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Abstract—3H-1,3,4-Oxadiazole-2-thione and 3H-1,3,4-oxadiazol-2-one derivatives were synthesized and tested for their in vitro
antimycobacterial activity. Oxadiazolone derivatives showed an interesting antimycobacterial activity against the tested strain of
Mycobacterium tuberculosisH37Rv, whereas the corresponding thione derivatives were devoid of activity. Molecular modeling inves-
tigations showed that the active compounds may interact at the active site of the mycobacterial cytochrome P450-dependent sterol
14a-demethylase in the sterol biosynthesis pathway and that their binding free energy values are in agreement with their MIC values.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

The emergence of multidrug resistant strains (MDR) of
Mycobacterium tuberculosis1–4 together with the spread
of severe opportunistic disseminated infections pro-
duced by mycobacteria other than tuberculosis
(MOTT), particularly Mycobacterium avium5 in immu-
nocompromised patients prompted the search for new
antimycobacterial agents.

Tuberculosis (TB), estimated to infect about one-third
of the world�s population, still remains the world-wide
main cause of death among the infectious disease.

In spite of the availability of effective antitubercular
drugs, such as isoniazid and rifampin, the emergence
of resistant strains of M. tuberculosis, the pathogenic
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synergy of the tubercular and nontubercular mycobacte-
rial infections with HIV infections,5–8 the scarse compli-
ance with the complex therapeutic regimens, justify the
effort directed to the design of new drugs for the treat-
ment of tuberculosis and other atypical mycobacteri-
oses. It has been reported9 that conversion of isoniazid
to oxadiazoles produced the corresponding 5-substi-
tuted 3H-1,3,4-oxadiazol-2-thione and 3H-1,3,4,-oxa-
diazol-2-one and their 3-alkyl or aralkyl derivatives,
characterized by antimycobacterial activity against M.
tuberculosis H37Rv.

With the aim to obtain new antimycobacterial agents,
we synthesized a series of 5-(pyridin-4-yl)-3H-1,3,4-oxa-
diazol-2-thione 1a–l and 5-(pyridin-4-yl)-3H-1,3,4-oxa-
diazol-2-one 2a–l derivatives, in which the nitrogen at
the 3 position is linked through a methylene bridge to
a cyclic amine. The in vitro antimycobacterial activities
of derivatives 1a–l and 2a–l were tested against a strain
of M. tuberculosis H37Rv in comparison with isoniazid
and ofloxacin.

Since some of the synthesized compounds showed a
remarkable antimycobacterial activity, we made a study
in order to verify, through a drug/enzyme complex
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modeling, if their activity may be due to the interaction
with the mycobacterial cytochrome P450-dependent ste-
rol 14a-demethylase (P45014DM, CYP51) in the sterol
biosynthesis pathway.

Actually it was established, using genomic DNA from
the M. tuberculosis (MT) H37Rv strain, that the CYP
51-like gene encodes a bacterial sterol 14a-demethylase
(MT P45014DM), which acts on 14a-methyl sterols and
binds known antifungal azole inhibitors of P45014DM.10

Targeting MT P45014DM offers a possibility in drug de-
sign for new antimycobacterial agents. Here we report
the in vitro antimycobacterial activity of compounds
1a–l and 2a–l and a molecular modeling study in order
to rationalize the possible interactions between the syn-
thesized compounds and the active site of 14DM and
verify the agreement between the calculated binding free
energy values of compounds and their MIC values.
2. Chemistry

3-Substituted 5-(pyridin-4-yl)-3H-1,3,4-oxadiazole-2-
thiones 1a–l (Table 1) were prepared (Scheme 1) by
cyclization of isonicotinic acid hydrazide using carbon
disulfide in presence of KOH11 and treatment of the ob-
tained 5-(pyridin-4-yl)-3H-1,3,4-oxadiazol-2-thione 1
with formaldehyde and cyclic amines.

The synthesis of the corresponding 3-substituted 5-(pyri-
din-4-yl)-3H-1,3,4-oxadiazol-2-ones 2a–l (Table 1) was
carried out (Scheme 1) by reaction of cyclic amines
and formaldehyde with 5-(pyridin-4-yl)-3H-1,3,4-oxa-
diazol-2-one 2, which in turn was prepared from isoni-
cotinic acid hydrazide and dimethylcarbamyl chloride,
according to the previously proposed method.12
3. Results and discussion

A series of 1,3,4-oxadiazole-2-thione 1a–l and 1,3,4-oxa-
diazol-2-one 2a–l derivatives have been synthesized
with the aim to evaluate their antimycobacterial activity
toward a strain of M. tuberculosis H37Rv sensitive to
isoniazid.

The results of the in vitro evaluation of antimycobacte-
rial activity of compounds are reported in Table 2. The
oxadiazolone derivatives 2a–l exhibit an interesting
activity against the tested strain, reaching MIC values
of 1.25 lg/mL for compounds 2d and 2f and 2.5 lg/
mL for all other compounds.

However, the antimycobacterial activity the 1,3,4-
oxadiazole-2-thione derivatives 1a–l is very low or ab-
sent. The presence in the active compounds 2a–l of the
carbonyl function seems to be responsible for the great-
est potency of these compounds with respect to the cor-
responding thione derivatives 1a–l. This consideration
and the promising obtained results encourage us to ad-
vance in the design, synthesis and evaluation of new
modified 1,3,4-oxadiazol-2-one derivatives.
As a result of the applied docking procedure, we ob-
tained a common binding mode for both two series of
compounds analyzed in the 14DM active site (see Fig.
1). The active site residues interacting with the inhibitors
consisted 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 B 0, which con-
stitutes the dome of the active site (see Fig. 2). In parti-
cular, all hydrophobic substituents find location in a
hydrophobic subsite above the heme ring. The residues
lining the subsite included the side chains of Q72, A73,
A75, Y76, M79, F83, M99, L100, A256, L321, V434,
and V435. Interestingly, the 17-alkyl side chain of the
substrate lanosterol, the substituted phenyl of azole
inhibitors, and newly synthesized nonazole active com-
pounds were also found to be located in this subsite,
on the basis of crystal structure and docking analy-
sis.16–19 The oxadiazolone ring lies parallel to the heme
group, just above the iron ion, at an average dynamic
distance (ADD) of 5.7 Å, and is favorable encased by
the side chains of aminoacids K97, L100, and H101 on
one side, and P320, L321, and L324 on the other. The
4-pyridine moiety is nicely encased in another subsite,
composed by S148, L152, S252, M253, F255, A256,
G257, and T260. Here, the 4-pyridine N of all com-
pounds H-bonds with the NH of the peptide bond be-
tween A 256 and G 257, with an average dynamic
length (ADL) of 2.89 Å. Further, the ADD between
the N atom of this ring and the conserved threonine of
helix 1, T260, a residue found involved in the substrate
catalytic reaction,20 is only 4.5 Å.

