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Abstract Several cellular disorders have been related to the
overexpression of the cysteine protease cathepsin B (CatB),
such as rheumatic arthritis, muscular dystrophy, osteoporosis,
Alzheimer’s disease, and tumor metastasis. Therefore,
inhibiting CatB may be a way to control unregulated cellular
functions and prevent tissue malformations. The inhibitory
action of 1,2,4-thiadiazole (TDZ) derivatives has been associ-
ated in the literature with their ability to form disulfide bridges
with the catalytic cysteine of CatB. In this work, we present
molecular modeling and docking studies of a series of eight
1,2,4-thiadiazole compounds. Substitutions at two positions
(3 and 5) on the 1,2,4-thiadiazole ring were analyzed, and the
docking scores were correlated to experimental data. A corre-
lation was found with the sequence of scores of four related
compounds with different substituents at position 5. No cor-
relation was observed for changes at position 3. In addition,
quantum chemistry calculations were performed on smaller
molecular models to study the mechanism of inhibition of
TDZ at the active site of CatB. All possible protonation states
of the ligand and the active site residues were assessed. The
tautomeric form in which the proton is located on N2 was
identified as the species that has the structural and energetic

characteristics that would allow the ring opening of 1,2,4-
thiadiazole.
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Introduction

Cysteine proteases comprise a broad superfamily of enzymes
that are involved in the cellular process of protein degradation
and are expressed in organisms ranging from bacteria to
humans [1–5]. There are 11 known lysosomal papain-like
cysteine proteases in humans, which are commonly termed
“cathepsins” [1–5]. Detailed information on and the classifi-
cation of these proteases can be accessed in the Merops
database at http://merops.sanger.ac.uk [6, 7]. Cathepsins can
be characterized as either exopeptidases (cathepsins C, H, and
X) or endopeptidases (cathepsins B, L, S, V, F, K, and W) [4,
8]. Despite the fact that cathepsin B (CatB) is generally
categorized as an endopeptidase, the presence of two His
(110 and 111) units at the limit of sub-site S2′ has been
associated with an ability to act as a C-terminal dipeptidase
[2, 4, 5]. In this process, the flexible chain fragment known as
the “occluding loop” has been reported to play a key role in
the binding at the cleft of the active site [5, 9–11].

The catalytic mechanism of CatB involves a pre-activated
thiolate form of Cys29 derived from the transfer of a proton to
His199, which has its imidazolium ring stabilized by Asn219
[12, 13]. In the first step, the carbonyl of the peptide bond
undergoes nucleophilic attack by the thiolate, resulting in a
tetrahedral intermediate. Subsequently, the C-terminal peptide
leaves the active site and a thioester simultaneously forms
between Cys29 and the N-terminal fragment. The addition
of a water molecule generates a second tetrahedral
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intermediate, which finally undergoes a deacylation process
that releases the N-terminal fragment and reconstitutes the
ionic pair Cys29(−) /His199(+) [14].

CatB is responsible for many biological functions, includ-
ing the degradation of connective tissue proteins [15] and
extracellular matrix components such as collagen type IV,
laminin, and fibronectin [16], and is involved in the activation
of some proteins [15, 16]. Dysfunction of the biological
mechanisms of CatB control can trigger some degenerative
diseases such as rheumatoid arthritis [1], osteoporosis [2],
multiple sclerosis [17, 18], muscular dystrophy [19], and
pancreatitis [20]. In the last few years, CatB has been associ-
ated with the production of neurotoxic β-amyloid peptides
that accumulate in Alzheimer’s disease [21–23], bone metas-
tasis in breast cancer [24], and carcinogenesis in colorectal
cancer [25]. Recently, endosomal CatB was reported to be
used subversively by the highly pathogenic Nipah virus to
activate its fusion protein in the cell-to-cell infection process
[26].

Inhibition of CatB under physiological conditions is ob-
served specifically in peptides of the cystatin superfamily,
which includes stefins, cystatins, and kininogens [5].
Regulation of the CatB activity of these peptides isachieved
through tertiary structural modification of the occluding loop,
during which the catalytic residues remain unaltered but ac-
cess to the active site is impeded by the inhibitor [27]. The pH
dependence of CatB activity and the stabilization of the en-
zyme were recently associated with an allosteric role of hep-
arin [28].

