vitro antitumor screening

As an application of the use of DHFR inhibitors, 
compounds 7–25 were evaluated for their antitu-
mor activity against the human cancer lines Skin 
A-431, Lung A-549, Colon HCT-116, and hepato-
cellular Hep-G2 carcinomas. The National Cancer 
Institute in vitro protocol was adopted using MTX 
as positive control [19–22,29]. The results were 
reported as IC50 (μM) of the test compounds caus-
ing tumor growth inhibition (Table 1). All of the 
tested compounds exhibited antitumor potency of 
various magnitudes. Compounds 12, 17, 18, 20, and 
24 showed remarkable broad spectrum antitumor 
potency and considered to be the most active mem-
bers in this study with median IC50  values of 0.6, 0.6, 
0.5, 0.6, and 0.7 μM, respectively. Some compounds 
showed selectivity toward the used tumor cell lines, 
such as 8, 19, and 22 against Colon HCT-116 (0.5, 
0.3, and 0.2 μM, respectively), 11 and 14 against 
Lung A-549 (0.7 and 0.8 μM, respectively). In this 
study, the antitumor properties of compounds 19, 
20, and 22 are most likely due to their potent inhibi-
tion of the enzyme DHFR; while compounds 10, 17, 

24, and 25 exert their antitumor potency with some 
other mode of action.

Structure–activity correlation

In the present study, two series of compounds were 
studied, 6-bromo- and 6,8-dibromo-quinazolin-
4(3H)-ones. Structure–activity correlation study 
of the employed two series helped to clarify the 
discrepancy of biological activity among the inves-
tigated compounds. In the 6-bromo series, the 
introduction of 3-(2-chloroacetyl)- function to 
7 (4.7 ± 0.2 μM) produced 10 (48.2 ± 1 μM) with 
marked decrease in the DHFR inhibition activity. 
Reacting 10 with hydrazine hydrate afforded the 
3-(2-hydrazinyl-acetyl)- analog (14, 12.7 ± 0.8 μM) 
with a 4-fold increase in activity. Upon converting 
14 into the benzohydrazide 21 (1.9 ± 0.01 μM), a 
remarkable increase in the DHFR inhibition activ-
ity was noticed. Thiation of 7 (4.7 ± 0.2 μM) pro-
duced the 4-thione derivative 9 (11.9 ± 1 μM) with 
a 2-fold decrease in activity. The introduction of 
3-ethyl acetate function to compound 7 (4.7 ± 0.2 
μM) produced 11 (5.9 ± 0.4 μM) with almost the 
same potency. Reacting 11 with hydrazine hydrate 
followed by benzoyl chloride gave 19 (0.6 ± 0.003 
μM) and its cyclization afforded the 1,3,4-oxadi-
azol 22 (0.1 ± 0.01 μM), the most active members 
of this study. Reacting 9 with hydrazine hydrate 
afforded 13 (35.9 ± 0.1 μM) with dramatic decrease 
in activity. Compound 13 were further used to pre-
pare 3-methyl-1H-pyrazol-5(4H)-one (24); and 
3,5-dimethyl-1H-pyrazol (25) analogs with total 
loss of activity. The presence of the 1H-pyrazol 
at the 4- position of the quinazoline ring and loss 
of activity confirms the necessity of the presence 
of 4-carbonyl moiety mentioned as a pharmaco-
phoric requirement of this class of DHFR inhibi-
tors [10–14]. In general, the mono-bromo series 
proved to be more active than the di-bromo coun-
terparts and the 3-(2-hydrazinyl-acetyl)- is more 
active than its 3-(acetohydrazide) isosters. The 
same analogy could be applied for the obtained 
antitumor activity results.