In a similar fashion to what observed for the invariant
OH-group of different lanosterols docked into the pro-
tein active site,21 the double-bonded sulfur and oxygen
atoms of the oxadiazolone moiety do not hydrogen
bond any of the protein atoms, but are located in the
hydrophilic environment of amide nitrogens of I322
and I323. At the same time, however, in the case of all
compounds of series 2, a water molecule forms a duo
of hydrogen bonds to the carbonyl oxygen of the oxazo-
lone ring of the inhibitors (ADL = 2.80 Å) and the –OH
group of the Y76 side chain (ADL = 2.72 Å).

Deeper and more quantitative information about the
forces involved in substrate binding can be obtained
by analyzing the values of the free energy of binding,
DGbind and its components, which are listed in Tables
3 and 4 for the ligands of series 1 and 2, respectively.
For both series of compounds, the intermolecular van
der Waals and the electrostatics are both important con-
tribution to the binding. However, the electrostatic des-
olvation penalty (DGPB) offsets the favorable (negative)
intermolecular electrostatics, yielding an unfavorable
net electrostatic contribution to the binding. Generally
speaking, the scaffold 1,3,4-oxadiazole-2-thione does
not form any persistent hydrogen bond with the sur-
rounding residues, and the intermolecular electrostatics
interactions are accordingly weak. Furthermore, the
desolvation penalty upon binding for this series of mole-
cules is quite large; thereby, the net electrostatic contri-
butions to the binding for these inhibitors are
significantly unfavorable. On the contrary, for series 2



Table 1. Yields and physical data of the synthesized compounds

1a-l 

N

N N

O

X

S

   2a-l 

N

NN

O

X

O

X Compound Yield (%) Mp (�C) Anal. CHN Compound Yield (%) Mp (�C) Anal. CHN

N N

O

1a 38 100 C14H17N5O2S 2a 65 174–176 C14H17N5O3

N N

1b 91 156 C19H21N5OS 2b 34 173–175 C19H21N5O2

N 1ca11,13 40 115 C13H16N4OS 2c14 46 168–170 C13H16N4O2

N
1d 46 100 C14H18N4OS 2d 34 85 C14H18N4O2

N

1e 39 117 C20H22N4OS 2e 25 140 C20H22N4O2

N
1f 43 135 C17H16N4OS 2f 36 154 C17H16N4O2

N O 1ga11,13 41 144 C12H14N4O2S 2g15 81 168–169 C12H14N4O3

N 1h 67 125 C14H18N4OS 2h 48 144–145 C14H18N4O2

N N 1i 38 140 C13H17N5OS 2i15 41 138–140 C13H17N5O2

N
1j11 73 80 C14H18N4OS 2j 59 87–90 C14H18N4O2

N 1k11 90 87 C14H18N4OS 2k 38 65 C14H18N4O2

N S 1l 81 158 C12H14N4OS2 2l 35 153–155 C12H14N4O2S

a These compounds have been described as hydrochlorides.
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inhibitors, despite the somewhat larger unfavorable des-
olvation energy, in harmony with the larger molecular
polarity, the enhanced electrostatic and van der Waals
contribution render these molecules tighter binders. In
details, the mean value of electrostatic energy (DEele

+ DGPB) is 29.8 kcal/mol for series 1 and 25.1 kcal/mol
for series 2, with a root-mean-square deviation (RMSD)
of 2.0 and 2.1 kcal/mol, respectively. For the van der
Waals and hydrophobic interaction energies
(DEvdW + DGNP), the mean values are �46.3 kcal/mol
for series 1 and �47.1 kcal/mol for series 2, with a
root-mean-square deviation of 1.5 and 1.2 kcal/mol,
respectively. The calculated changes in solute entropy,
�TDS, are physically reasonable. The smaller com-
pounds, with their rigid oxadiazolone moiety bound to
an aromatic ring reveal the smallest changes in solute
entropy upon binding, and this value increases both by
increasing the substituent size and by virtue of the pres-
ence of the flexible CH2 joint. More importantly in the
framework of computer-assisted drug design, all calcu-
lated values for the total free energy of binding are in
harmony with the experimentally measured values of
the corresponding MIC (see Table 3). In fact, not only
series 1 possess consistently lower values of binding
affinity with respect of the alternative series 2, but also
there is an excellent agreement in the trend of DGbind

versus MIC within each series of inhibitors.

As an example, Figures 3 and 4 show the last snapshots
of the two most productive binding mode, correspond-
ing to compounds 1d (DGbind = �6.1 kcal/mol) and 2f
(DGbind = �11.5 kcal/mol), respectively. Several favor-
able interactions between the ligands and the enzyme
are clearly shown in these Figures: beside the common
hydrogen bond between the ligand and the receptor,
and, in the case of 2f, the water-mediated H-bridge dis-
cussed above, there are a plethora of favorable van der
Waals and hydrophobic interactions that can justify
the high affinity for the receptor. In the case of com-
pound 1d, for instance, the 3-methyl group of the piper-
idine substituent is in the favorable position of being
parallel with the aromatic side chain of Y76, with an
average separation of 3.8 Å. Moreover, the side chain
methyl groups of L321, Q72, and A73 also make good
van der Waals interactions with the hydrocarbonic part
of the same heterocycle. Utterly similar considerations
can be developed for the analogous compound 2d,
which is ranked as the second best binding inhibitor in
series 2. As concerns compound 2f, Figure 3 reveals a
further, important p–p stabilizing occurring between
the condensed ring substituent of 2f and the phenyl side
chain of Y76, resulting from the parallel-displaced
geometry of these residues. The electronic nature of
the p–p interactions indeed favor the stacking of aro-
matic rings either by parallel displaced (off-center) or
edge-on (T-stacking) geometries, while the face-to-face
geometry is unfavorable (particularly in environments
where there is a low effective dielectric constant), since
the dominant interaction is p-electron repulsion. Such
a face-to-face situation is encountered, for instance, in
compounds 1b,e, and 2b,e resulting in a smaller inhibi-
tory efficacy, as testified both by the calculated DGbind



Table 2. Activity of compounds 1a–l and 2a–l against M. tuberculosis H37Rva

1a-l 

N

N

O

X

S

N

   2a-l 

N

N N

O

X

O

X Compound MIC (lg/mL) Compound MIC (lg/mL)

N N

O

1a 20 2a 2.5

N N

1b 40 2b 2.5

N 1c 40 2c 2.5

N
1d 10 2d 1.25

N

1e 40 2e 2.5

N
1f 40 2f 1.25

N O 1g 40 2g 2.5

N 1h 20 2h 2.5

N N 1i 40 2i 2.5

N
1j 40 2j 2.5

N 1k 40 2k 2.5

N S 1l 40 2l 2.5

aM. tuberculosis H37Rv strain resulted sensitive to isoniazid (5 lg/disk) and ofloxacin (15 lg/disk).
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Figure 1. The structure of a 14DM/drug complex. The heme group

and the ligand are explicitly shown in CPK representation. The water

molecules are shown as lines.