Early reports have demonstrated that inhibition of CatB can
result from the action of small active compounds at the active
site [1–3]. Therefore, CatB has been considered a potential
target for drug development. Several efforts have already been
made to regulate CatB proteolytic activity using small inhib-
itors [29]. In general, the inhibitors tested showed a limited
efficiency in vivo and/or exhibited toxicity [19, 30, 31].
Recently, the selectivity of cathepsins has been under study;
for instance, differences in the network of hydrogen bonds
between CatL, CatL2, CatB, CatK, and CatS have been in-
vestigated [32]. In new attempts to find specific inhibitors of
CatB, 3D-QSAR methods have been applied to
benzenesulfonyl-pyrazol-ester derivatives [33] and to screen
a library of 6-substituted 4-benzylthio-1,3,5-triazin-2(1H)-one
compounds [34]. Other inhibitors that have been proposed are
ruthenium(II) derivatives [35], the antibiotic nitroxoline (a
non-competitive inhibitor) [36], redox-active 4-aminophenol
compounds [37], organotellurium compounds ([38, 39] and
references therein), and a natural compound from the marine
sponge Crella (Yvesia) spinulata [40].

In the work reported in the present paper, we describe the
molecular modeling and theoretical study of a series of eight
1,2,4-thiadiazole derivatives taken from a paper by Leung-
Toung et al. [41]. Compounds in this family can be used to

modulate the activity and selectivity of the enzyme cathepsin
B through substitution at position 3 or 5 on the thiadiazole
ring. As an additional point of interest, the inhibition mecha-
nism involves a series of structural changes involving the
formation of a disulfide and concomitant ring opening. In this
paper, we report the molecular modeling of ligands, docking
studies of complexes, and quantum chemical calculations of
models that were performed to gain further insight into the
molecular mechanism associated with these inhibitory
compounds.

Materials and methods

Docking calculations

Docking calculations were performed using the GOLD suite
of programs [42–44], in which the initial fitness score selected
to evaluate the ligand–protein affinity (GOLDScore) is based
on the Tripos 5.2 force field [45]. The score is calculated as a
summation of selected molecular mechanics terms:

GOLDScore ¼
X

EH�bondþ
X

Eext�vdW þ
X

Eint�vdWþ
X

Eint�torsion;

where EH-bond is the energy of the ligand–protein hydrogen
bond, Eext-vdW is the energy of the ligand–protein van der
Waals interaction, Eint-vdW is the energy of the intraligand
van der Waals interactions, and Eint-torsion is the torsion energy
of the ligand. All the docking calculations included two steps:
an initial step using GOLDScore and then a step involving
rescoring and selection using the ChemPLP (piecewise linear
potential) equation. The details of the ChemPLP equation can
be consulted in [46]. GOLDScore and ChemPLP values are
presented as positive numbers, meaning that the affinity in-
creases as the score increases.

The receptor structures were selected through systematic
analysis of the active sites in 20 crystallographic structures of
CatB deposited in the RCSB Protein Data Bank (PDB) [47].
The codes of the 20 files retrieved are: 1cpj, 1cte, 1the, 2ipp,
1csb, 1qdq, 1sp4, 1ito, 1huc, 2dc6, 2dc7, 2dc8, 2dc9, 2dca,
2dcb, 2dcc, 2dcd, 1gmy, 3cbk, and 3cbj. Seven interatomic
distances were used to characterize the active site of CatB,
(see the “Electronic supplementary material,” ESM). In light
of these measures, the structures were grouped into two sets,
with 1gmy the representative structure for one set [48] and
2dcd the representative structure for the other [49]. Because of
the similarity of the 2dcd epoxy dipeptide ligand to some of
the ligands included in this study, 2dcd was the first structure
selected for the docking calculations. At the start of the study,
the 2dcd receptor was validated by repeating a docking cal-
culation using the original epoxy ligand. This procedure was
performed in order to determine the parameters for the calcu-
lation and to confirm that the molecular complex was
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correctly reproduced by the calculated structure. The confor-
mational search was done within a 10 Å sphere centered on
the S atom of the catalytic Cys29. The evolutionary parame-
ters used were: population size=100, selection pressure=1.1,
island=5, and niche size=2. Cutoff distances were defined as
2.5 Å for H bonds and 4.0 Å for van der Waals contacts. All
docking calculations were performed using the GOLD genetic
algorithm (GA) and involved 100,000 genetic operations (ca.
47.5 % crossovers, 47.5 % mutations, and 5 % migrations).
The procedure determined for 2dcd was reproduced in four
other receptor structures: 2dca, 2dcb, 2dcc [49], and 1gmy
[48].

Themolecular complexes were selected sequentially in two
stages. Firstly, 10 solutions from GA calculations were eval-
uated numerically and graphically and grouped into clusters.
Secondly, the ligand with the most favorable score and con-
formation was used to seed a new docking calculation of 10
GA. This procedure was used to confirm the solution and to
refine the scoring. These latter docking calculations were run
with a scaffold constraint (with a weighting factor of 5) over
the input structure [43]. After evaluating the 10 new solutions,
the ligand–protein complex was finally selected. The ligands
were submitted to an additional study of covalent docking into
the 2dcd receptor in order to explore the conformational
compatibility between the noncovalent and covalent poses in
the active site of CatB. This procedure was done to obtain the
structures of the ligands associated with both situations—
before and after the reaction between the thiol and the TDZ
ring—as a way to evaluate the conformational evolution of the
ligand in the surroundings of the active site. In addition to the
eight ligands of the series, compound (1) was docked in the
tautomeric form T3 (see below).

