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Objectives: To synthesize new antimycobacterial and antifungal drugs that act by binding to sterol
14a-demethylase (14DM) and to characterize the drug–target protein interactions using computer-based
molecular simulations.
Methods: Different series of imidazole and triazole derivatives having an azomethine linkage to pyridine
2-carboxamidrazone were designed and synthesized. Molecular dynamic simulations of the sterol 14DM
(a mixed-function oxidase involved in sterol synthesis in eukaryotic and prokaryotic organisms) complexed with new azole derivatives have been performed to both qualify and quantify the protein–ligand
interactions. MICs of the compounds were evaluated by reference assay and by recently developed
Microdilution Resazurin Assay (MRA).
Results: Halogenated derivatives showed good activity, with an MIC90 of 1 mg/L against 33 Candida spp.
clinical strains; most compounds also had inhibitory activity against Mycobacterium tuberculosis
reference and clinical strains, with MICs in the range 4–64 mg/L. Molecular modelling investigations
showed that the active new compounds may interact at the active site of both the fungal and the mycobacterial cytochrome P450-dependent sterol-14a-demethylase and that the calculated binding free
energy values are in agreement with the corresponding MIC values.
Conclusions: The combined experimental and computational approach can be helpful in targeted drug
design, thus yielding valuable information for the synthesis and prediction of activity of a second
generation of inhibitors.
Keywords:

Introduction
Tuberculosis is a significant public health problem in both industrialized and developing countries and is responsible for more
than two million deaths each year. Therapy is complicated due
both to the requirement for prolonged treatment with a combination of drugs and the emergence of drug-resistant strains. In
addition, severe opportunistic fungal infections, particularly
caused by Candida spp., are increasing in incidence, particularly
in immunocompromised patients. There is a continuing need for
new and effective drugs active against both Mycobacterium

tuberculosis and fungi. To this end, we designed a series of
compounds in which the aryl-azolyl-ethane moiety, present in
many azole antifungal drugs, is linked through an azomethine
linkage to pyridine-2-carboxamidrazone, a chemical moiety that
has been shown to possess an important mycobacterium killing
activity.1,2 Many azole derivatives targeting sterol demethylase
have also been shown to possess interesting antimycobacterial
activity associated with good antifungal activity.3–5 Sterol
14a-demethylase (14DM) is a mixed-function oxidase involved
in sterol synthesis in eukaryotic organisms; moreover, the
completion of the M. tuberculosis genome project revealed
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that a protein having homology to mammalian 14DMs might be
present in this bacterium.6
In this study we synthesized new imidazolyl and triazolylpyridinecarboxamidrazone derivatives and measured their
antibacterial, antifungal and antitubercular activities in vitro by
standard and newly developed microdilution assays.7 Furthermore, in this paper we propose a combined approach for evaluating these new drugs, based on experimental evidence and
on computer-aided molecular modelling. Models in science are
employed to simplify, analysing single phenomena believed to be
critical. Models give also a didactical combined representation
of structure and molecular properties of different molecules.
Mathematical modelling techniques give also a simulation of a
chemical reaction step.8 We have already employed mathematical
modelling techniques for the computation of physical states of
newly synthesized molecules, and applied it to quantify their
interactions with the target fungal enzyme cytochrome P450dependent sterol 14a-demethylase CYP51 in the ergosterol
biosynthesis pathway.9 In the present work we propose the
prediction of the interaction of new imidazole and triazole
derivatives of 2-pyridinecarboxamidrazone with the target
M. tuberculosis and Candida albicans enzymes cytochrome
P450-dependent 14DM through a computer modelling of drug–
enzyme complexes. Relative free energies of association of the
molecules have been calculated and related to the obtained
experimental data.

