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Abstract—In order to better understand the structural and chemical features of human cathepsin K (CatK), which is an important
cysteine protease in the pathogenesis of osteoporosis, the 3D-QSAR (CoMFA) studies were conducted on recently explored alde-
hyde compounds with known CatK inhibitory activities. The genetic algorithm of GOLD2.2 has been employed to position 59 alde-
hyde compounds into the active sites of CatK to determine the probable binding conformation. Good correlations between the
predicted binding free energies and the experimental inhibitory activities suggested that the identified binding conformations of these
potential inhibitors are reliable. The docking results also provided a reliable conformational alignment scheme for 3D-QSAR model.
Based on the docking conformations, highly predictive comparative molecular field analysis (COMFA) was performed with ¢> value
of 0.723. The predictive ability was validated by some compounds that were not included in the training set. Furthermore, the CoM-
FA model was mapped back to the binding sites of CatK, to get a better understanding of vital interactions between the aldehyde
compounds and the protease. The CoMFA field distributions are in good agreement with the structural characteristics of the bind-
ing groove of the CatK, which suggested that the n-Bu in R4 position is the favor group substitute at P1 and moderate groups in R2
group are required on P2 substitute. In addition, 3D-QSAR results also demonstrated that aldehyde is an important pharmacophore
because of electrostatic effect. These results, together with the good correlations between the inhibitory activities and the binding free
energies predicted by GOLD2.2, demonstrated the power of combining docking/QSAR approach to explore the probable binding
conformations of compounds at the active sites of the protein target, and further provided useful information in understanding the
structural and chemical features of CatK in designing and finding new potential inhibitors.

© 2005 Elsevier Ltd. All rights reserved.

1. Introduction attractiveness of this cysteine protease as a target for

inhibition in diseases characterized by elevated levels

Cathepsin K (CatK, EC 3.4.22.38), a 27-kDa cysteine
protease of the papain superfamily, is an important
extracellular matrix-degrading protease. It is abundantly
and selectively expressed in bone-resorbing osteoclasts.
In the acidic lacunae of bone resorption, a Cys25-S™/
His162-ImH" ion pair will be formed by the thiol and
imidazole side chains of Cys25 and Hisl62. For the
nucleophilic attack of S~ from the ion pair, CatK
cleaves type I collagen at multiple sites, which is the
predominant component of the extracellular matrix
of bone. So, CatK is a pivotal protease in osteoclast-
mediated bone resorption, and it highlights the
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of bone turnover such as osteoporosis."* For this
reason, many kinds of inhibitors against CatK have
been designed, which include nonpeptidic biaryl
compounds, aldehydes and their derivatives, acylic and
cyclic ketones, nonpeptidyl nitriles, epoxysuccinyl ana-
logues, P-lactams, vinyl sulfones, and so on. Some of
them inhibited bone resorption well in vivo.!

Currently, within the research program on cathepsin run
in our laboratory during past few years, preliminary
studies showed that some natural compounds, such as
biflavones, appeared to have an interesting affinity.®
Furthermore, quantum chemistry and dock method
were employed to elucidate their structure—activity rela-
tionship (SAR) as well as binding mode with protein.”
Apparently, the interaction mechanism of the CatK with
its inhibitors would be greatly helpful in discovering
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natural inhibitors for ceasing the function of CatK.
Moreover, some three-dimensional structures of the
CatK itself and its complex with different inhibitors have
been experimentally determined.®® These crystal struc-
tures provided not only insights into the interaction
mechanisms of CatK with the inhibitors, but also valu-
able clues for designing new inhibitors.'®'* Recently,
based on the structural information, Deaton and co-
workers designed and synthesized a series of aldehyde
analogues which mainly interact with nonprimed active
sites of CatK, their inhibitory activities to CatK also
measured.!>!¢ In this paper, with the molecular docking
and 3D-QSAR (CoMFA) analysis it is possible to get
new insights into the relationship between the structural
information of the series of 59 aldehyde inhibitors'>
and the inhibitory potency, aimed at identifying struc-
tural features in CatK that can be used to find new
inhibitors.

2. Computational details
2.1. Biological data and molecular structures

Tables 1 and 3 showed a series of CatK aldehyde inhib-
itors published by Deaton et al. in 2004,'>1¢ which were
divided into a training set and a test set. The training set
consists of 50 compounds and the test set, which was
selected randomly, comprises nine compounds. The
CatK ICsy were converted to plCsy (—logICso,) and
used as dependent variables in the CoMFA calculations.