Molecular modeling of ligands and quantum chemical
calculations

A series of eight compounds reported by Leung-Toung et al.
[41] were modeled from scratch with the program Discovery
Studio Visualizer [50] (Scheme 1). The 1,2,4-thiadiazole ring
was first constructed and the geometry optimized using the
MOPAC2009 [51] program and the PM6 [52] semiempirical
method. Substituents were attached to the ring at the R1 and/or
R2 positions, and the geometry of each structure was then
optimized. In addition, two forms of structure (1) were
modeled, (1a) and (1b), with the thiadiazole ring closed and
opened, respectively. The (1b) form includes an additional
sulfur atom representing the sulfur atom of Cys29, with which
the ligand may react. This is a structural requirement for
covalent docking calculations. The optimized models men-
tioned above were those used in the docking studies.

The final part of the work utilized the structures obtained
from the docking process. A full quantum chemical study of
reduced models of the ligand docked at the active site was

performed. Initially, the catalytic triad Cys29, His199, and
Asn219 (representative of the active site) were modeled. All
atoms in the residues Cys29 and His199 were included. In
addition, both peptide bonds were preserved in the amide
form; that is, a COH moiety attached to the N-terminal side
and an NH2 moiety attached to the C-terminal side. The
residue Asn219 was represented only by its side chain, with
the Cα in methyl form. The coordinates of all main-chain
atoms of Cys29 and His199 were kept frozen in all quantum
chemistry calculations in order to preserve the enzyme con-
formation of the triad. The coordinates of Cα and Cβ in the
Asn219 fragment were fixed with respect to the His199
imidazolium ring, maintaining the free movement of the am-
ide moiety of Asn219. These systems were used for ionic-pair
stability studies, which were done to gain some insight into the
behavior of the triad under the modeling conditions and with
the selected methodology. These quantum chemical calcula-
tions were performed at the DFT level using Gaussian09 [53].
The hybrid functional B3LYP [54–57] and the basis set 6-
31++G** were chosen for this study.

The molecular systems employed for the mechanistic stud-
ies of thiadiazole were built using the complex of the N-(3-
methoxy-1,2,4-thiadiazol-5-yl)-L-leucyl-L-proline methyl es-
ter ligand (1) at the active site of CatB, derived from the
docking studies, as the starting point. The systems included
the catalytic triad and one molecule of the ligand. All possible
protonation states of the ligand were assessed. These calcula-
tions were performed using the density functional theory with
the hybrid B3LYP [54–57] and the meta-hybrid functional
M06 [58], in both cases with the 6-31++G** basis set. The
reason for using the M06 exchange-correlation potential is
that it includes the kinetic energy in the functional, making it
more accurate in general than B3LYP. It has been shown to be
particularly useful for describing noncovalent interactions.
Second derivatives of the energy with respect to the
Cartesian coordinates of the optimized geometries were ana-
lyzed in order to confirm the character of each critical point.

Results and discussion

Receptor structure selection

Twenty crystallographic structures were retrieved from the
RCSB Protein Data Bank (PDB) [46] and seven significant
interatomic distances were measured in order to characterize
the structure of the CatB active site. The results are shown in
Table 1, where the distances are denoted according to the
atoms involved and the residues to which those atoms belong
(in parentheses). The table shows the average and standard
deviation values for a group of eight structures grouped to-
gether under the label “1gmy type,” the values for 1gmy itself,
as well as the average and standard deviation values for a
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group of nine structures identified as “2dcd type” and the
values for 2dcd itself. Three structures presented special de-
viations and were not included in either of the types men-
tioned. The complete table can be consulted in the ESM.

The parameters presented in Table 1 allowed us to organize
the twenty structures selected into two groups. Each group is
associated with its representative PDB entry, either 1gmy or
2dcd. The former structure has been used in several docking
studies since it being deposited at the PDB website. Most
recently, it was referenced by Zhou et al. [33] and Sosič
et al. [34]. Basically, the difference between these two struc-
tural types can be traced to the distance between Cα of
Glu122 and Cα of Asn72, which is ca. 3 Å more in the
2dcd-type structures. This distance can be associated with
the cleft of the S2′ subsite (see [59]), in which Glu122 is in
the so-called occluding loop [9]. This flexible fragment is
displaced in the 2dcd-type structures in order to allow the
binding of the ligand (Fig. 1). While the crystallographic
nitrile ligand of 1gmy does not occupy the S2′ sub-site
(Fig. 1a), the epoxy-dipeptide ligand of 2dcd selectively oc-
cupies this region. As the thiadiazole ligands studied in this
work have moieties that can bind in this region, then the 2dcd
structure was initially chosen for the docking calculations.
The 1gmy, 2dca, 2dcb, and 2dcc receptor structures were
added to the study in order to take into account fluctuations
of the active site. The selection aimed to include three extra
situations in which the original ligand occupies the S2′ subsite
and one situation (1gmy) in which the ligand does not.