Antimicrobial susceptibility testing
The in vitro antifungal activity of derivatives 2 a–l has been tested
against Candida spp. clinical isolates, measuring MICs by a microdilution RPMI reference method.10 Miconazole and amphotericin B
were used as reference test compounds. Each MIC was determined
twice in duplicate experiments after 24 and 48 h incubation time
against 33 Candida spp. strains. The antibacterial activity was evaluated by a standard broth-dilution method. The in vitro antitubercular
activity of derivatives 2 a-l has been evaluated measuring MICs by
MRA––a new Microdilution Resazurin Assay––in liquid medium
and within 8 days of incubation, as previously described.7 Isoniazid
and rifampicin were used as positive controls in this case. Briefly,
twofold dilutions of each compound were prepared from stock solutions in 96-well plates in complete 7H9 broth, final compound
concentrations being 128–0.125 mg/L. An aliquot of 20 mL of
each bacterial suspension was added to 180 mL of drug-containing
culture medium. The plates were sealed and incubated 7 days at
37 C. Five microlitres of resazurin (Sigma Aldrich, 10 mg/mL sterile
water stock solution) were added per well, and the plates were
allowed to incubate at 37 C for additional 24 h. Plates were finally
read by visual inspection for colour change from blue to pink in
wells containing live mycobacteria. MIC was defined as the lowest
drug concentration that prevented resazurin colour change.7 MICs
were determined twice in duplicate experiments and were considered
bactericidal by viable counts from blue wells when 99% cfu were
inhibited. DMSO was also evaluated and was always devoid of
inhibiting activity up to the concentration of 2% (v/v).

Computational methods

Materials and methods
Strains and media
Reference strain Staphylococcus aureus ATCC 20202 was employed
to evaluate the antibacterial activity of the new molecules. A total of
21 strains of C. albicans and 12 strains of Candida glabrata, all
clinical isolates, were selected to test the antifungal activity.
M. tuberculosis reference strain H37Rv and two respiratory isolates
of M. tuberculosis, identified by classical culture and biochemical
methods and by DNA probe (GeneProbe, San Diego, CA, USA),
were employed to measure the antitubercular activity of the new
molecules. The drug susceptibility of Mycobacterium clinical
isolates was measured by the agar proportion test and by BACTEC
MGIT manual system. Bacteria were grown in LB medium to a
density of 0.5–1 · 104 cfu/mL; Candida strains were grown on
Sabouraud agar plates (Difco) and resuspended in RPMI
medium (Sigma) to a density of 0.5–1 · 104 cfu/mL. Mycobacterium
strains were maintained on Lowenstein–Jensen medium (Becton
Dickinson) and grown 14 days in Middlebrook 7H9 broth supplemented with 10% OADC (Becton Dickinson), 0.2% glycerol
and 0.1% Bacto Casitone (Difco) to a bacterial density of 0.5–1 ·
104 cfu/mL.

Chemicals
Twelve new N1-[1-aryl-2-(1H-imidazol-1-yl and 1H-1,2,4-triazol-1yl)-ethylidene]-pyridine-2-carboxamidrazone derivatives, 2 a–l, have
been synthesized and their physical data measured according to the
procedure reported in the paper by Mamolo et al.9 Stock solutions
of each chemical were prepared in DMSO at a concentration of
4 mg/mL and stored until used in biological assays. Reference antibiotics were also employed for comparison.