Figure 2. Cartoon of the secondary structural motifs of 14a-sterol
demethylase forming the protein active site. b1–5-B 0 helix (residues 76–

84): purple; meander 1 (residues 87–94): gold; F helix, C-terminus

(residues 172–179): cornflower blue; I helix (residues 249–261): orchid;

b6–1 sheet (residues 321–326): cyan; b6–2 sheet (residues 431–435):

orange. The heme prosthetic group is also shown in atom-colored CPK

representation.
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(�2.2 and �3.6 kcal/mol for compounds 1b,e, and �8.3
and �8.6 for compounds 2b,e, respectively) and the cor-
responding MIC values (see Table 4).
4. Conclusions

The application of a combined of docking/MM-PBSA
free energy of binding calculations allowed us to ratio-
nalize the interactions between the two series of inhibi-
tors and the active site of the 14DM both from a
qualitative and most importantly from a quantitative
point of view. Particularly in the last case, we verified
an agreement between the calculated DGbind values of
all compounds and the correspondent experimental evi-
dences, expressed in terms of MIC. Accordingly, the
models and procedures proposed will be used in the tar-
geted computer-assisted drug design and subsequent
prediction of activity of the new, potential inhibitors
in reasonable length of computer and human time.
5. Experimental

Melting points were determined with a Buchi 510 capil-
lary apparatus, and are uncorrected. Infrared spectra in
Nujol mulls were recorded on a Jasko FT 200 spectro-
photometer. Proton nuclear magnetic resonance (1H
NMR) spectra were determined on a Varian Gemini
200 spectrometer, chemical shifts are reported as d
(ppm) in CDCl3 solution. Reaction courses and product
mixtures were routinely monitored by thin-layer chro-
matography (TLC) on silica gel precoated F254 Merck
plates. ESI-MS spectra were obtained on a PE-API I
spectrometer by infusion of a solution of the sample in
MeOH. Elemental analyses (C, H, N) were performed
on a Carlo Erba analyzer and were within ±0.3 of the
theoretical value.
6. Synthesis

6.1. 3-(4-Acetyl-piperazin-1-ylmethyl)-5-(pyridin-4-yl)-
3H-1,3,4-oxadiazole-2-thione (1a)

To an suspension of 1 g (5.6 mmol) of 5-(pyridin-4-yl)-
3H-1,3,4-oxadiazole-2-thione 1 in 30 mL of absolute
ethanol, 0.72 g (5.6 mmol) of 1-acetylpiperazine were
added. To the stirred suspension 0.45 g (5.6 mmol) of
37% formaldehyde were added dropwise and the reac-
tion mixture was heated under reflux for 24 h. After con-
centration under reduced pressure, the residue was
recrystallized from absolute ethanol affording 1.30 g
(73%) of 1a. Mp 100–102 �C. IR (Nujol, cm�1):
1640, 1123. 1H NMR (CDCl3/TMS): d 2.05 (s, 3H,
CH3), 2.78–2.90 (m, 4H, CH2 pip.), 3.40–3.70 (m, 4H,
CH2 pip.), 5.15 (s, 2H, CH2 exocyclic), 7.78 (d, 2H,
pyr., J = 5.86 Hz), 8.82 (d, 2H, pyr., J = 5.86 Hz). MS:
m/z 320 [MH+]. Anal. Calcd for C14H17N5O2S (MW
319.38): C, 52.65; H, 5.37; N, 21.93. Found: C, 52.48;
H, 5.35; N, 22.07.

6.2. 3-(4-Acetyl-piperazin-1-ylmethyl)-5-(pyridin-4-yl)-
3H-1,3,4-oxadiazol-2-one (2a)

To an aqueous solution of 1 g (6.1 mmol) of 5-(pyridin-
4-yl)-3H-1,3,4-oxadiazol-2-one 2, 0.78 g (6.1 mmol) of
1-acetylpiperazine were added. To the stirred solution
0.5 g (6 mmol) of 37% formaldehyde were added drop-
wise. After addition, the solution was heated under re-
flux for 1 h. Thereafter, the reaction mixture was



Table 3. Free energy components and total binding free energies for compounds 1a–l

1a 1b 1c 1d 1e 1f 1g 1h 1i 1j 1k 1l

DEEL �19.6 �14.4 �12.9 �15.5 �15.6 �13.1 �14.0 �15.6 �12.7 �11.3 �14.1 �13.7

DEvdW �44.6 �44.7 �39.9 �40.8 �44.9 �44.3 �40.5 �39.8 �40.9 �41.3 �40.6 �40.2

DEMM 64.2 �59.1 �52.8 �56.3 �60.5 �57.4 �54.5 �55.4 �53.6 �52.6 �54.7 �53.9

DGNP �4.5 �5.1 �4.1 �4.4 �5.0 �4.6 �4.1 �4.3 �4.3 �4.2 �4.2 �4.1

DGPB 50.3 46.8 42.2 42.3 46.1 45.4 44.2 42.1 43.1 42.0 42.5 43.6

DGsol 45.8 41.7 38.1 37.9 41.1 40.8 40.1 37.8 38.8 37.8 38.3 39.5

DGMM/PBSA �18.4 �17.4 �14.7 �18.4 �19.4 �16.6 �14.4 �17.6 �14.8 �14.8 �16.4 �14.4

TDS 14.3 15.2 12.1 12.3 15.8 12.7 12.0 12.9 12.9 12.6 15.1 12.2

DGbind �4.1 �2.2 �2.6 �6.1 �3.6 �3.9 �2.4 �4.7 �1.9 �2.2 �1.3 �2.2

All values are in kcal/mol.