The website of the Electron Density Server (EDS) [60]
from Uppsala University, Sweden, was utilized to test the
quality of the structures. For instance, the data for 2dcd were:
resolution 2.50 Å, MapR of 0.194 Å2, and an occupancy-
weighted average temperature factor of 16.9 (7.4) Å2.
Although the Glu122 side-chain density is poorly resolved
in the 2dcd series, the Ramachandran plot indicates that the

main-chain Cα is in its normal position. Additionally, the side
chain of this residue does not interact with the ligands, thus
validating our decision to use these structures in the calcula-
tions. The residue Glu122 is correctly resolved in the 1gmy
structure.

Docking studies

Twenty complexes (solutions) were built for the complete
series in each docking study: ten initial complexes and ten
complexes that were constructed at the refinement stage.
Table 2 shows the values obtained for each ligand in a
noncovalent docking study and the experimentally derived
kinetic constants [41]. For the eight compounds displayed,
the dipeptide moiety selectively occupied the S1′ and S2′
subsites [58] in the five receptor structures studied, demon-
strating a rational family pattern of binding as CatB inhibitors.
In light of these results, it is possible to organize the analyses
of the binding affinity into two sequences: those that differ at
the R1 position (comparison A: compounds (1)–(4)), and
those that differ at the R2 position (comparison B: compounds
(1) and (5)–(8)). Comparison A did not show any clear corre-
lation between the binding scores and the experimental kinetic
constants. This can be rationalized by the assumption that R1
substitution mainly affects the electronic environment of the
thiadiazole ring, and thus the reactivity of the ring compared
with the global structural binding affinity. This position was
named the “reactivity tuner” by Leung-Toung et al. [41]; as
the substituent at this position controls ring opening. The
location of this position in the complexes means that substit-
uents at this position are exposed to the solvent in the outer
region of the active site. In this case, the solvent may influence
the final experimental free energy values, so the docking
scores will not correctly reproduce the correlation.
Moreover, the strength of the interaction between the sulfur

Group A                                                     

(1) R1 = MeO;    R2 = -NH-Leu-Pro-OH

(2) R1 = phenyl;  R2 = -NH-Leu-Pro-OH

(3) R1 = methyl;  R2 = -NH-Leu-Pro-OH

(4) R1 = HOOC;  R2 = -NH-Leu-Pro-OH

Group B (including (1))

(5) R1 = MeO; R2 = -NHCONH-Leu-Pro-OH

(6) R1 = MeO; R2 = -NHCONH-Leu-isopentyl

(7) R1 = MeO; R2 = -NH-Phe-Cbz

(8) R1 = MeO; R2 = -NH-Ala-Phe-Cbz

Scheme 1 The series of 1,2,4-
thiadiazole derivatives modeled
in the present work. Group A
comprises the compounds that
differ at the R1 position, while
group B comprises the
compounds that differ at the R2
position; note that (1) is included
in both groups
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atom of the ligand and that of Cys29 is certainly influenced by
the substituent at R1. This effect is not taken into account by
the score equations used in this study.

This set of ligands is a family of eight active and very
similar compounds, so it was a challenge to obtain a clear
correlation between the calculated scores and the experimental
kinetic constants. As these compounds are quite similar, the
scoring equation—which is a summation of the optimized
interactions—showed a tendency to increase the baseline of
scoring values with an increasing number of atoms, and thus
overestimate the scores for the larger compounds. This pre-
disposition was also mentioned by Kitchen et al. [61]: “Large
molecules can form many hypothetical interactions in binding
sites and therefore have the tendency to generate better scores
than smaller compounds.” A similar difficulty was recently
reported for a comparison of the scores for leupeptin and
smaller ligands in CatB [62]. Therefore, we can define an
“affinity index,” which is the ChemPLP score divided by the
total number of atoms, and use this to evaluate the overall
affinities of these similar ligands. A slight correlation can be
observed in comparison B when we compare the affinity
indices (Table 2). Depending on the substituent moiety at the
R2 position, the affinity indices follow the sequence (1)>(8)≥
(7)>(6), which is similar to that seen for the constant k, and the
same sequence (1)>(7)≥(8)>(6) is observed for the Kd values
(the lower the value of Kd, the higher the binding energy).
Ligand (5) is very similar to (1) (but with an NHCO moiety
inserted at the R2 position). From the point of view of docking
studies, ligand (5) can be seen as a false positive, because it
shows the second best affinity index but has the lowest exper-
imental activity. No difference in docking results can be seen
between the two tautomers tested for (1): the original ligand
protonated at N6 and the ligand protonated at N3 (which is
denoted in Table 2 as “(1)-T3”).

