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Abstract

Urease (EC 3.5.1.5) serves as a virulence factor in pathogens that are responsible for the development of many diseases in
humans and animals. Urease allows soil microorganisms to use urea as a source of nitrogen and aid in the rapid break down of
urea-based fertilizers resulting in phytopathicity. It has been well established that hydroxamic acids are the potent inhibitors of
urease activity. The 3D-QSAR studies on thirty five hydroxamic acid derivatives as known urease inhibitors were performed by
Comparative Molecular Field Analysis (CoMFA) and Comparative Molecular Similarity Indices Analysis (CoMSIA)
methods to determine the factors required for the activity of these compounds. The CoMFA model produced statistically
significant results with cross-validated (¢%) 0.532 and conventional (r?) correlation coefficients 0.969.The model indicated
that the steric field (70.0%) has greater influence on hydroxamic acid inhibitors than the electrostatic field (30.0%).
Furthermore, five different fields: steric, electrostatic, hydrophobic, H-bond donor and H-bond acceptor assumed to generate
the CoMSIA model, which gave ¢2 0.665 and r2 0.976.This model showed that steric (43.0%), electrostatic (26.4%) and
hydrophobic (20.3%) properties played a major role in urease inhibition. The analysis of CoOMFA and CoMSIA contour maps
provided insight into the possible modification of the hydroxamic acid derivatives for improved activity.

Keywords: Comparative molecular field analysis, comparative molecular similarity indices analysis, leave-one-out,
hydroxamic acid, urease inhibitors

Introduction of ammonia into the atmosphere during urea
fertilization. This further contributes to phytopathic
effect and loss of volatilized nitrogen [7]. The enzyme
also plays a critical role in the nitrogen metabolism of
many microorganisms and plants [6,8]. Therefore,
strategies based on urease inhibition are now seriously
considered as the first line treatment for infections
caused by urease-producing bacteria, to reduce

The nickel containing enzyme, urease (urea amidohy-
drolases: E.C 3.5.1.5) catalyzes the rapid hydrolysis of
urea to form ammonia and carbamate [1]. The
spontaneous decomposition of carbamate yields a
second molecule of ammonia and carbon dioxide.
High concentration of ammonia arising from these
reactions, as well as the accompanying pH elevation,  epyironmental pollution and to enhance the efficiency
has negative side effects in agriculture [2—4] and of urea nitrogen uptake by plants.

health [2,5,6]. For example, urease serves as a Hydroxamic acid derivatives are highly potent and
virulence factor in pathogens that are responsible for  gpecific inhibitors of plant and bacterial urease activity
the development of kidney stones, pyelonephritis, [9,10]. Hydroxamic acid derivatives [R—CONH-

peptic ulcers, and other medical complications [6]. —OH, R—C (OH) =NOH] (HXA) characterized by
The activity of soil-derived urease rapidly degrades a terminal hydroxyl amide (O—=C—NHOH) function-
urea-based fertilizers, causing significant environmen- ality represent an important class of urease inhibitors.

tal and economic problems by releasing large amount  These inhibitors were reported by Kobashi et al.
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in 1962. Since 1962 a wide range of hydroxamic acids
have been designed and examined against urease of
plant and microbial origin, including Jack bean (JB),
Clostridium sordelli, Escherichia coli, Morganella morga-
nit, Proteus mirabilis (PM), Proteus vulgaris, Providene-
cia retrgeri, Staphylococcus aureus and Bacillus pasteurt
(BP) [11-16].

In the present study, 3D-QSAR methods, CoMFA
and CoMSIA, were applied to investigate the local
physicochemical properties involved in the interaction
between ligand and receptor. The widely used CoMFA
(comparative molecular field analysis) calculates steric
and electrostatic properties according to Lennard-Jones
and Coulomb potentials [17]. The powerful CoMSIA
approach (comparative molecular similarity indices
analysis) calculates similarity indices in the space
surrounding each of the aligned molecules in the data
set [18—20]. CoMSIA is believed to be less affected by
changes in molecular alignment and provides smooth
and interpretable contour maps as result of employing
Gaussian type distance dependence with the molecular
similarity indices it uses [18]. The information provided
by the derived 3D-QSAR models from hydroxamic acid
derivatives can be used for designing and synthesis of
potent urease inhibitors.