The 3D structures of these compounds were constructed
by using molecular modeling software package Syb-
yl6.9.17 Partial atomic charges were calculated by the
Gasteiger—Huckel method, and energy minimizations
were performed using the Tripos force field!'® with a dis-
tance-dependent dielectric and the Powell conjugate gra-
dient_algorithm (convergence criterion of 0.001 kcal/
mol A). Atomic coordinates for the CatK complex with
ligand TCO, used for our modeling study, have been
deposited in the Brookhaven Protein DataBank'¢ with
a resolution of 1.8 A (PDB ID:1Q6K).

2.2. Docking studies

To locate the appropriate binding orientations and con-
formations of these aldehyde analogue inhibitors inter-
acting with CatK, a powerful computational searching
method is needed. The advanced molecular docking pro-
gram GOLD, version 2.2,'° which uses a powerful
genetic algorithm (GA) method for conformational
search and docking and being widely regarded as one
of the best docking programs, was employed to generate
an ensemble of docked conformations. The structures of
CatK and aldehyde analogue inhibitors were built using
the Sybyl6.9 molecular modeling software. The original
ligand as well as the water molecules were removed from
the coordinated set. The genetic operators were 100 for
the population size, 1.1 for the selection, 5 for the num-
ber of subpopulations, 100,000 for the maximum num-
ber of genetic applications, and 2 for the size of the
niche used to increase population diversity. The weights

were chosen so that crossover mutations were applied
with equal probability (95/95 for the values) and migra-
tion was applied 5% of the time.

2.3. Prediction of binding free energies

ChemScoring function for predicting binding free ener-
gy encoded in GOLD was applied to evaluate the bind-
ing affinities between CatK and 59 inhibitors. This
scoring function described by Eldridge et al.?%?! esti-
mates the free energy of binding of a ligand to protein
as follows:

AGbinding = AGO + AGhbondShbond + AGmetalSmetal
+ AGlipo'slipo + AGrot[_lroh (1)

where Shpond> Smetal» a0d Sjipo are scores for hydrogen
bonding, acceptor metal, and lipophilic interactions,
respectively. H, is a score representing the loss of con-
formational entropy of the ligand upon binding to the
protein. The AG terms are coefficients derived from a
multiple linear regression analysis on a training set of
82 protein-ligand complexes from the PDB.??

2.4. Structural alignment

Ten conformations were obtained though GOLD for
each ligand and that conformation with the strongest
predicted binding affinity to the CatK was extracted
from the optimized inhibitor—CatK complex. These con-
formations were aligned together inside the binding
pocket of CatK and used directly for CoOFMAs to ex-
plore the specific contributions of electrostatic and steric
effects to the molecular bioactivities.

2.5. CoMFA

Steric and electrostatic interactions were calculated
using the Tripos force field with a distance-dependent
dielectric constant at all intersections in a regular space
(2 A) grid taking an sp’ carbon atom as steric probe and
a +1 charge as electrostatic probe. The cutoff was set to
30 kcal/mol. With standard options for scaling of vari-
ables, the regression analysis was carried out using the
full cross-validated partial least-squares (PLS) methods
of LOO (leave-one-out) and leave-20%-out. The mini-
mum-sigma (column filtering) was set to 2.0 kcal/mol
to improve the signal-to-noise ratio by omitting those
lattice points whose energy variation was below this
threshold. The final model, noncross-validated conven-
tional analysis, was developed with the optimum num-
ber of components to yield a noncross-validated 7>
value.

3. Results and discussion
3.1. Binding conformations of aldehyde inhibitors

In order to determine the probable binding conforma-
tions of these aldehyde inhibitors, the GOLD was used
to dock all compounds into the active sites of CatK.
The docking reliability was validated using the known