Table 4. Free energy components and total binding free energies for compounds 2a–l

2a 2b 2c 2d 2e 2f 2g 2h 2i 2j 2k 2l

DEEL �28.4 �20.0 �23.0 �23.7 �21.0 �23.4 �22.7 �23.5 �22.8 �22.5 �24.3 �22.1

DEvdW �44.9 �49.0 �40.5 �40.5 �48.2 �45.0 �41.0 �40.1 �41.3 �40.1 �40.6 �40.9

DEMM 73.3 �69.0 �63.5 �64.2 �69.2 �68.4 �63.7 �63.6 �64.1 �62.6 �64.9 �63.0

DGNP �4.5 �5.0 �4.1 �4.4 �5.0 �4.5 �4.2 �4.3 �4.4 �4.1 �4.2 �4.1

DGPB 54.6 50.7 47.0 46.2 50.5 49.3 47.2 46.5 47.2 45.8 46.2 47.7

DGsol 50.1 45.7 42.9 41.8 45.5 44.8 43.0 42.2 42.8 41.7 42.0 43.6

DGMM/PBSA �23.2 �23.3 �20.6 �22.4 �23.7 �23.6 �20.7 �21.4 �21.3 �20.9 �22.9 �19.4

TDS 14.8 15.0 12.3 12.1 15.1 12.1 12.3 12.6 12.5 12.8 15.2 12.2

DGbind �8.4 �8.3 �8.3 �10.3 �8.6 �11.5 �8.4 �8.8 �8.8 �8.1 �7.7 �7.2

All values are in kcal/mol.

Figure 3. Equilibrated molecular dynamics snapshot of the docked

compound 1d in the active site of 14a-sterol demethylase. The heme

group is shown in atom-colored ball-and-stick, the amino acid in

atom-colored stick and the ligand in pink-colored stick representation.

For the sake of simplicity, only the amino acids pertaining to the

binding site or contacting the ligand are shown. Water molecules and

hydrogen atoms are also omitted for clarity.

Figure 4. Equilibrated molecular dynamics snapshot of the docked

compound 2f in the active site of 14a-sterol demethylase. The heme

group is shown in atom-colored ball-and-stick, the amino acid in

atom-colored stick and the ligand in green-colored stick representa-

tion. For the sake of simplicity, only the amino acids pertaining to the

binding site or contacting the ligand are shown. Only the water

molecule forming an H-bridge between 2f and the protein is shown in

color-line representation; hydrogen atoms are also omitted for clarity.
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cooled at room temperature and washed repeatedly with
chloroform. After washing the organic phase was con-
centrated under reduced pressure and the precipitate
was collected by filtration and recrystallized from etha-
nol to give 1.2 g (65%) of the white solid. Mp 174–
176 �C. IR (Nujol, cm�1): 1770, 1647. 1H NMR
(CDCl3/TMS): d 1.99 (s, 3H, CH3), 2.62–2.75 (m, 4H,
CH2 pip.), 3.38–3.62 (m, 4H, CH2 pip.), 4.70 (s, 2H,
CH2 exocyclic), 7.62 (d, 2H, pyr., J = 6.04 Hz), 8.74
(d, 2H, pyr., J = 6.04 Hz). MS: m/z 304 [MH+]. Anal.
Calcd for C14H17N5O3 (MW 303.32): C, 55.44; H,
5.65; N, 23.09. Found: C, 55.70; H, 5.45; N, 22.87.

The following compounds 1b–l and 2b–l were similarly
obtained. Yields and melting points are reported in
Table 1.
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6.3. 3-(4-Benzyl-piperazin-1-ylmethyl)-5-pyridin-4-yl-3H-
1,3,4-oxadiazole-2-thione (1b)

IR (Nujol, cm�1): 1150. 1H NMR (CDCl3/TMS): d
2.40–2.55 (m, 4H, CH2 pip.), 2.80–2.90 (m, 4H, CH2

pip.), 3.46 (s, 2H, –CH2–Ph), 5.07 (s, 2H, CH2 exocy-
clic), 7.25 (m, 5H arom.), 7.72 (d, 2H, pyr.,
J = 6.10 Hz), 8.76 (d, 2H, pyr., J = 6.10 Hz). MS: m/z
368 [MH+]. Anal. Calcd for C19H21N5OS (MW
367.47): C, 62.10: H, 5.76; N, 19.06. Found: C, 61.95;
H, 5.52; N, 19.31.

6.4. 3-(Piperidin-1-ylmethyl)-5-pyridin-4-yl-3H-1,3,4-
oxadiazole-2-thione (1c)

IR (Nujol, cm�1): 1140. 1H NMR (CDCl3/TMS): d
1.25–1.66 (m, 6H, CH2 pip., H3, H4, H5), 2.65–2.85
(m, 4H, CH2 pip., H2, H6), 5.05 (s, 2H, CH2 exocyclic),
7.76 (d, 2H, pyr., J = 5.86 Hz), 8.78 (d, 2H, pyr.,
J = 5.86 Hz). MS: m/z 277 [MH+]. Anal. Calcd for
C13H16N4OS (MW 276.36): C, 56.50: H, 5.84; N,
20.27. Found: C, 56.73; H, 6.02; N, 20.03.

6.5. 3-(3-Methyl-piperidin-1-ylmethyl)-5-pyridin-4-yl-3H-
1,3,4-oxadiazole-2-thione (1d)

IR (Nujol, cm�1): 1142. 1H NMR (CDCl3/TMS): d 0.85
(d, 3H, CH3), 1.40–1.80 (m, 5H, CH2 and CH pip., H3,
H4, H5), 2.08–3.15 (m, 4H, CH2 pip., H2, H6), 5.07 (s,
2H, CH2 exocyclic), 7.76 (d, 2H, pyr., J = 5.86 Hz),
8.77 (d, 2H, pyr., J = 5.86 Hz). MS: m/z 291 [MH+].
Anal. Calcd for C14H18N4OS (MW 290.38): C, 57.91:
H, 6.25; N, 19.29. Found: C, 57.78; H, 6.49; N, 19.56.

6.6. 3-(4-Benzyl-piperidin-1-ylmethyl)-5-pyridin-4-yl-3H-
1,3,4-oxadiazole-2-thione (1e)

IR (Nujol, cm�1): 1078. 1H NMR (CDCl3/TMS): d
1.15–1.70 (m, 5H, CH2 and CH pip., H3, H4, H5),
2.35–3.18 (m, 4H, CH2 pip., H2, H6), 2.48 (d, 2H,
–CH2–Ph), 5.07 (s, 2H, CH2 exocyclic), 7.06–7.28 (m,
5H, arom.), 7.75 (d, 2H, pyr., J = 5.86 Hz), 8.78 (d,
2H, pyr., J = 5.86 Hz). MS: m/z 367 [MH+]. Anal. Calcd
for C20H22N4OS (MW 366.48): C, 65.55; H, 6.05; N,
15.29. Found: C, 65.31; H, 5.93; N, 15.48.

6.7. 3-(3,4-Dihydro-1H-isoquinolin-2-ylmethyl)-5-pyridin-
4-yl-3H-1,3,4-oxadiazole-2-thione (1f)

IR (Nujol, cm�1): 1161. 1H NMR (CDCl3/TMS): d
2.85–3.20 (m, 4H, N–CH2–CH2 isoquin.), 4.05 (s, 2H,
N–CH2 isoquin.), 5.26 (s, 2H, CH2 exocyclic), 7.0–7.13
(m, 4H, arom. isoquin.), 7.76 (d, 2H, pyr.,
J = 6.10 Hz), 8.79 (d, 2H, pyr., J = 6.10 Hz). MS: m/z
325 [MH+]. Anal. Calcd for C17H16N4OS (MW
324.40): C, 62.94; H, 4.97; N, 17.27. Found: C, 63.15;
H, 4.77; N, 17.45.