The inhibition of CatB involves diverse effects ranging
from noncovalent binding to covalent reactivity, so simulating
it and correlating these theoretical results with their corre-
sponding experimental values is a very challenging task.
Despite this, combining different theoretical approximations
can lead to a conceptual convergence towards a greater un-
derstanding of this complex mechanism.

Noncovalent and covalent docking

The set of compounds was studied in two different situations:
before and after the covalent inhibition of the catalytic cyste-
ine. Therefore, two calculations were performed: a
noncovalent docking (NCD) and a covalent docking (CD).
In the latter, the disulfide bond formed between S1 in each
compound and the SG of Cys29 was added to the ligand
structure in order to satisfy the requirements of the program.
In NCD, a single binding pattern binding was observed in
which the distance between the sulfurs involved in theT
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covalent inhibition was in the range 3–4 Å (Fig. 2). For (1),
two samples were selected from this original calculation, both
equivalent but with different orientations of the R1 methoxyl
moiety with respect to the plane of the thiadiazole ring (mode1
and mode2). Both samples were refined by performing a new
docking calculation using a scaffold constraint on one of the
mentioned orientations. The docking solutions for mode1
refinement were all coherent with this orientation of the
methoxyl moiety, whereas mode2 refinement showed both
modes among its solutions, and a larger standard deviation
for its score. The statistical weight of mode1 and its lower
standard deviation for its score suggested that we should select
this as the representative orientation. The same conclusion
was reached from the CD solutions; in this docking study,
19 of the 20 complexes presented the mode1 conformation for
the methoxyl moiety. Figure 2 shows the selected complexes
for NCD and CD, both of which are in the mode1
conformation.

As seen in Table 3, the initial favorable interactions are fitted
once covalent inhibition occurs (i.e., the interactions of N6 and
O19). The final protonation state of N6, and its role in the

mechanism, will be discussed later in the “Protonation states of
ligand (1): reactivities of the tautomers” section. The bifurcated
H-bond interaction of HE2_His111 in the NCD, derived in a
more specific H-bond formedwithO19 in the CD. Themethoxyl
moiety linked to the thiadiazole ring moved further away from
Asn72 due to the increased S1···SG distance.

In the investigation of CatB inhibitors with micromolar Kd

values, good fitness is expected at the active site in
noncovalent and covalent conditions. In other words, the
ligand will show coherent conformations that can be accessed
during the mechanism. No large structural torsions of the
receptor and/or ligand are expected to be necessary.
Unfortunately, when using docking methods, we only can
study two stages that may or may not be connected by the
sequence of events in the mechanism under investigation. If
the ligand requires considerable structural adaptation to con-
vert from the noncovalent to the covalent binding mode, this
process will certainly be reflected in a less favorable free
energy compared with ligands that show almost equivalent
binding modes in both stages. The docking methods try to
optimize the interactions in both situations, and thus tend to

a bFig. 1a–b Active-site region of
CatB in the crystallographic
structures of the complexes a
1gmy and b 2dcd. Dashed lines
correspond to interatomic
distances between the Cα atoms
of representative residues

Table 2 Docking study results for ligands (1)–(8). The second to the
sixth columns correspond to average ChemPLP scores over ten solutions.
The seventh and eighth columns refer to the average ChemPLP scores
over all 50 solutions (i.e., five receptor structures × ten each) and the

corresponding the standard deviations. The remaining columns show the
total number of atoms, the affinity index, the second-order kinetic con-
stant k (M−1 s−1) [41], and the noncovalent conversion constant Kd (μM)
[41], respectively