X. Pan et al. | Bioorg. Med. Chem. 14 (2006) 2771-2778

2773

Table 1. Structures, experimental activities (pICs), predicted activities (PAs), residuals by CoMFA model, and docking energies of compounds in

the training set

(o]
Tl

R Ry
4
Compound R, R, R3 Ry pICso Predict Residue ChemScore (kJ/mol)
1 Me Me Me H 2.24 2.54 —0.30 —20.43
2 Me Me Me Me 3.70 3.77 —0.07 —21.49
3 Me Me Me Et 4.24 3.70 0.54 —22.52
4 Me Me Me i-Pr 3.80 3.94 —0.14 -22.52
5 Me Me Me Pr 4.42 4.35 0.07 —21.46
6 Me Me Me CH(Me)Et(S) 3.60 3.93 —0.33 —22.86
7 Me Me Me CH(Me)Et(R) 3.89 4.04 —0.15 —22.38
8 Me Me Me CH,C(CH3;=CH,) 4.10 3.93 0.17 -21.85
9 Me Me Me CH,-i-Pr 4.51 4.36 0.15 —22.63
10 Me Me Me CH,tBu 3.60 3.52 0.08 —20.89
11 Me Me Me Bu 4.29 4.24 0.05 —21.71
12 Me Me Me (Z2)CH,CH=CHCHj; 4.39 4.24 0.15 —22.20
13 Me Me Me (E)CH,CH=CHCH; 3.82 3.73 0.09 —21.93
14 Me Me Me CH,C=CCH; 3.39 3.47 —0.08 -22.77
15 Me Me Me n-Pentyl 3.96 4.13 —0.17 —23.41
16 Me Me Me n-Hexyl 4.64 4.78 —0.14 —23.19
17 Me Me Me CH,SEt 4.08 4.12 —0.04 —23.15
18 Me Me Me (CH,),OMe 3.17 3.21 —0.04 —21.18
19 Me Me Me (CH,),SMe 4.11 3.99 0.12 —22.26
20 Me Me Me Ph 4.29 4.28 0.01 —23.05
21 Me Me Me Benzyl 3.96 3.96 0.00 —23.12
22 Me Me Me CH,; cyclohexyl 4.44 4.57 —0.13 —23.44
23 Me Me Me (CH,),cyclohexyl 4.59 4.60 —0.01 —25.52
24 Me Me Me (CH,);Ph 4.82 4.81 0.01 —26.04
25 Me Me Me (CH,);cyclohexyl 4.80 4.72 0.08 —26.98
26 Me Me Me CH,SCH, 4.40 4.44 —0.04 —26.17
27 Me Me Me CH,NHCO,Me 3.43 3.51 —0.08 —20.61
28 Me Me Me (CH,)4,NHCO,Me 4.82 4.80 0.02 —22.56
29 Me Me Me (CH,)4N(H)COCF; 4.39 4.31 0.08 —21.22
30 Me Me Me (CH,)4N(Me)COCF; 4.30 4.31 —0.01 —21.54
31 PhCH, Me Me n-Bu 4.92 5.08 —0.16 —26.95
32 PhCH, (CH,); n-Bu 5.62 5.48 0.14 —26.86
33 PhCH, Et Et n-Bu 5.68 5.76 —0.08 —26.71
34 PhCH, (CHy)4 n-Bu 6.46 6.63 —0.17 —26.62
35 PhCH, (CHy)s n-Bu 5.70 5.53 0.17 —26.25
36 PhCH, Me H n-Bu 5.74 5.75 —0.01 —26.66
37 C¢H;;CH, Me H n-Bu 5.57 5.49 0.08 —26.97
38 PhCH, Et H n-Bu 6.89 6.67 —0.85 —26.85
39 PhCH, n-Pr H n-Bu 5.82 5.82 0.00 —27.88
40 PhCH, i-Pr H n-Bu 6.30 6.41 —0.11 —28.34
41 PhCH, i-Bu H n-Bu 5.19 5.19 0.00 —27.33
42 H Et Et n-Bu 5.40 5.45 —0.05 —23.46
43 H n-Pr n-Pr n-Bu 6.06 6.10 —0.04 —25.46
44 H i-Pr i-Pr n-Bu 6.25 6.44 —0.19 —25.39
45 H i-Bu i-Bu n-Bu 5.96 6.18 —0.22 —25.94
46 Me i-Pr i-Pr n-Bu 5.33 5.32 0.01 —23.20
47 3-MeO-Ph-CH, Me Me n-Bu 5.27 5.19 0.08 —27.97
48 2-Cl-Ph-CH, Me Me n-Bu 5.51 5.37 0.14 —27.64
49 4-CI-Ph-CH, Me Me n-Bu 5.34 5.23 0.11 —26.88
50 3-Thiophenyl-CH, Me Me n-Bu 5.12 4.92 0.20 —27.73

X-ray structure of CatK in complex with a small molec-
ular ligand TCO (Fig. 1). The ligand TCO was redocked
to the binding sites of CatK and the docked conforma-
tion corresponding to the lowest free energies was
selected as the most probable binding conformation.