The starting structure of the cytochrome P450 sterol 14DM of
M. tuberculosis was taken from the Protein Data Bank (PDB
entry: 1E9X).11 Geometry refinement was carried out using
the Sander module of AMBER 712 via a combined steepest
descent-conjugate gradient algorithm. The parm94 version13 of the
all-atom AMBER force field was applied for protein relaxation,
with the haem model parameters of Paulsen and Ornstein.14 The
GB/SA continuum solvation model15 was used to mimic a water
environment.
The 3D model structure of the same enzyme from C. albicans,
presently not available in the PDB, was built by a combination of
homology-based techniques.16 Briefly, we first used the Biopolymer
and Binding Site modules of the INSIGHTII software (v.2001, Accelrys Inc., San Diego, CA, USA) to generate a sequence alignment
between the C. albicans and Candida tropicalis, C. glabrata,
Candida krusei and M. tuberculosis P450s (Swiss-Prot accession
numbers P10613, P14263, P50859, Q02315 and P0A512, respectively). The result of the multiple alignments is reported
in Figure 1. Subsequently, the MODELLER program17,18 was
employed to build a preliminary 3D model of the 14DM of
C. albicans based on the alignment obtained in the previous step
and the 3D crystal structure of the M. tuberculosis11 enzyme as
reference protein. The original 3D model proposed by Boscott
and Grant,19 and subsequently used by Kelly et al.,20 was also
used as a putative 3D structure in this phase. According to the
method followed, the structurally conserved regions (SCRs) of
the modelled protein were first identified and modelled, assigning
the spatial coordinates directly from those of the reference proteins.
The coordinates for the variable regions (the connections between
these pre-built pieces), such as loops, were calculated either using the
loop search procedure21–23 or, when these regions were confined to a
few amino acids, using the replacement method.24 The complete 3D
model structure of the C. albicans sterol 14DM obtained was refined
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Figure 1. Alignment of the amino acid sequences of cytochrome P450 sterol 14-a demethylase of C. albicans, C. tropicalis, C. glabrata, C. krusei and
M. tuberculosis. The secondary structural motifs are highlighted in bold and coloured according to the following schema: red: helices; blue: sheets, green: the
N-terminal membrane-spanning domain (residues 3–43). Amino acids conserved in all five sequences are indicated by the symbol *, while conservative mutations
are indicated by the symbol.

using several energy minimization rounds. The side chain positions
were first optimized, keeping the protein backbone fixed. This constraint was then removed, and further protein relaxation was performed until the conjugate gradient algorithm converged.

At this point, all ionizable residues were switched on to their
standard ionization state at neutral pH in both M. tuberculosis and
C. albicans 14DM models and, to achieve electroneutrality, a suitable number of counterions were added, in the positions of largest
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electrostatic potential, as determined by the module Cion within
AMBER 7. The two proteins were then subjected to energy
minimization: steepest descents were carried out. After energy minimization, 500 ps molecular dynamics (MD) simulations were
performed, at constant temperature25 (T = 25 C) and pressure26
(P = 1 atm) in the GB/SA water environment,15 using an integration
time step27 of 1 fs, and the applications of the Shake algorithm.28
Conformers of each protein were collected every 2 ps, the energy
profiles were analysed and, among the 250 saved conformers,
40 conformers for each system showing the lowest total energies
were selected and their 3D structures were superimposed. Their root
mean square deviation (rmsd) values were 0.90 and 1.2 Å for
M. tuberculosis and C. albicans, respectively. Of these, the conformer with the lowest energy for each system was chosen for
drug binding energy calculations. The quality of the C. albicans
sterol 14DM model was further assessed by using the well-validated
programs PROCHECK29 and WHATIF.30 The final statistical
analysis of the Ramachandran plot showed that 97% of the mainchain dihedral angles were found in the most favourable region, thus
confirming the good quality of the 3D model of our C. albicans
P540 enzyme.
The model structures of all azole compounds were generated
using the Biopolymer module of INSIGHTII. All molecules were
subjected to an initial energy minimization. A conformational
search was carried out using a well-validated combined molecular
mechanics/molecular dynamics simulated annealing (MM/MDSA)
protocol,31–34 and only the structures corresponding to the minimum
energy were used for further modelling. The electrostatic charges
for the geometrically optimized drug molecules were obtained by
restrained electrostatic potential fitting.35–37
The optimized structures of the active compounds were docked
into both enzyme active sites following a validated procedure,32–34
which employs the software AUTODOCK 3.0.38 In the generation of
the electrostatic grid maps, the distance-dependent relative permittivity of Mehler and Solmajer39 was applied. For the docking of each
compound to the protein, 300 Monte Carlo/Simulated Annealing
(MC/SA) runs were performed. Following the docking procedure,
all structures of azole compounds were subjected to cluster analysis
with a tolerance of 1 Å for an all-atom rms deviation from a lowerenergy structure representing each cluster family. In the absence
of any relevant crystallographic information for this series of compounds, the structure of each resulting complex characterized by the
lowest interaction energy was selected for further evaluation. Each
best drug–protein complex resulting from the automated docking
procedure was further refined in the AMBER suite using the
quenched molecular dynamics method (QMD).40–42
For the calculation of the binding free energy in water, the best
energy configuration of each complex resulting from the previous
step was solvated by a cubic box of TIP3P water molecules43
extended at least 10 Å in each direction from the solute. The periodic
boundary conditions with constant pressure26 of 1 atm were applied,
and long-range non-bonded van der Waals interactions were truncated by using an 8 Å residue-based cut-off. The particle mesh
Ewald method44 was used to treat the long-range electrostatics.
Unfavourable interactions within the structures were relieved with
steepest descent followed by conjugate gradient energy minimization. Each system was gradually heated to 25 C in three intervals,
equilibrated for 25 ps at 25 C and finally subjected to 400 ps of data
collection runs. A total of 400 snapshots were saved during data
collection period, one snapshot per 1 ps of MD simulation.
The binding free energy DGbind of each drug–14DM complex
in water was calculated according to the so-called Molecular
Mechanics/Poisson–Boltzmann Surface Area (MM/PBSA) procedure