Ligand 2dcd 2dca 2dcb 2dcc 1gmy Average Std_dev N_atm Aff_idx ka Kd

(1) 64.65 57.20 54.34 47.97 52.45 55.32 5.55 44 1.2573 5630 2.6

(2) 65.83 65.01 60.71 55.03 57.44 60.80 4.19 50 1.2161 175 74

(3) 59.79 58.68 54.69 49.58 49.26 54.40 4.41 43 1.2651 55 446

(4) 58.45 57.47 52.57 47.76 50.47 53.34 4.08 42 1.2701 293 300

(5) 59.11 59.45 57.55 37.46 59.52 54.62 8.61 48 1.1379 36 390

(6) 43.29 48.84 49.94 41.73 35.74 43.91 5.15 51 0.8609 84 367

(7) 49.68 54.14 54.64 57.45 56.37 54.46 2.67 51 1.0678 658 21

(8) 59.48 64.11 62.66 62.02 58.31 61.32 2.12 61 1.0052 864 37

(1)-T3 60.08 57.60 54.88 47.08 54.92 54.91 4.37 44 1.2480 5630b 2.6b

a k=Ki/Kd

b These are the same values as those presented in the first row
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overestimate the scores of dynamic processes that involve
structural transformations. Table 4 presented the root mean
square deviation (rmsd) values of each ligand in both situa-
tions (NCD and CD) in the receptor 2dcd. In the rmsd AS
column, the values correspond to the superposition of the
selected solutions at the active site. In the rmsd conf column,
the values correspond to the alignment of both conformations.
Only three ligands, with <25 non-H atoms, showed superpo-
sitions at the active site with rmsd AS values of <1.5 Å. These
three ligands presented minor differences in the R1 substitu-
ent. When both conformations of these three ligands are
aligned, the rmsd conf values decrease to ≤1 Å.
Figures showing each ligand superposition at the active site
in receptor 2dcd can be viewed in the ESM. For ligand (5), we
performed a new NCD calculation using a scaffold constraint
with the superposition of the previous CD conformation. In
this case, the ChemPLP score decreased from ca. 60.0 for the
free NCD to ca. 40.0 for the constrained NCD. This result
suggests that the scores for ligands with considerable struc-
tural changes are overestimated.

As (1) was the most interesting inhibitor among the set (it
presented good affinity indices and a reasonable fits and
coherences in both conformations), we calculated the average
GOLDScore for the 50 solutions obtained (10 solutions for
each of 5 receptors). The average GOLDScore for the NCD of
(1) is 52.22. If we use the empirical equation that estimates the
free energy (in kJ mol−1) from the GOLDScore value reported
by Verdonk et al. [44]:

−ΔG ¼ 0:4502⋅GoldScoreþ 9:4891ð Þ;

we obtain an estimated value of ca. −33.0 kJ mol−1. If we
estimate the free energy from the experimental Kd value at
25 °C reported by Leung-Toung et al. [41], the value is
−31.9 kJ mol−1, i.e., in surprisingly good agreement with
our estimated value. The other ligands are, in general,
overestimated. (1) is a selective micromolar inhibitor and a
ligand that showed good fitting and a regular pattern of
binding in all of the docking calculations, so it seems to be a
molecular complex that fits very well to those reported by
Verdonk et al. [44].

Protonation states of ligand (1): reactivities of the tautomers

The molecular systems were built according to the results
from previous docking studies performed with the compound
N-(3-methoxy-1,2,4-thiadiazol-5-yl)-L-leucyl-L-proline meth-
yl ester (1) at the active site of CatB. All molecular systems
included the catalytic triad Cys29, His199, and Asn219 (on
behalf of the active site) as well as one molecule of the ligand.
All possible protonation states were assessed (Fig. 3). All of
the calculations were performed as mentioned in the

Fig. 2 NCD complex of (1)
mode1 (left) and CD complex of
(1) mode1 (right) in the active site
of CatB. Relevant residues are
shown as sticks, ligands as balls
and sticks, and the sulfur atoms
that form the disulfide (S1 and
SG) are depicted in both figures

Table 3 Selected ligand–protein distances (Å) for the NCD and CD
complexes of (1)

Interatomic distance NCD mode1 CD mode1

S1···SG_Cys29 3.62 2.03a

N6···HE21_Gln23 3.20 2.36

N6···HD1_His199 3.20 2.70

C8–CG_Asn72 4.80 5.64

O19···HE2_His111 2.54 1.81

O20···HE2_His111 2.24 2.33

a This distance corresponds to a covalent disulfide bond

Table 4 Root mean square deviations (Å) between the selected confor-
mations during NCD and CD into the 2dcd structure. For each ligand, the
columns represent the rmsd of the superposition at the active site (rmsd
AS), the rmsd of the alignment of both conformations (rmsd conf), and
the total number of non-H atoms considered (N atm)

Ligand rmsd AS rmsd conf N atm

(1) 1.497 1.012 23

(2) 2.745 1.954 27

(3) 1.043 0.698 22

(4) 1.205 0.892 24

(5) 1.960 1.345 26

(6) 2.168 1.822 24

(7) 2.502 2.206 29

(8) 3.642 3.099 34
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“Materials and methods” section, and the optimized geome-
tries were analyzed by means of vibrational frequency
calculations.

Tautomer 1 (T1)

The optimized geometry of the T1 system (see Fig. 4) reached
a conformation in which the thiolate is involved in a hydrogen
bond with N6 (2.469 Å) and the distance between both sulfur
atoms is 4.217 Å. When the starting model (related to the
docked conformation) was compared with the optimized one,
a ΔE value of about 10 kcal mol−1 was observed.

The mechanism suggested by Leung-Toung et al. [41]
requires the protonation of N2 to enable ring opening. In
previous calculations, we observed that this condition is nec-
essary for the ring to remain open, so this system can be
associated with a previous instant during the noncovalent
inhibition stage.

Protonated form

The geometry of the system with the ligand in the protonated
form (see Fig. 5) optimized to a conformation in which the

thiolate achieves a position in which it simultaneously dis-
plays a hydrogen bond with N6 (2.286 Å) and an interaction
with S1 (2.978 Å).