6.8. 3-(Morpholin-4-ylmethyl)-5-pyridin-4-yl-3H-1,3,4-
oxadiazole-2-thione (1g)

IR (Nujol, cm�1): 1160. 1H NMR (CDCl3/TMS): d
2.70–2.84 (m, 4H, CH2–N–CH2 morph.), 3.54–3.71 (m,
4H, CH2–O–CH2 morph.), 5.0 (s, 2H, CH2 exocyclic),
7.70 (d, 2H, pyr., J = 5.86 Hz), 8.75 (d, 2H, pyr.,
J = 5.86 Hz). MS: m/z 279 [MH+]. Anal. Calcd for
C12H14N4O4S (MW 278.33): C, 51.78; H, 5.07; N,
20.13. Found: C, 51.91; H, 5.22; N, 19.97.

6.9. 3-(4-Methyl-piperidin-1-ylmethyl)-5-pyridin-4-yl-3H-
1,3,4-oxadiazole-2-thione (1h)

IR (Nujol, cm�1): 1172. 1H NMR (CDCl3/TMS): d
0.87 (d, 3H, CH3), 1.05–1.65 (m, 5H, CH2 and CH
pip., H3, H4, H5), 2.35–3.14 (m, 4H, CH2 pip., H2,
H6), 5.05 (s, 2H, CH2 exocyclic), 7.75 (d, 2H, pyr.,
J = 5.86 Hz), 8.77 (d, 2H, pyr., J = 5.86 Hz). MS: m/z
291 [MH+]. Anal. Calcd for C14H18N4OS (MW
290.38): C, 57.91: H, 6.25; N, 19.29. Found: C, 57.80;
H, 6.42; N, 19.55.

6.10. 3-(4-Methyl-piperazin-1-ylmethyl)-5-pyridin-4-yl-
3H-1,3,4-oxadiazole-2-thione (1i)

IR (Nujol, cm�1): 1177. 1H NMR (CDCl3/TMS): d 2.25
(s, 3H, CH3), 2.36–2.50 (m, 4H, CH2 pip.), 2.80–2.95 (m,
4H, CH2 pip.), 5.07 (s, 2H, CH2 exocyclic), 7.73 (d, 2H,
pyr., J = 6.10 Hz), 8.77 (d, 2H, pyr., J = 6.10 Hz). MS:
m/z 292 [MH+]. Anal. Calcd for C13H17N5OS (MW
291.37): C, 53.59: H, 5.88; N, 24.04. Found: C, 53.67;
H, 6.03; N, 23.80.

6.11. 3-(2-Methyl-piperidin-1-ylmethyl)-5-pyridin-4-yl-
3H-1,3,4-oxadiazole-2-thione (1j)

IR (Nujol, cm�1): 1084. 1H NMR (CDCl3/TMS): d
1.05–1.70 (m, 9H, CH3 and CH2 pip., H3, H4, H5),
2.35–3.15 (m, 3H, CH2 and CH pip., H2, H6), 5.16
(s, 2H, CH2 exocyclic), 7.79 (d, 2H, pyr.,
J = 6.10 Hz), 8.83 (d, 2H, pyr., J = 6.10 Hz). MS: m/z
291 [MH+]. Anal. Calcd for C14H18N4OS (MW
290.38): C, 57.91: H, 6.25; N, 19.29. Found: C, 57.74;
H, 6.49; N, 19.56.

6.12. 3-(Azepan-1-ylmethyl)-5-pyridin-4-yl-3H-1,3,4-
oxadiazole-2-thione (1k)

IR (Nujol, cm�1): 1148. 1H NMR (CDCl3/TMS): d
1.40–1.84 (m, 8H, CH2 azep., H3, H4, H5, H6), 2.97–
3.07 (m, 4H, CH2 azep., H2, H7 ), 5.19 (s, 2H, CH2 exo-
cyclic), 7.79 (d, 2H, pyr., J = 5.86 Hz), 8.79 (d, 2H, pyr.,
J = 5.86 Hz). MS: m/z 291 [MH+]. Anal. Calcd for
C14H18N4OS (MW 290.38): C, 57.91: H, 6.25; N,
19.29. Found: C, 57.79; H, 6.03; N, 19.41.

6.13. 5-(Pyridin-4-yl-3-thiomorpholin-4-ylmethyl)-3H-
1,3,4-oxadiazole-2-thione (1l)

IR (Nujol, cm�1): 1144. 1H NMR (CDCl3/TMS): d
2.50–2.80 (m, 4H, CH2–S–CH2 thiomorph.), 2.90–
3.25 (m, 4H, CH2–N–CH2 thiomorph.) 5.05 (s, 2H,
CH2 exocyclic), 7.76 (d, 2H, pyr., J = 5.86 Hz), 8.80
(d, 2H, pyr., J = 5.86 Hz). MS: m/z 295 [MH+].
Anal. Calcd for C12H14N4OS2 (MW 294.40): C,
48.96: H, 4.79; N, 19.03. Found: C, 49.12; H, 4.58;
N, 19.22.
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6.14. 3-(4-Benzyl-piperazin-1-ylmethyl)-5-pyridin-4-yl-
3H-1,3,4-oxadiazol-2-one (2b)

IR (Nujol, cm�1): 1771. 1H NMR (CDCl3/TMS): d
2.40–2.55 (m, 4H, CH2 pip.), 2.70–2.85 (m, 4H, CH2

pip.), 3.47 (s, 2H, CH2–Ph) 4.72 (s, 2H, CH2 exocyclic),
7.25 (m, 5H, arom.), 7.65 (d, 2H, pyr., J = 6.10 Hz), 8.74
(d, 2H, pyr., J = 6.10 Hz). MS: m/z 352 [MH+]. Anal.
Calcd for C19H21N5O2 (MW 351.40): C, 64.94; H,
6.02; N, 19.93. Found: C, 65.02; H, 5.97; N, 20.03.

6.15. 3-(Piperidin-1-ylmethyl)-5-pyridin-4-yl-3H-1,3,4-
oxadiazol-2-one (2c)

IR (Nujol, cm�1): 1753. 1H NMR (CDCl3/TMS): d
1.24–1.65 (m, 6H, CH2 pip., H3, H4, H5), 2.60–2.75
(m, 4H, CH2 pip., H2, H6), 4.70 (s, 2H, CH2 exocyclic),
7.68 (d, 2H, pyr., J = 5.86 Hz), 8.75 (d, 2H, pyr.,
J = 5.86 Hz). MS: m/z 261 [MH+]. Anal. Calcd for
C13H16N4O2 (MW 260.29): C, 59.99: H, 6.20; N,
21.52. Found: C, 59.80; H, 6.50; N, 21.40.