proposed by Srinivasan et al.,45 which will be briefly described
below. According to this method, DGbind is calculated as,
DGbind ¼ DEMM þ DGsolv –TDS

ð1Þ

DGsolv ¼ DGPB þ DGNP

ð2Þ

where

DEMM denotes the sum of molecular mechanics (MM) energies of
the molecules and can be further split into contributions from
electrostatic (EEL) and van der Waals (EvdW) energies:
DEMM ¼ DEEL þ DEvdW

ð3Þ

The terms in Equation (3) were calculated by using the Carnal and
Anal modules of AMBER 7. The polar component of DGsolv [i.e.
DGPB in Equation (2)] was evaluated with the Poisson–Boltzmann
(PB) approach.46 All atomic charges were taken from the Cornell
et al.13 force field and from our ab initio calculations (see above),
since these are consistent with the MM energy calculations. However,
as suggested by Chong et al.,47 the atomic radii were taken from
the parse parameter set instead of the parm94 force field set because
of the small size of hydrogens in the latter. The numerical solution
of the linearized PB equations was solved on a cubic lattice
by using the iterative finite-difference method implemented in the
DelPhi software package.48 The non-polar contribution to the solvation energy [i.e. DGNP in Equation (2)] was calculated as DGNP =
g (SASA) + b, in which g = 0.00542 kcal/Å2, b = 0.92 kcal/mol
and SASA is the solvent-accessible surface estimated with the MSMS
program.49
The normal-mode analysis approach50,51 was followed to estimate the last parameter, i.e. the change in solute entropy upon
association –TDS.