However, this does not result in the opening of the
thiadiazole ring—the proximity of the imidazolium ring
(His199) leads to a repulsion between both positive charges
that appears to prevent the nucleophilic attack. One of the H
atoms (associated with either N6 or His199) must be lost to
enable both sulfurs to approach closely enough to form the
disulfide. AΔE value of approximately 7 kcal mol−1 between
the initial reference conformation and the final optimized
conformation was noted for this process.

Tautomer 2 (T2)

The geometry of the T2 system (see Fig. 6) optimized to a
conformation in which the salt bridge thiolate(−1)–
imidazolium(+1) is maintained while the ligand moves away
from the reactive pair, reaching a distance S–S of 6.894 Å in
the step at which the calculation was stopped. TheΔE of this
process was >20 kcal mol−1.

Tautomer 1 (T1)

H on N6
Tautomer 2 (T2)

H on N4

Tautomer 3 (T3)

H on N2

Protonated

Fig. 3 The four protonation
states of (1) studied in this section

Fig. 4 Schematic representation of the T1 molecular system Fig. 5 Schematic representation of the protonated molecular system
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Tautomer 3 (T3)

The optimization of T3 involved three steps in a possible
mechanism for the inhibition reaction (Fig. 7). The neutral
ligand initially receives a positive charge from the
imidazolium ring through the transfer of a proton to N6. The
protonated ligand then stabilizes by forming a hydrogen bond
with the imidazole ring. The sulfur slowly approaches the
thiolate until, finally, the nucleophilic attack is completed,

leading to a disulfide bond and the neutralization of the whole
molecular system. The structural evolution is shown in Fig. 7,
along with ΔE values that represent the differences in elec-
tronic energy between selected steps during the optimization.

The structural evolution of the T3 system during the se-
quence of events observed is in accord with experimental data
on the inhibition mechanism, in which Cys29 ends up cova-
lently bound to the ligand’s sulfur.

As a consequence of these results, new docking calcula-
tions of (1) were performed using the T3 tautomer form as
ligand. As mentioned in the “Noncovalent and covalent
docking” section, no significant differences were observed,
so we can presume that at the docking level of approximation
employed in the molecular mechanics theory, the resolution of
this system is not sufficient to be able to distinguish among
tautomers.

The energy differences between the steps considered in the
mechanism were confirmed using the M06 functional, which
gave similar results to the previous calculations. The relative
increase in energy obtained using the M06 potential in the
three steps considered in Fig. 7 is slightly higher. The largest
difference between the results obtained with both functionals
is observed for the crucial step in which the TDZ ring opens,
thus enabling the formation of the disulfide bond. This energy
difference amounts to about 60 % of the total energy differ-
ence between the potentials for the whole process. Two
graphics (Fig. 8) were constructed to analyze the structural

Fig. 6 Schematic representation of the T2 molecular system

Fig. 7 The four stages of the
structural transformation during
the process. The calculation was
replicated using two different
functionals, B3LYP and M06
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events that occurred during the process described in this
section. When the sequence of structures that were generated
during the energy optimization was evaluated with the aid of
the intermolecular distances N6–H (from His199) and S1–S
(from Cys29), the process was found to be divisible into two
steps: an initial H transfer and H-bond formation during which
the distance between the sulfurs decreases; then, with the H
bonded to the ligand (charge+), the S of the thiolate attacks S1
of the thiadiazole ring. When this sequence is evaluated with
the aid of the interatomic distances N2–S1 and S1–S, it
becomes clear that the process can be described as a concerted
ring opening that occurs at the same time as disulfide bond
formation.

The system T3 was tested under several dielectric condi-
tions (from heptane to water) using the PCM (polarizable
continuum model) [63] to analyze the sequence of events
observed in vacuum in environments close to those present
inside the enzyme. In this procedure, we tried to simulate
different medium conditions at the active site. Even when
the more hydrophobic model was tested (heptane: ε=1.92),
the protonation of N6 did not occur (first stage in Fig. 7).
When the initial model was protonated manually (second
stage in Fig. 7), the evolution of the system was the same
under vacuum conditions for the dielectric constant (heptane,
ε=1.92; ether, ε=4.34; chlorobenzene, ε=5.62; aniline, ε=
6.89) with the final stage shown in Fig. 7 attained. When the
model was tested using quinoline (ε=9.03), the disulfide did
not form (third stage in Fig. 7). However, when we optimized
the structure with the disulfide and the open ring (final stage in
Fig. 7), the system showed stability even in aqueous condi-
tions (ε=78.39), indicating that the final product can be
achieved in this environment too. In light of these results,
we can conceive that, under enzymatic conditions, the mech-
anism involves an initial energy barrier to the protonation of
the ligand. This is in accord with the mechanism proposed for
cysteine proteases, which involves the transfer of a proton
from His199 to the natural substrate [14]. Disulfide formation

without an intermediate state is feasible up to ε~7, a condition
that may be expected in the internal hydrophobic active sites
found in these enzymes. This confirmation that the system
with the disulfide is stable even under aqueous conditions
demonstrates the reliability of the simulation. The energy
barrier to ligand protonation was estimated for the system
described in the next section.