6.16. 3-(3-Methyl-piperidin-1-ylmethyl)-5-pyridin-4-yl-
3H-1,3,4-oxadiazol-2-one (2d)

IR (Nujol, cm�1): 1790. 1H NMR (CDCl3/TMS): d 0.81
(d, 3H, CH3), 1.35–1.65 (m, 5H, CH2 and CH pip., H3,
H4, H5), 1.80–1.90 (m, 4H, CH2 pip., H2, H6), 4.67 (s,
2H, CH2 exocyclic), 7.67 (d, 2H, pyr., J = 6.04 Hz),
8.75 (d, 2H, CH2 pyr., J = 6.04 Hz). MS: m/z 275
[MH+]. Anal. Calcd for C14H18N4O2 (MW 274.32): C,
61.30; H, 6.61; N, 20.42. Found: C, 61.00; H, 6.53; N,
20.37.

6.17. 3-(4-Benzyl-piperidin-1-ylmethyl)-5-pyridin-4-yl-
3H-1,3,4-oxadiazol-2-one (2e)

IR (Nujol, cm�1): 1778. 1H NMR (CDCl3/TMS): d
1.10–1.80 (m, 5H, CH2 and CH pip., H3, H4, H5),
2.28–3.15 (m, 4H, CH2 pip., H2, H6), 2.50 (d, 2H,
CH2–Ph), 4.71 (s, 2H, CH2 exocyclic), 7.0–7.30 (m,
5H, arom.), 7.65 (d, 2H, pyr., J = 6.04 Hz), 8.70 (d,
2H, pyr., J = 6.04 Hz). MS: m/z 351 [MH+]. Anal. Calcd
for C20H22N4O2 (MW 350.41): C, 68.55; H, 6.33; N,
15.99. Found: C, 68.60; H, 6.29; N, 15.70.

6.18. 3-(3,4-Dihydro-1H-isoquinolin-2-ylmethyl)-5-pyri-
din-4-yl-3H-1,3,4-oxadiazol-2-one (2f)

IR (Nujol, cm�1): 1771. 1H NMR (CDCl3/TMS): d
2.85–3.10 (m, 4H, N–CH2–CH2 isoquin.), 3.95 (s, 2H,
N–CH2 isoquin.), 4.92 (s, 2H, CH2 exocyclic), 7.02–
7.24 (m, 4H, arom. isoquin.), 7.69 (d, 2H, pyr.,
J = 6.10 Hz), 8.75 (d, 2H, pyr., J = 6.10 Hz). MS: m/z
309 [MH+]. Anal. Calcd for C17H16N4O2 (MW
308.33): C, 66.22: H, 5.23; N, 18.17. Found: C, 66.15;
H, 5.26; N, 18.02.

6.19. 3-(Morpholin-4-ylmethyl)-5-pyridin-4-yl-3H-1,3,4-
oxadiazol-2-one (2g)

IR (Nujol, cm�1): 1770. 1H NMR (CDCl3/TMS): d
2.60–2.81 (m, 4H, CH2–N–CH2 morph.), 3.58–3.75 (m,
4H, CH2–O–CH2 morph.), 4.69 (s, 2H, CH2 exocyclic),
7.65 (d, 2H, pyr., J = 5.86 Hz), 8.75 (d, 2H, pyr.,
J = 5.86 Hz). MS: m/z 263 [MH+]. Anal. Calcd for
C12H14N4O3 (MW 262.26): C, 54.96: H, 5.38; N,
21.36. Found: C,54.60; H, 5.30; N, 21.20.

6.20. 3-(4-Methyl-piperidin-1-ylmethyl)-5-pyridin-4-yl-
3H-1,3,4-oxadiazol-2-one (2h)

IR (Nujol, cm�1): 1782. 1H NMR (CDCl3/TMS): d
0.89 (d, 3H, CH3), 1.10–1.68 (m, 5H, CH2 and CH
pip., H3, H4, H5), 2.28–3.05 (m, 4H, CH2 pip., H2,
H6), 4.70 (s, 2H, CH2 exocyclic), 7.65 (d, 2H, pyr.,
J = 6.04 Hz), 8.74 (d, 2H, pyr., J = 6.04 Hz). MS: m/z
275 [MH+]. Anal. Calcd for C14H18N4O2 (MW
274.32): C, 61.30; H, 6.61; N, 20.42. Found: C, 61.52;
H, 6.48; N, 20.49.

6.21. 3-(4-Methyl-piperazin-1-ylmethyl)-5-pyridin-4-yl-
3H-1,3,4-oxadiazol-2-one (2i)

IR (Nujol, cm�1): 1783. 1H NMR (CDCl3/TMS): d 2.24
(s, 3H, CH3), 2.32–2.55 (m, 4H, CH2 pip.), 2.70–2.87 (m,
4H, CH2 pip.), 4.72 (s, 2H, CH2 exocyclic), 7.65 (d, 2H,
pyr., J = 6.10 Hz), 8.74 (d, 2H, pyr., J = 6.10 Hz). MS:
m/z 276 [MH+]. Anal. Calcd for C13H17N5O2 (MW
275.31): C, 56.71; H, 6.22; N, 25.44. Found: C, 56.53;
H, 6.19; N, 25.39.

6.22. 3-(2-Methyl-piperidin-1-ylmethyl)-5-pyridin-4-yl-
3H-1,3,4-oxadiazol-2-one (2j)

IR (Nujol, cm�1): 1780. 1H NMR (CDCl3/TMS): d
1.05–1.80 (m, 9H, CH3 and CH2 pip., H3, H4, H5),
2.30–3.10 (m, 3H, CH2 and CH pip., H2, H6), 4.80
(s, 2H, CH2 exocyclic), 7.68 (d, 2H, pyr.,
J = 6.10 Hz), 8.75 (d, 2H, pyr., J = 6.10 Hz). MS: m/z
275 [MH+]. Anal. Calcd for C14H18N4O2 (MW
274.32): C, 61.30; H, 6.61; N, 20.42. Found: C, 61.51;
H, 6.59; N, 20.36.