Results
We designed and synthesized a series of 12 compounds in which
the 1-aryl-2-(1H-azol-1-yl)-ethane moiety, characteristic of many
azole antifungal drugs, is connected via an azomethine linkage
to pyridine-2-carboxamidrazone. Figure 2 reports the scheme of
the synthesis of these 12 new N1-[1-aryl-2-(1H-imidazol-1-yl and
1 H-1,2,4-triazol-1-yl)-ethylidene]-pyridine-2-carboxamidrazone
derivatives, leading to compounds 2a–l. Evaluation of the
antibacterial activity of our new compounds showed a slight
inhibitory effect on Gram-positive reference strain S. aureus
by aryl-imidazolyl derivatives, with an MIC in the range
16–32 mg/L, while no inhibitory effect was shown by triazolyl
pyridine-carboxamidrazone compounds (MIC > 128 mg/L). Some
of the new compounds had a remarkable antifungal activity,
comparable with that of amphotericin B and of miconazole, as
reported in Table 1. Derivatives 2 a–e had an MIC90 in the range
0.125–2 mg/L after 24 h and 0.5–4 mg/L after 48 h incubation
time against 21 C. albicans clinical strains. Derivatives 2 a–e had
an MIC90 in the range 0.5–8 mg/L after 24 h and 1–16 mg/L after
48 h incubation time against 12 C. glabrata clinical strains. In
this case, the most active compounds were found to be the
halogenated (Br and Cl) derivatives 2b and 2c, with MIC90 of
1 mg/L against Candida spp. Compounds 2 f–j had MIC90 of 64
mg/L for Candida spp; on the other hand, compounds 2 k and l
showed an MIC90 of 8 mg/L against C. albicans and an MIC90 of
16 mg/L against C. glabrata. We already performed a preliminary study in order to verify whether and how the newly
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Figure 2. Synthesis of 12 new N1-(1-aryl-2-(1H-imidazol-1-yl and 1H-1,2,4-triazol-1-yl)-ethylidene)-pyridine-2-carboxamidrazone derivatives, 2 a–l.

Table 1. Effect of compounds 2 a–l against 33 clinical isolates of
Candida spp. (MIC90 = Minimum Inhibitory Concentration for
90% of strains)

Table 2. Effect of compounds 2 a–l against reference and clinical
strains of Mycobacterium tuberculosis
MIC (mg/L)

48 h MIC90 (mg/L)
Compounds
2 a–e
2 f–j
2 k–l
Amphotericin B
Miconazole

Candida albicans (21)
0.5–4
64
8
1
8

Compounds

M. tuberculosis H37 Rv

M. tuberculosis H19, H21

2 a–e
2 f–j
2 k–l
Rifampicin
Miconazole

8–32
32–64
8
0.5
2

4–32
32–64
4–16
1
2

Candida glabrata (12)
1–16
64
16
4
32

synthesized azole compounds interact with the target enzyme
cytochrome P450-dependent sterol 14-a demethylase in the ergosterol biosynthesis pathway, through computer modelling of
drug–enzyme complexes.9 As stated above, the most active compounds were the halogenated bromo-phenyl and chloro-phenyl
imidazolyl derivatives, for which MD simulations have been
shown to yield free energy of binding values in harmony with
the experimental microbiological findings.9
Table 2 lists the MICs of the newly synthesized compounds
obtained by MRA7 against different M. tuberculosis strains. All
12 azole compounds showed an interesting antitubercular
killing activity, as demonstrated by viable count from MIC
wells. Compounds 2a–e had MICs in the range 4–32 mg/L
against M. tuberculosis H37Rv reference strain and against
two M. tuberculosis clinical strains, the methyl-phenyl and the
phenyl imidazolyl derivatives 2b, 2c and 2e being the most
active with an MIC of 4 mg/L for clinical isolates. The triazole
derivative compounds 2f–j had MICs in the range of 32–64 mg/L,
while compounds 2k and l (i.e. bromo-thienyl and chloro-thienyl
imidazole derivatives) had promising antitubercular activity, with