Computational methods
Data set and molecular structures

The 3D-structures and associated biological activities
pICso (log 1/ICsg) of thirty five compounds (Table I)
were taken from the literature [21]. In the reported
study Kobashi et al. investigated the correlation between
the chemical structure and the inhibitory activities of
hydroxamic acids and related compounds against sword
bean urease. Seven out of thirty five compounds were
randomly selected to form the external validation set
while the remaining were used as training set for the
construction of CoMFA and CoMSIA models.

The three dimensional structure of each ligand was
modeled with the SYBYL 6.9 [22] molecular modeling
program (Tripos Associates, Saint Louis, MO) using
the sketch approach. The fragment libraries in SYBYL
database were used as building blocks for the
construction of larger ones. Each structure was first
energy minimized using the standard Tripos force field
[23] (Powell method and 0.05 Kcal/(molA) energy
gradient convergence criteria) and electrostatic
charges were calculated by the Gasteiger method [24]
implemented in SYBYL, running on AMD Athelon
desktop server using SuSe 9.1 operating system.

Alignment

The molecular alignment and orientation is one of the
most sensitive input areas in 3D-QSAR studies.
The accuracy of the prediction of a CoMFA model
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Table I.  Structure of the compounds 1-35 used for 3D-QSAR
analyses.

R-CONHOH
Compound R pICsq
1 CH;— 6.22
2 C,Hs— 6.25
3 CsHy— 6.34
4 CeHys— 6.51
5 C7H15* 6.51
6 CgHi7— 6.40
7 CoHjo— 6.26
8 CioHz1— 6.08
9 Cl 1H23* 5.77
10 CysHy— 5.04
11* Cy5Hsz— 4.68
12 m-Cl-Ph— 6.37
13 m-NO,—Ph— 6.43
14* m-CH;—Ph— 6.20
15 m-CH;0—Ph— 6.27
16% m-C4HoO—Ph— 6.44
17 m-CgH;30—Ph— 6.15
18* m-C8H17O—Ph— 6.44
19 Ph— 6.43
20 p-Cl—Ph— 6.52
21 p-NO,—Ph— 6.43
22 p-CH;—Ph— 5.96
23 p-OH—Ph— 6.37
24% p-CH;0—Ph— 6.64
25 p»-C4HoO—Ph— 5.74
26 p-C¢H;30—Ph— 5.64
27 p-CgH;O0—Ph— 5.68
28 Ph—CH,— 5.92
29 Ph—CH,—CH,— 6.70
30 4.96
H3C-H2C-H(II-
Ph
*
31 CHs'(I:H'CHz‘ 6.34
Ph
32 'HZC'HZC'HZCIZ 6.00
Ph
33 C4H9—C|:H— 5.05
Ph
*
34 C3H7-(FH-CH2- 5.92
Ph

.07

35 '(i:Hz 5.0
Naph

* Test set compounds, pIC50 = —log ICs,.

and the reliability of the contour maps strongly depend
on the structural coordinates of molecules to be aligned
according to reasonable bioactive conformations. In the
present study the most active compound 29 was
selected as a template and the remaining molecules
were super-imposed on them by atom-fit option in
SYBYL. The structure of compound 29 and the atoms
used for alignment is shown in Figure 1 and the aligned
molecules are shown in Figure 2.
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Figure 1. Structure of compound 29 used as a template on which
all the compounds were superimposed using the atom-fit method;
asterisks indicate the atoms selected for the fitting centers.

Figure 2. Alignment of compounds used to create the 3D-QSAR
models.