The GOLD predicted conformation of TCO was
shown in Figure 1 with the superposition of X-ray
crystallographic one in active sites of CatK. The root-
mean-square deviation (RMSD) between these two
conformations is equal to 0.57 A, suggesting that a high
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Table 2. Summary of COMFA results

CoMFA
LOO Leave-20%-out

PLS statistics
¢* (CV correlation coefficient) 0.723 0.713
N (number of components) 6 5
S (standard error of prediction) 0.159 0.189
1? (correlation coefficient) 0.976 0.966
F (F-ratio) 294.58 247
Field distribution (%)
Steric 59.9 65.2
Electrostatic 40.1 34.8
Testing set
#? (correlation coefficient) 0.708
S (standard error of prediction) 0.188

CV, cross-validation; LOO, leave-one-out.

docking reliability of GOLD in reproducing the experi-
mentally observed binding mode for CatK inhibitors
and the parameter set for the GOLD simulation is rea-
sonable to reproduce the X-ray structure. The GOLD
method and the parameter set could be extended to
search the CatK binding conformations for other inhib-
itors accordingly.

Figure 2a shows the 3D model of aldehyde analogues,
and Figure 2b illustrates the probable binding confor-
mational alignment for the 59 aldehyde compounds cho-
sen from the docked conformations according to their
ChemScores. All of the aldehyde compounds are bond-
ed in the active sites of CatK in a similar conformation
of TCO (52) in the X-ray structure cocrystallized with
CatK (Fig. 2), and the common chain structures super-
imposed each other rather well. Based on this set of
binding conformations and their alignment, CoOMFA
was performed.

3.2. Docking study

The predicted binding free energies (AGyinding) Of the
aldehyde analogue to the CatK and the corresponding

Figure 1. Superimposition of docked compound calculated by GOLD
(blue) and X-ray crystallographic (red) conformations of TCO in
active sites of CatK. This figure was rendered with the program
VMD1.83.%

experimental pICsg (—logICsg) values are also listed in
Table 1. A correlation was found between AGhyinding
and the pICsg, via a linear regression analysis, as shown
in Eq. 2 and Figure 3a, the correlation coefficient (%)
being 0.628. This rather good correlation demonstrated
that the binding conformations and binding models of
the aldehyde inhibitors to CatK are reasonable and reli-
able. Therefore, they should be more accurate confor-
mations for CoMFA study than the usual ones by a
manual structural alignment.

AGiinging = —14.802 — 1.996 x pICy, (2)

(N =50, > =0.628, F=81.05, S = 0.221) where S is the
standard error, 2 is the correlation coefficient, and F is
the testing factor of the reliability.

In addition, Figure 3b represents the interaction model
of the docked inhibitor 38 with CatK, as generated with
the program Ligplot.?* There are three hydrogen bonds
formed between inhibitor 38, and the residues Cly66,
Asnl61, and His162 with bond lengths of 2.99, 2.68,
and 2.99 A, supporting the experimental conclusion that
the nonprimed active sites of CatK are sterically very
restricted. More attention should be paid to the phenyl
substitute at R1 which interacts via n—r stacking interac-
tion with the amino acid residue Tyr67 of CatK. So,

Table 3. Structures, experimental activities (pICs,), predicted activities (PAs), residuals by CoMFA model, and docking energies of compounds in

the test set

Dl
£

Compound R, R, R3 Ry pICsq Predict Residue ChemScore (kJ/mol)
51 Me Me Me (CH,);CF3 4.06 4.09 —-0.03 —20.45
52 Me Me Me Cyclohexyl 4.59 3.97 0.62 —23.32
53 Me Me Me (CH,),Ph 4.52 4.52 0.00 —23.83
54 Me Me Me CH,OCH, 4.42 4.42 0.00 —23.88
55 Me Me Me (CH,);N(Me)COCF; 4.54 4.50 0.04 -21.29
56 Ph(CH,), H H n-Bu 3.22 3.16 0.06 —27.42
57 PhCH, H Me n-Bu 4.00 4.14 -0.14 -27.37
58 PhCH, PhCH, H n-Bu 4.15 4.05 0.10 —27.50
59 4-MeO-Ph-CH, Me Me n-Bu 5.54 5.42 0.12 —27.29
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Figure 2. (a) Binding conformations of docked compounds at the
active sites of CatK. (b) Superimposition of 59 aldehyde analogues for
3D-QSAR studies.

three outliers (58, 57, and 56) in the test set (Fig. 3a)
probably exist in the n—= interaction which may be opti-
mistically calculated by ChemScore.