Molecular modeling study

In order to understand and interpret the DHFR 
inhibitory pattern of this class of compounds, 
molecular modeling study was essentially needed. 
A comparative modeling study of the most active 
DHFR inhibitors 20 and 22 and the least active 24 
against MTX was initiated. The tertiary complex of 
hDHFR crystal structure (pdb ID: 1 DLS obtained 
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from the protein data bank), NADPH and MTX were 
used as references for modeling and docking [25]. 
Conformational analysis of 20, 22, and 24 has been 
performed. The least energy conformer for each 
compound was obtained by conformational search-
ing in torsional space using the multi-conformer 
method and is illustrated in Figure 3. A comparative 
docking studies between the active DHFR inhib-
itors 20 and 22 and the inactive counterpart 24 
against MTX was performed. The tertiary complex 
used showed tight binding and ionic bonding of 
the cation of N1/2-NH2 group to Glu30. MTX binds 
to DHFR by Arg28, Arg70, Asn64, Lys68, Val115, 
and Ile7 amino acid residues [13,30–34]. Docking 
results revealed that 22 showed high affinity with 
a binding energy of −11.2487 kcal/mol with Arg28 
via hydrogen bonding interaction (66%) and Phe31 
residue through arene–arene interaction (Fig. 4a). 
Moreover, Compound 20 binds with good affinity 
(binding energy of −10.8776 kcal/mol) with Arg28 
by arene–cation interaction and Ser59 through 
hydrogen binding interaction via its carbonyl group 
(Fig. 4b). On the contrary, the inactive DHFR inhibi-
tor 24 did not interact with any amino acid residue 
in the active site explaining their inactivity profile 
despite the similarity in structure to the active can-
didates. A detailed view of both 22 and 20 into the 
active site showed that they occupy a deeper loca-
tion into the cavity which causes the higher binding 

interaction with the hydrophobic residues in the 
DHFR active site (Fig. 5a and b).

To show similarity between the 3-D structures of 
the most active 22 and 20, from one side and the 
inactive 24 from the other side, flexible alignment 
[35] was employed. The top scoring alignment with 
the least strain energy is shown in (Fig. 6a) where 
a good alignment between 22 and 20 was obtained. 
On the contrary, (Fig. 6b) clearly shows different 
alignment profiles between 22 and 24 which inter-
pret their different activity pattern. In a search for 
reasons behind the different affinity of the inves-
tigated compounds toward DHFR binding, hydro-
phobic surface mapping study was performed. 
Compounds 22 and 20 clearly showed a preference 
for more hydrophobic regions (Fig. 7a and b) that 
could be attributed to the presence of the bromo 
moiety on the phenyl part of quinazoline in both 
compounds causing higher lipophilic character 
of the intact molecule. On the contrary, examina-
tion of surface mapping of the inactive 24 showed 
less greener areas and more red to blue regions 
(Fig. 7c) indicates higher hydrophilicity and hence, 
less binding.

Conclusion

In conclusion, compounds 7–25 represent a series of 
6-bromo- and 6,8-dibromo-quinazolin-4(3H)-ones. 
Compounds 19, 20, and 22 showed remarkable 
DHFR inhibitory potency, (IC50 0.6, 0.2, and 0.1 μM, 

Figure 3. Lowest energy conformers of the active 22 (a), 20 (b); and the inactive 
24 (c) with balls and cylinders.
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Figure 4. 3-D Binding mode and residues involved in the recognition of: (a) 22 (IC50 0.1 ± 0.01 µM) and 
(b) 20 (IC50 0.2 ± 0.003 µM) docked and minimized in the DHFR binding pocket.

Figure 5. The aligned conformation of the most active 22, pink (a) and 20, orange (b) occupying 
the DHFR binding pocket.

Figure 6. (a) Flexible alignment of the active compounds 22 (pink) and 20 (yellow); (b) Flexible align-
ment of the active 22 (pink) and the inactive 24 (blue)..
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respectively), in comparison to MTX (IC50, 0.08 μM). 
Compounds 12, 17, 18, 20, and 24 showed remark-
able broad spectrum antitumor potency and con-
sidered to be the most active members in this study 
with median IC50 values of 0.6, 0.6, 0.5, 0.6, and 0.7 
μM, respectively. In general, the mono-bromo series 
proved to be more active than the di-bromo counter-
parts and the 3-(2-hydrazinyl-acetyl)- is more active 
than its 3-(acetohydrazide) isosters in the involved 
biological activities. Molecular docking study results 
revealed that active DHFR inhibitor candidates 22 
and 20 (Fig. 8) bind to DHFR with similar amino acid 
residues as MTX, especially Arg28, which support 
the hypothesis that these compounds could exert 

their antitumor action via DHFR inhibition. The 
investigated compounds could be used as template 
models for further optimization.
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