CoMEFA analysis

The aligned molecules (1-35) were placed in a three-
dimensional grid (2A spacing) extending atleast 2A
beyond the volumes of all investigated molecules.
The van der Waals potential and Coulombic terms
representing the steric and electrostatic fields respect-
ively were calculated using standard Tripos force field.
A distance-dependent dielectric constant of 1.0 was
used. An sp° carbon atom with + 1.0 charges was used
as a probe atom. The steric and electrostatic fields
were truncated at *30.00 kcal/mol and the electro-
static fields were ignored at the lattice points with
maximal steric interactions.

CoMSIA analysis

The molecular alignment was placed in a three-
dimensional grid (ZA spacing) similar to that of
CoMFA analysis. CoMSIA differs from CoMFA in the
implementation of the fields. It calculates steric and

electrostatic fields, in addition to hydrophobic,
H-bond donor, and H-bond acceptor fields, and it
used Gaussian values. CoMSIA has better ability to
visualize and interpret the obtained correlations in
terms of field contributions.

An sp® carbon was used as a probe atom with radius
1.0A and +1.0 charge with hydrophobicity of +1.0
and hydrogen bond donor and hydrogen bond
acceptor properties of +1.0 was used to calculate
steric, electrostatic, hydrophobic, hydrogen bond
donor and acceptor fields.

Parrial least square (PLS) analysis

CoMFA and CoMSIA descriptors were used as
independent variables and pICs, as the dependent
variables in partial least squares (PLS) [25-27]
regression analyses for the development of 3D-
QSAR model, and cross-validation was performed
using the leave-one-out method [28,29]. The cross-
validated ¢? that resulted in optimum number of
components and lowest standard error of prediction
were considered for further analysis. Final analyses
were performed to calculate conventional (non-cross-
validated) »2_, using optimum number of components

ncv
obtained from cross-validation procedure.

Results and discussion
Results of the CoMEFA analysis

During the processes of model development and
validation, we found that compound 28 did not fit to
either training or test set compounds. This molecule
was removed and further study was performed on the
remaining 34 compounds. The results of CoMFA by
PLS analysis derived from training set compounds are
summarized in Table II which shows that a CoMFA
model with a cross-validated ¢ of 0.532 for six
components was obtained. The non-cross-validated
PLS analysis with the optimum components of 6
(N = 6) revealed a conventional r? value of 0.969,
F=103.996, and an estimated standard error

Table II. Summary of CoMFA and CoMSIA results.

PLS statistics CoMFA CoMSIA

g2 0.532 0.665

r? 0.969 0.976

Standard Error of Estimate 0.117 0.103

F 103.996 135.69

Optimal component 06 06

Outlier 01 01

Field distribution (%)

Steric 70.0% 43.0%

Electrostatic 30.0% 26.4%

Hydrophobic - 20.3%

Hydrogen donor - 6.2%

Hydrogen acceptor - 4.2%
RIGHTS
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Table III.  Actual and predicted inhibitory activities by CoMFA and CoMSIA analyses.