3.3. CoMFA model

Fifty of the 59 aldehyde CatK inhibitors were randomly
picked up as training set for constructing CoFMA mod-
els, the remaining nine used as test set for the model
validation.

PLS analysis was carried out for the 59 binding confor-
mations, and the result is listed in Table 2, which
showed that a CoMFA model with a cross-validated
¢* of 0.723 for six components was obtained. The non-
cross-validated PLS analysis with the optimum compo-
nents of 6 revealed a conventional /* value of 0.976,
F=294.58, and an estimated standard error of 0.159.
The steric field descriptors explain 59.9% of the vari-
ance, while the electrostatic descriptors explain 40.1%.
The predicted activities for the 50 inhibitors versus their
experimental activities with their residues are listed in
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Figure 3. (a) Plots of pICs, versus ChemScore energy for compounds
from the training and the test sets. Training set predictions are
represented with olive filled triangles and test set predictions with
magenta filled circles. (b) Proposed interaction model of inhibitor 38 in
the active sites of CatK, drawn using the Ligplot** program. Broken
lines represent hydrogen bonds and spiked residues formed van der
Waals contacts with the inhibitors.
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Figure 4. Correlation between predicted activities (PA) by CoMFA
models and the experimental pICs, values of training and test sets, blue
filled triangles represent predictions for the training set, while red filled
circles represent predictions for the test set.
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Table 1, the correlation between the predicted activities
and the experimental activities depicted in Figure 4.
Table 1 and Figure 4 demonstrate that the predicted
activities by the constructed CoMFA model are in good
agreement with the experimental data, suggesting that a
reliable CoMFA model was successfully constructed.
Furthermore, the fitness of the model (predictivity of
the model) was computed by the leave-20%-out cross-
validation method, which gave the similar results as
LOO (Table 2).%

The CoMFA result is usually represented as 3D ‘coeffi-
cient contour.” It shows regions where variations of ste-
ric and electrostatic nature in the structural features of
the different molecules contained in the training set lead
to increase or decrease in the activity. The CoMFA ste-
ric and electrostatic fields are presented as contour plots
in Figure 5. To aid in visualization, compound 38 is dis-
played with magenta color in the map as reference struc-
ture. Green-colored regions indicate areas where
increased steric bulk is associated with enhanced CatK
inhibitory activity, and yellow regions suggest areas
where increased steric bulk is unfavorable to activity.
Blue-colored regions show areas where more positively
charged groups are favorable to CatK inhibitory activi-
ty, while red regions represent areas where increased
negatively charged groups are favorable to activity.

The important binding pocket or binding positions S1,
S2, and S3 of CatK described by McGrath et al.® where
corresponding groups from the aldehyde inhibitors can
bind with are depicted in Figure 5. While S1 pocket that
is formed by residues Gly23, Ser24, Gly64, and Gly65 is
characterized as a wall (about 5 A in length), which pre-
fers linear hydrophobic substitutes in this position. The
CoMFA contour maps showed that there are favorable
regions for steric interaction (displayed as green color
contour in Fig. 5a) near the position P1 of compound
38, which explained the experimental results that the