Ligand (1) inhibition mechanism

In a final study, a new model comprising 140 atoms was
constructed. The ligand was modeled in the T3 tautomeric
form with the carboxylic terminus neutralized to preserve the
overall neutrality of the system. The active site of the enzyme
was represented by adding two residues: the fragment of
Asn72 with both peptidic bonds included as part of the main
chain, and the side chain of Gln23. The former is associated
with the stabilization of N2 and the methoxy substituent of the
ring, and the latter with the stabilization of the Pro moiety of
the ligand and the residues Cys29 and His199.

As can be seen in Fig. 9, the mechanism for Cys29 inhibi-
tion unfolds in a similar manner to the corresponding mech-
anism seen for the smaller systems. With a more complete
representation of the active site, an activation step was ob-
served in which there was a small barrier of ca. 15 kcal mol−1

to proton transfer (Fig. 10), in contrast to the mechanism
observed in vacuum for the smaller systems. The barrier
was estimated by fixing the overall structure and scan-
ning the dihedral value of the proton in relation to
Cys29, relaxing its position at every step. This model-
ing procedure allowed us to simulate the transfer of the
proton in the space between NE of His199 and N6 of
the ligand. The energy profile for the complete evolu-
tion of the system can be observed in Fig. 10.

The evolution of the system involves a small barrier to
proton transfer (Fig. 10a–b). After that, the protonated ligand
inserts into the active site, leading to a very low shoulder in the

Fig. 8 Graphics showing changes in particular interatomic distances (N6–H and S1–S) during the process of molecular transformation (left) and
thiadiazole ring opening (right)
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energy profile (Fig. 10c–d) which is associated with the for-
mation of the disulfide and simultaneous ring opening. At the
end of the curve, the system has adopted its optimized final
structure. Table 5 presents intra- and interatomic distances for
the optimized neutral ligand, protonated ligand, and the

optimized bound ligand, including the final distance between
the sulfur atoms in the (disulfide ligand)–Cys29 bridge
(2.138 Å).

In light of these results, we postulate that the protonated
His199 acts as a trigger to convert the inhibitor molecule into a

Fig. 9a–e Structural evolution of
the system with 140 atoms. a
His199 in the protonated state. b
Proton transfer to the ligand. c
Protonated ligand. d TDZ ring
opening. e Final structure of the
neutralized system
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Fig. 10 Energy profile (kcal/
mol) for the complete evolution of
the system (12 selected steps)
from the optimized neutral ligand
to the optimized final structures,
including the formation of the
(disulfide ligand)–Cys29 bridge.
The letters a–e correspond to the
stages shown in Fig. 9
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more electrophilic target for the thiolate form of Cys29. This
function of donating a proton to the protein chain of a natural
substrate has already been assigned to His199 in the protease
literature [14].

Conclusions

The search for and optimization of potent inhibitors of CatB
and other cysteine proteases that provide therapeutic targets is
a research field in which any new information is most wel-
come. The application of docking methods to thiadiazole
derivatives and related compounds in CatB is a valuable
approach considering the high quality of the theoretical com-
plexes generated. The statistical values and affinity indices
derived from multiple solutions for multiple receptor struc-
tures appear to be more useful than the best score value
obtained unless the structure associated with this score is
clearly the solution selected to represent the complex inhibi-
tor–CatB model. When using docking methods for virtual
screening or to study the docking of a specific family of
ligands into CatB, it is important to consider the potential
difficulties when the number of atoms exceeds 45–50. The
conformations obtained with both NCD and CD should be
compared, and it should be checked that both show good
superpositions at the active site. This procedure can help to
avoid the score overestimation observed for ligands with poor
selectivity or those that require considerable torsion. Ligands
that present behavior similar to that observed for (1), a good
affinity index, adequate fits of the NCD and CD conforma-
tions at the active site, and reproducibility in the mode and
pattern of binding for several receptor structures are expected
to be candidates for experimental tests.

Combining docking and quantum chemistry calculations
allowed us to adequately model the systems and to evaluate
the structural and electronic events with the ligand in its

correct orientation (i.e., the orientation that the active site
imposes on the ligand). The calculations pointed to a sequence
of structural events that is initiated by the transfer of a proton
from the charged His199 residue to the ligand. The results of
this work are expected to aid the development of new inhib-
itors of cysteine proteases through virtual screening as they
enhance our theoretical understanding of the electronic con-
ditions needed for disulfide formation and simultaneous open-
ing of the thiadiazole ring.
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