MICs in a range of 4–16 mg/L. Interestingly, the contribution to
the killing activity, attributed to the different chemical moieties
against Mycobacterium, appears not to be additive, since the
azole antifungal drug miconazole and different 2-pyridinecarboxamidrazone derivatives1,2 have been shown to possess a higher
killing activity, characterized by lower MICs.
We also performed a preliminary study in order to predict
how the newly synthesized azole compounds might interact
with the target enzyme cytochrome P450-dependent 14DM of
M. tuberculosis and C. albicans through computer modelling
of the relevant drug–enzyme complexes. According to the procedure adopted, all 12 azole compounds were characterized by
a similar docking mode in the active site of the 14DM from
M. tuberculosis. The imidazole ring (compounds 2a–e and
2k–l) or triazole ring (compounds 2f–j) is positioned almost
perpendicular to the porphyrin plane, with a ring nitrogen
atom coordinated to the haem iron. The analysis of the MD
trajectories revealed that the average distance between N3(4)
of the azole ring and the haem iron is 2.01 – 0.4 Å, in good
agreement with that found in the crystal structure of P450cam
complexed with azole inhibitors.52 The phenyl group of
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Figure 3. Cartoon of the secondary structural motifs of Mycobacterium tuberculosis sterol 14a- demethylase forming the protein active site. Light blue:
b1-5-B0 helix (residues 76–84); light green: meander 1 (residues 87–94); light
pink: helix F, C-terminus (residues 172–179); light grey: helix I (residues
249–261); light yellow: b6-1 sheet (residues 321–326); light brown: b6-2
sheet (residues 431–435). The haeme group is also shown in gold CPK
representation.

Figure 4. Equilibrated molecular dynamics snapshot of the docked compound
2c in the active site of the sterol 14a-demethylase of M. tuberculosis. The haeme
group is shown in atom-coloured ball-and-stick, the amino acids in atomcoloured stick and the compound 2c in pink-coloured stick representation.
For the sake of simplicity, only the amino acids pertaining to the active site
or contacting compound 2c are shown. Water molecules and hydrogen atoms are
also omitted for clarity.

compounds 2a–j, as well as the thienyl moiety of 2k–l, locates in
a hydrophobic binding cleft, above the haem ring. The active
site residues interacting with the inhibitors consist of helix I,
Meander 1, b6-1 (which composes the side of the active site),
and b6-2, the C-terminus of helix F, and the b1-5-N-terminus of
helix B0 , which constitutes the dome of the active site (Figure 3).
In particular, all hydrophobic substituents find location in a

Figure 5. Equilibrated molecular dynamics snapshot of the docked compound 2l
in the active site of the sterol 14a-demethylase of M. tuberculosis. The haeme
group is shown in atom-coloured ball-and-stick, the amino acids in atomcoloured stick and the compound 2l in green-coloured stick representation.
For the sake of simplicity, only the amino acids pertaining to the active site
or contacting compound 2l are shown. Water molecules and hydrogen atoms are
also omitted for clarity.

hydrophobic subsite above the haem ring. The residue lining
the subsite include the side chains of Q72, A73, A75, Y76,
M79, F83, M99, L100, A256, L321, V434 and V435. Figures 4
and 5 show two equilibrated MD snapshots of the productive binding mode corresponding to compounds 2c and 2l,
respectively.
The preferred, predicted orientation of all inhibitor series in
the active site of C. albicans sterol 14DM is similar to that
observed for M. tuberculosis, featuring the imidazole/triazole
ring pointing orthogonally towards the haem plan and a ring
nitrogen atom coordinating the iron ion. In this case, the main
residues involved in the cleft encasing the phenyl group of compounds 2a–j, and the thienyl moiety of 2k–l, are F186, P187,
H261, V460 and V461. The larger size of the phenyl ring extends
the number of contacts in the binding site in comparison with
those established by compounds characterized by the presence
of the smaller thienyl ring. The pyridine ring, common to all
inhibitors, is stabilized by favourable dispersion forces with the
side chains of K98, L354, V355, P357 and Y359. Further stabilizing non-bonded interactions are established between the
azole ring of the inhibitors and residues G254, M257, G258
and T262. Figures 6 and 7 report, as an example, two MD
equilibrated snapshots of the C. albicans 14DM binding site in
complex with compounds 2c and 2l.
More importantly in the framework of computer-assisted
drug design, all calculated values for the total free energy of
binding DGbind, listed in Tables 3 and 4 for M. tuberculosis
and C. albicans, respectively, are in harmony with the experimentally measured values of the corresponding MIC (see Tables 1
and 2 for comparison). In fact, there is an excellent agreement
in the trend of DGbind versus MIC within each enzyme–drug
complex series.
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Figure 6. Equilibrated molecular dynamics snapshot of the docked compound
2c in the active site of the sterol 14a-demethylase of C. albicans. The haeme
group is shown in atom-coloured ball-and-stick, the amino acids in atomcoloured stick and the compound 2c in green-coloured stick representation.
For the sake of simplicity, only the amino acids pertaining to the active site
or contacting compound 2c are shown. Water molecules and hydrogen atoms are
also omitted for clarity.