EU209

n-Bu substitute on R4 (11) is better than other substitut-
es, such as Me (2), i-Pr (4), n-pentyl (15), and so on
(Table 1). S2 pocket, which is composed by residues
Tyr67, Met68, Alal34, and Alal63 is more likely a
broad and shallow pocket (about 4 A in depth). Similar-
ly, a broad and shallow region of green contour is dis-
played near the P2 substructure of inhibitor 38 in R2
group, which suggested that more bulky substituents
are favored in these positions. Exactly, the inhibitory
activity of compounds 31 (substituted by Me group),
32 ((CH;)3), 33 (Et), and 34 ((CH,),) is placed in the
ordered as 31 <32<33 <34 which agrees with the
order of substitutes on R2. Moreover, the i-Pr substitute
(40) is more favored than the n-Pr substitute (39)
because i-Pr is more broad than n-Pr. The S3 pocket
consists of a groove that is formed by residues Gly66
and Typ67, where yellow regions are surrounded, sug-
gesting that bulk substitute groups at R1 are disfavored,
which agrees with compound 44 being more active than
46. However, considering the m—m interaction between
Typ67 and aryl substitute at R1 position of ligand, the
aryl substitute on R1 position is better than other substi-
tutes. Moreover, the whole active sites are embedded in
the unfavorable yellow region, suggesting that too bulky
substitutes on R1, R2, R3, and R4 are disfavored, such
as compounds 47-50. So, it is important to pay more
attention to the steric characters of active sites (S1, S2,
and S3 pockets), suggesting there is a definite require-
ment of a substructure with an appropriate shape to
exhibit high activity when we design novel aldehyde
inhibitors of CatK.

The electrostatic contribution to the whole molecular
field is 40.1%. Figure 5b displays the electrostatic con-
tour map of the CoMFA model in combination with
compound 38 and superposition to the active sites of
CatK. An important feature of the CoMFA model is
that the electrostatic contour map is dominated by re-
gions favorable to positive charges. Such large blue

Figure 5. CoMFA contour maps in combination with inhibitor 38: (a) the steric field distribution; (b) the electrostatic field distribution. The inhibitor
is shown in cyan stick. Sterically favored areas in green; sterically unfavored areas in yellow. Positive potential favored areas in blue; positive

potential unfavored areas in red.
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polyhedra regions are mainly observed to be distributed
along the backbone and P2 of compound 38, indicating
that compounds with low electron density are preferred
in the active binding pocket. This is consistent with the
fact that the inhibitor is stabilized by the hydrogen bond
formed by the residues of GIn19 and Gly66, respectively.
It is also explained that substitute of R2 with Et (38)
group is more active than those of i-Pr group (40) and
i-Bu group (45). In addition, there is another blue con-
tour surrounding the conserved catalytic binding cavity
of CatK which is composed by residues of Cys25 and
GIn19. This is consistent with the fact that main active
sites of CatK are oxy-anion hole. There is a red contour
region near the Gly23, which facilitates the hydrogen
bond formed between hydroxyl group of Ser24 and
inhibitors. There is another small red contour region
near His162, which favors the hydrogen bond between
NH group of His162 and inhibitors.

3.4. Validation of the 3D-QSAR models

The nine randomly selected compounds (Table 3) were
used as the test set to verify the constructed CoMFA
models. The calculated results are listed in Table 3 and
displayed in Figure 4 (red circle). The predicted pICsg
with the QSAR models are in good agreement with
the experimental data with a statistically tolerable error
range, with a correlation coefficient of > = 0.708 (Table
2). The test results indicated that the CoMFA model
would be reliably used in new aldehyde inhibitor design
for developing drug leads against osteoporosis.

4. Conclusion

In this work, using the alignment scheme generated from
the docking study, a highly predictive CoOMFA model
was developed on aldehyde CatK inhibitors. The satis-
factory model was obtained with leave-one-out (LOO)
cross-validation ¢ and conventional * values of 0.723
and 0.976, respectively. Both the binding conformations
of 59 aldehyde analogues and their binding free energies
were determined and predicted by molecular docking.
The reliability of the model was verified by the com-
pounds in the test set. The consistency between the
CoMFA field distributions and the 3D topology of the
protein structure showed the robustness of the 3D-
QSAR model. Moreover, the 3D-QSAR results suggest-
ed that the n-Bu in R4 group is the favor group substi-
tute at P1 and moderate groups in R2 group are
required on P2 substitute in order to enhance the inhib-
itory activity of CatK. In addition, 3D-QSAR results
also demonstrated that aldehyde is an important phar-
macophore because of electrostatic effect. These results,
together with the good correlations between the inhibi-
tory activities and the binding free energies predicted
by GOLD, demonstrated the power of combining dock-
ing/QSAR approach to explore the probable binding
conformations of compounds at the active sites of the
protein target, and further provided useful information
in understanding the structural and chemical features
of CatK in designing and finding new potential
inhibitors.
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