6.23. 3-(Azepan-1-ylmethyl)-5-pyridin-4-yl-3H-1,3,4-
oxadiazol-2-one (2k)

IR (Nujol, cm�1): 1781. 1H NMR (CDCl3/TMS): d
1.35–1.80 (m, 8H, CH2 azep., H3, H4, H5, H6),
2.75–3.05 (m, 4H, CH2 azep., H2, H7), 4.78 (s, 2H,
CH2 exocyclic), 7.66 (d, 2H, pyr., J = 6.04 Hz), 8.72
(d, 2H, pyr., J = 6.04 Hz). MS: m/z 275 [MH+].
Anal. Calcd for C14H18N4O2 (MW 274.32): C, 61.30;
H, 6.61; N, 20.42. Found: C, 61.21; H, 6.52; N,
20.48.

6.24. 5-(Pyridin-4-yl-3-thiomorpholin-4-ylmethyl)-3H-
1,3,4-oxadiazol-2-one (2l)

IR (Nujol, cm�1): 1767. 1H NMR (CDCl3/TMS): d
2.60–2.73 (m., 4H, CH2–S–CH2 thiomorph.), 2.92–3.08
(m, 4H, CH2–N–CH2 thiomorph.), 4.70 (s, 2H, CH2

exocyclic), 7.67 (d, 2H, pyr., J = 6.04 Hz), 8.75 (d, 2H,
pyr., J = 6.04 Hz). MS: m/z 279 [MH+]. Anal. Calcd
for C12H14N4O2S (MW 278.33): C, 51.78; H, 5.07; N,
20.13. Found: C, 51.40; H, 5.00; N, 19.87.



3806 M. G. Mamolo et al. / Bioorg. Med. Chem. 13 (2005) 3797–3809
7. Microbiology

Antitubercular activity was evaluated by a new color-
based microdilution method MRA22 on M. tuberculosis
H37Rv reference strain. Briefly, mycobacterium strain
was grown 14 days in complete Middlebrook 7H9 broth,
to a bacterial density of 0.5–1 · 104 cfu/mL. Twofold
dilutions of each tested compound were prepared from
stock solutions (4 lg/mL dimethylsulfoxide) in 96-well
plates in complete 7H9 broth, final compound concen-
trations being 128–0.125 lg/mL. Each bacterial suspen-
sion (20 lL) were added to 180 lL of drug-containing
culture medium. The plates were sealed and incubated
for 7 days at 37 �C; 5 lL resazurin (Sigma–Aldrich,
10 mg/mL sterile water stock solution) were added per
well, coloring blue; plates were allowed to incubate at
37 �C for additional 24 h. Plates were finally read by vi-
sual inspection for color change from blue to pink in live
mycobacterium-containing wells. MIC was defined as
the lowest drug concentration that prevented resazurin
color change. Isoniazid or rifampicin was always in-
cluded as positive control in each experiment; each evalu-
ation was performed in triplicate in duplicate
experiments. Dimethylsulfoxide has been also evaluated
and was always devoided of inhibiting activity up to the
concentration of 2% (v/v).
8. Molecular modeling

All calculations were carried out on a cluster of Silicon
Graphics Octane R12K computers. The starting point
of our simulations was the X-ray structure of cyto-
chrome P450 14a-sterol demethylase (14DM) from
Mycobacterium in complex with 4-phenylimidazole
(PDB entry code 1E9X).18 Hydrogens were added to
the protein backbone and side chains with the PARSEPARSE

module of the AMBER 6.0AMBER 6.0 package.23,24 All ionizable resi-
dues were considered in the standard ionization state at
neutral pH. The PARM94PARM94 version25 of the all-atom AMBERAMBER

force field was applied for protein relaxation, with the
heme model parameters of Paulsen and Ornstein.26

The primary cut-off distance for nonbonded interaction
was set to 12 Å, the cut-off taper for the Coulomb and
van der Waals interactions were 1.2 and 2, respectively.
The GB/SA continuum solvation model27,28 was used to
mimic a water environment. Geometry refinement was
carried out using the SANDERSANDER module via a combined
steepest descent—conjugate gradient algorithm, using
as a convergence criterion for the energy gradient the
root-mean-square of the Cartesian elements of the gra-
dient equal to 0.01 kcal/(mol Å). As expected, no rele-
vant structural changes were observed between the
active site of the 14DM relaxed structure and the origi-
nal 3-D structure.

The model structures of compounds 1a–l and 2a–l were
generated using the Biopolymer module of INSIGHT IIINSIGHT II.29

All molecules were subjected to an initial energy minimi-
zation, again using the SANDERSANDER module of the AMBERAMBER

6.06.0
23,24 suite of programs, with the PARM94PARM94 version25 of

the AMBERAMBER force field. In this case, the convergence
criterion was set to 10�4 kcal/(mol Å). A conformational
search was carried out using a well-validated combined
molecular mechanics/molecular dynamics simulated
annealing (MDSA) protocol.16,30–32 Accordingly, the re-
laxed structures were subjected to five repeated temper-
ature cycles (from 298 to 1000 K and back) using
constant volume/constant temperature (NVT) MD
conditions. At the end of each annealing cycle, the
structures were again energy minimized to converge
below 10�4 kcal/(mol Å), and only the structures corre-
sponding to the minimum energy were used for further
modeling. The atomic partial charges for the geometri-
cally optimized compounds were obtained using the
RESP procedure,33,34 and the electrostatic potentials
were produced by single-point quantum mechanical cal-
culations at the Hartree–Fock level with a 6–31G* basis
set, using the Merz–Singh–Kollman van der Waals
parameters.35,36

The optimized structures of the antimycobacterial com-
pounds were docked into the 14DM active site accord-
ing to a validated procedure,16,31,37 accordingly, it will
be described here only briefly. The software AUTODOCKAUTODOCK

3.03.0
38 was employed to estimate the possible binding ori-

entations of all compounds in the receptor. In order to
encase a reasonable region of the protein surface and
interior volume, centered on the crystallographic identi-
fied binding site, the grids were 60 Å on each side. Grid
spacing (0.375 Å), and 120 grid points were applied in
each Cartesian direction so as to calculate mass-centered
grid maps. Amber 12–6 and 12–10 Lennard–Jones
parameters were used in modeling van der Waals inter-
actions and hydrogen bonding (N–H, O–H, and S–H),
respectively. 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, three
hundred Monte Carlo/Simulated Annealing (MC/SA)
runs were performed, with 100 constant temperature cy-
cles for simulated annealing. For these calculations, the
GB/SA implicit water model27,28 was again used to mi-
mic the solvated environment. The rotation of the angles
/ and u, and the angles of side chains were set free dur-
ing the calculations. All other parameters of the MC/SA
algorithm were kept as default. Following the docking
procedure, all structures of compounds 1a–l and 2a–l
were subjected to cluster analysis with a tolerance of
1 Å for an all-atom root-mean-square (RMS) deviation
from a lower-energy structure representing each cluster
family. In the absence of any relevant crystallographic
information, the structure of each resulting complex
characterized by the lowest interaction energy was se-
lected for further evaluation.