inhibitors and the target proteins is mainly driven by more
favourable non-polar interactions in the complex than in solution.
The total non-electrostatic components (DEvdW + DGNP) of the
free energy of binding DGbind are very similar for the series of
compounds docked in both enzyme active sites (ranging from
approximately –42 to –52 kcal/mol in the case of M. tuberculosis,
and from –44 to –53 kcal/mol in the case of C. albicans). When
examining the role of the electrostatics in the inhibitor–enzyme
complex formation, however, it is fundamental to consider the
electrostatic component of the molecular mechanical energy
DEEL together with the electrostatic contribution to solvation
DGPB. Indeed, electrostatics generally disfavour the docking of
ligand and receptor molecules because the unfavourable change
in the electrostatics of solvation is mostly, but not fully, compensated by the favourable electrostatics within thew resulting
ligand–receptor complex. Indeed, the total electrostatic energy
contributions for all 14DM–drug complex formations are
unfavourable, the 2b–e/ and the 2k–l/protein complex formations
being less unfavourable than the remaining compound complex
formations in both cases (see Tables 3 and 4) because of a lesspositive total electrostatic term (DEEL + DGPB), in which the
penalty paid by the electrostatics of solvation is better compensated by favourable electrostatic interactions within the complex.
Thus, even though electrostatics destabilizes inhibitor–protein
complex formation, it is the optimized balance of opposing
electrostatic contributions that leads to tighter binding in the
series of compounds 2b-e and 2k–l in the 14DM active site
from both microorganisms.

Discussion

Figure 7. Equilibrated molecular dynamics snapshot of the docked compound 2l
in the active site of the sterol 14a-demethylase of C. albicans. The haeme group is
shown in atom-coloured ball-and-stick, the amino acids in atom-coloured stick
and the compound 2l in green-coloured stick representation. For the sake of
simplicity, only the amino acids pertaining to the active site or contacting compound 2l are shown. Water molecules and hydrogen atoms are also omitted for
clarity.

Further insights into the forces involved in substrate binding
can be obtained by analysing the free energy components, which
are listed in Tables 3 and 4 for all compounds in complex with
M. tuberculosis and C. albicans 14DM, respectively. As seen in
these Tables, both the intermolecular van der Waals and the
electrostatics are important contributions to the binding. Comparing the van der Waals/non-polar (DEvdW + DGNP) with the
electrostatic (DEEL + DGPB) contributions for all molecules,
however, we see that in all cases the association between

In the present work we report our recent efforts in design, synthesis and in vitro testing of a series of 12 new N1-[1-aryl-2-(1Himidazol-1-yl and 1H-1,2,4-triazol-1-yl)-ethylidene]-pyridine-2carboxamidrazone derivatives as inhibitors of M. tuberculosis
and Candida spp. Further, from the standpoint of a future integrated approach based on computer-assisted drug design, we
contemporarily characterized their interaction with the active
sites of sterol 14DM from both microorganisms.
Colour-based MRA gave good reproducible results employing
inoculum suspensions of tubercular strains prepared directly
from Lowenstein–Jensen slants, and good reproducible results
were always obtained for MIC determinations of all new compounds. In vitro testing revealed that all new compounds had
an interesting inhibiting activity against both microorganisms,
the most active compounds being the halogenated (Br and Cl)
derivatives 2b, 2c, 2k and 2l.
The application of combined docking-MM/PBSA free energy
of binding calculations allowed us to rationalize the interactions
between the entire series of 12 new inhibitors and the active
sites of the 14DM enzyme from M. tuberculosis and C. albicans,
both from a qualitative and most importantly from a quantitative
point of view. Particularly, in the last case we verified an
agreement between the trend in the calculated DGbind values
of all compounds and the corresponding experimental evidence,
expressed in terms of MIC. Undoubtedly, further experimental
evidence such a biological assay should be performed to confirm
modelling prediction and the correctness of the chosen target.
Accordingly, the experimental data together with the
computational evidence can be of use in further experimental
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Table 3. Energy terms and total free energy of binding (kcal/mol) between sterol 14a-demethylase of M. tuberculosis and compounds 2a–l

DEvdW
DEEL
DEMM
DGNP
DGPB
–TDS
DGbind

2a

2b

2c

2d

2e

2f

2g

2h

2i

2j

2k

2l

–37.22
–15.51
–52.73
–4.38
43.34
10.27
–3.5

–45.29
–12.67
–57.96
–5.05
46.78
10.22
–6.01

–47.90
–12.55
–60.45
–4.10
47.29
11.11
–6.15

–45.88
–11.21
–57.09
–4.46
44.91
10.88
–5.76

–44.77
–15.54
–60.31
–4.99
46.07
12.76
–6.47

–44.47
–13.22
–57.69
–4.55
46.12
12.66
–3.46

–40.27
–13.63
–53.90
–4.08
43.65
12.01
–2.32

–39.76
–12.33
–52.09
–4.31
42.13
11.86
–2.41

–40.44
–12.61
–53.05
–4.32
43.20
11.88
–2.29

–41.29
–11.25
–52.54
–4.17
42.01
12.55
–2.15

–44.66
–14.83
–59.49
–4.21
42.50
15.05
–6.15

–44.82
–13.74
–58.56
–4.09
42.88
13.79
–5.98

Table 4. Energy terms and total free energy of binding (kcal/mol) between sterol 14a-demethylase of C. albicans and compounds 2a–l

DEvdW
DEEL
DEMM
DGNP
DGPB
–TDS
DGbind

2a

2b

2c

2d

2e

2f

2g

2h

2i

2j

2k

2l

–41.31
–13.83
–55.14
–4.59
44.33
10.27
–5.13

–48.30
–14.66
–62.96
–5.10
46.78
10.65
–10.63

–49.21
–14.86
–64.07
–4.13
45.19
11.89
–11.12

–42.91
–15.84
–58.75
–4.21
44.22
11.21
–7.53

–47.85
–15.62
–63.47
–5.01
46.01
12.72
–9.75

–43.28
–13.11
–56.39
–4.43
45.86
12.69
–2.27

–41.82
–13.99
–55.81
–4.44
44.15
12.01
–4.09

–39.66
–15.64
–55.30
–4.66
43.89
11.56
–4.51

–40.87
–12.78
–53.65
–4.23
44.01
11.88
–1.99

–41.25
–11.25
–52.50
–4.20
43.16
11.32
–2.22

–44.69
–17.73
–62.42
–4.88
44.66
14.85
–7.79

–43.28
–16.74
–60.02
–4.55
43.88
12.79
–7.90

protein–ligand design, since MD simulations have shown to be
able to rank binding affinities of all inhibitors, and to provide
insight into the interactions occurring in the active site and the
origins of variations in the corresponding binding free energy,
thus yielding invaluable information for the design and prediction
of activity of a second generation of inhibitors within a reasonable length of computer and human time.
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