Each best substrate/14DM complex resulting from the
automated docking procedure was further refined in
the AMBERAMBER suite using the quenched molecular dynamics
method (QMD).40 In this case, 100 ps MD simulation at
298 K were employed to sample the conformational
space of the substrate–enzyme complex in the GB/SA
continuum solvation environment.27,28 The integration
step was equal to 1 fs. After each picoseconds, the sys-
tem was cooled to 0 K, the structure was extensively
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minimized, and stored. To prevent global conforma-
tional changes of the enzyme, the backbone of the pro-
tein binding site were constrained by a harmonic force
constant of 100 kcal/Å, whereas the amino acid side
chains and the ligands were allowed moving without
any constraint.

The best energy configuration of each complex result-
ing from the previous step was solvated by adding a
sphere of TIP3P water molecules41 with a 30 Å radius
from the mass center of the ligand with the use of
the cap option of the LEAPLEAP module of AMBER 6.0AMBER 6.0 (see
Fig. 1). The protein complex was neutralized adding
a suitable number of counterions (Na+ and Cl�) in
the positions of largest electrostatic potential, as deter-
mined by the module CIONCION of the AMBER 6.0AMBER 6.0 platform.
The counterions, which had distances larger than 25 Å
from the active site, were fixed in space during all simu-
lations to avoid artifactual long range electrostatic ef-
fects on the calculated free energies. After energy
minimization of the water molecules for 1500 steps,
and MD equilibration of the water sphere with fixed
solute for 20 ps, further unfavorable interactions within
the structures were relieved by progressively smaller
positional restraints on the solute (from 25 to 0 kcal/
(mol Å2) for a total of 4000 steps. Each system was
gradually heated to 298 K in three intervals, allowing
a 5 ps interval per each 100 K, and then equilibrated
for 50 ps at 298 K, followed by 400 ps of data collec-
tion runs, necessary for the estimation of the free en-
ergy of binding (vide infra). After the first 20 ps of
MD equilibration, additional TIP3P water molecules
were added to the 30 Å water cap to compensate for
those who were able to diffuse into gaps of the enzyme.
The MD simulations were performed at 298 K using
the Berendsen coupling algorithm,42 an integration
time step of 2 fs, and the applications of the SHAKESHAKE

algorithm43 to constrain all bonds to their equilibrium
values, thus removing high frequency vibrations. Long-
range nonbonded interactions were truncated by using
a 30 Å residue-based cut-off.

For the calculation of the binding free energy between
14DM and compounds 1a–l and 2a–l in water, a total
of 400 snapshots were saved during the MD data collec-
tion period described above, one snapshot per each 1 ps
of MD simulation. The binding free energy DGbind of
each complex in water was calculated according to the
procedure termed MM/PBSA (Molecular Mechanic/
Poisson–Boltzmann Surface Area) and proposed by
Srinivasan et al.44 Since the theoretical background of
this methodology is described in details in the original
papers by Peter Kollman and his group,45 and the de-
tailed application to 14DM/inhibitor complexes has al-
ready been reported in our previous paper,16 it will be
only briefly described below.

Basically, an MD simulation (typically in explicit sol-
vent) is first carried out which yields a representative
ensemble of structures. The average total free energy
of the system, G, is then evaluated as:
G ¼ G þ G þ E � TS ð1Þ
PB NP MM solute
in which GPB is the polar solvation energy component,
which is calculated in a continuum solvent, usually a fi-
nite-difference Poisson–Boltzmann (PB) model, and GNP

is the nonpolar contribution to the solvation energy,
which can be obtained from the solvent accessible sur-
face area (SA). EMM denotes the sum of molecular
mechanics (MM) energies of the molecule, and can be
further split into contributions from electrostatic
(EEL), van der Waals (EVDW), and internal (EINT)
energies:
EMM ¼ EEL þ EVDW þ EINT ð2Þ

The last term in Eq. 1, TSsolute represents the solute en-
tropy, and is usually estimated by a combination of clas-
sical statistical formulas and normal mode analysis.

Using Eqs. 1 and 2, the binding free energy DGbind of a
given noncovalent association can be obtained as:
DGbind ¼ Gcomplex � ðGprotein þ GligandÞ ð3Þ
The ensemble of structures for the uncomplexed reac-
tants are generated either running separate MD simula-
tions for them or by using the trajectory of the complex,
simply removing the atoms of the protein or ligand. As
reported below, in this work we follow the successful ap-
proach proposed by Kuhn and Kollman,46 and apply
the latter variant. Accordingly, the term EINT in Eq. 2
cancels in the calculations of the free energy of binding.
The Poisson–Boltzmann (PB) calculations were done
with the DELPHIDELPHI package,47 using PARSEPARSE atomic radii48

and Cornell et al. charges,25 with interior and exterior
dielectric constants equal to 1 and 80, respectively.
A grid spacing of 2/Å, extending 20% beyond the
dimensions of the solute, was employed. The nonpolar
component GNP was obtained using the following
relationship:48 Gnp = cSA + b, in which c = 0.00542
kcal/(mol Å2), b = 0.92 kcal/mol, and the surface
area was estimated by means of the MSMSMSMS software.49

There are several approaches to estimate the last
parameter, that is, the change in solute entropy upon
association �TDS, including the normal-mode analy-
sis,50 the quasi-harmonic analysis,51,52 and the quasi-
Gaussian approach.53 Considering that normal mode
has been successfully applied in estimating the binding
entropy for several biological systems,54 in this study
the conformational entropies were calculated through
normal-mode analysis. In the first step of this calcula-
tion, an 8 Å sphere around the ligand was cut out from
an MD snapshot for each ligand–protein complex. This
value was shown to be large enough to yield converged
mean changes in solute entropy. On the basis of the
size-reduced snapshots of the complex, we generated
structures of the uncomplexed reactants by removing
the atoms of the protein and ligand, respectively. Each
of those structures was minimized, using a distance-
dependent dielectric constant e = 4r, to account for sol-
vent screening, and its entropy was calculated using
classical statistical formulas and normal mode analysis.
To minimize the effects due to different conformations
adopted by individual snapshots we averaged the esti-
mation of entropy over 10 snapshots and reported
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the standard error of the mean as a measure of the
variance.
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Lü, J.; Zhu, J. J. Med. Chem. 2000, 43, 2493.

18. Podust, L. M.; Poulos, T. L.; Waterman, M. R. Proc.
Natl. Acad. Sci. U.S.A. 2001, 98, 3068.

19. Ji, H.; Zhang, W.; Zhang, M.; Kudo, M.; Aoyama, Y.;
Yoshida, Y.; Sheng, C.; Song, Y.; Yang, S.; Zhou, Y.; Lü,
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