Compound pICs activity CoMFA prediction CoMFA residual CoMSIA prediction CoMSIA residual
1 6.22 6.26 —0.04 6.23 —0.01
2 6.25 6.17 0.08 6.20 0.05
3 6.34 6.31 0.04 6.29 0.05
4 6.51 6.58 —0.07 6.59 —0.08
5 6.51 6.52 —0.01 6.54 —0.03
6 6.40 6.40 0.00 6.38 0.02
7 6.26 6.11 0.15 6.23 0.03
8 6.08 6.08 0.00 6.17 —0.09
9 5.77 5.65 0.09 5.69 0.08
10 5.04 5.02 0.02 5.05 —0.01
11* 4.68 5.04 —0.36 5.04 —0.36
12 6.37 6.43 —0.06 6.38 —0.01
13 6.43 6.33 0.10 6.41 0.02
14* 6.20 6.52 —0.32 6.50 —0.30
15 6.27 6.38 —0.11 6.38 —0.11
16% 6.44 6.41 0.03 6.35 0.09
17 6.15 6.11 0.04 6.12 0.03
18% 5.44 5.77 —0.33 5.89 —0.45
19 6.43 6.42 0.01 6.41 0.02
20 6.52 6.51 0.01 6.54 —0.02
21 6.43 6.45 —0.02 6.43 0.00
22 5.96 6.54 0.06 6.52 0.08
23 6.37 6.37 0.01 6.38 —0.01
24% 6.64 6.34 0.30 6.42 0.22
25 5.74 5.71 0.03 5.81 —0.07
26 5.64 5.38 0.26 5.34 0.30
27 4.68 4.94 —0.26 4.92 —-0.23
28 outlier 5.92 5.51 0.41 4.90 1.02
29 6.70 6.82 —0.11 6.75 —0.04
30 4.96 5.12 —0.16 4.93 0.03
31% 6.34 6.37 -0.03 6.44 —0.10
32 6.00 6.13 —0.12 5.93 0.07
33 5.04 4.97 0.08 5.07 —0.01
34% 5.92 6.13 -0.21 6.14 —-0.22
35 5.07 5.09 —0.02 5.12 —0.05

of 0.117. The steric field descriptors explain 70.0% of
the variance, while the electrostatic descriptors explain
30.0%. These steric and electrostatic contribution
results supported the previously published results [30]
that the effect of electronic character of substituents
have less contribution in inhibitory activities. The
predicted activities, the experimental activities and
their residual for the training and test sets compounds
are listed in Table III. The table demonstrates that the
predicted activities by the constructed CoMFA model
are in good agreement with the experimental data,
suggesting that the CoMFA model should have a
satisfactory predictive ability.

Results of the CoMSIA analysis

The results of CoMSIA analysis for the training set
molecules were presented in Table II. This model gave
cross-validated correlation coefficient ¢ Z = 0.665 with
6 number of components (N = 6), a non-cross-
validated r? of 0.976 with 43.0% steric, 26.4%
electrostatic, 20.3% hydrophobic, 6.2% hydrogen
bond donor and 4.2% hydrogen bond acceptor
contributions. The actual inhibitory activities

(pClIsp), the calculated activities, predicted by the
CoMSIA and their residuals for the training and test
sets are given in Table III. These results demonstrate
that the CoMSIA model also provide a good
predictive value.

CoMFA contour maps

The QSAR produced by CoMFA, with its hundreds
or thousands of terms, was usually represented as 3-D
‘coefficient contour’. It shows regions where variations
of steric or electrostatic nature in the structural
features of different molecules contained in the
training set lead to enhancement or reduction in the
activity. The CoMFA contour plots of steric and
electrostatic interaction are shown in Figure 3.
The most active compound 29 was used in the
background. Sterically favored (green) regions were
found near C3 and C4 of phenyl ring and extending to
the alpha-carbon of the reference compound where
bulkier substituent may increase activity. Two steri-
cally unfavorable (yellow) contours were found one
above C6 of phenyl ring and the other away from
the phenyl ring where the bulkier substituent may
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Figure 3. CoMFA contour plots for steric and electrostatic fields
with compound 29 as a reference compound. Sterically favored
areas are shown in green while the yellow isopleths depict sterically
disfavored areas. Blue isopleths depict areas where positively
charged groups increase activity and red areas indicate increase in
the activity with negatively charged groups.

be detrimental to the activity. After visualizing each
compound in the CoMFA contours it was observed
that the green contours were present around the side
chains of phenyl ring. It showed that the compounds
containing sterically crowded substituents at this
position will show higher activity than others. This
observation is supported by the fact that the activities
of compounds 1-11 are gradually increased as the
steric crowdedness increased. But the activities
increase to a certain limit because there is sterically
unfavored yellow region just opposite the sterically
favored green region. That is why the activity of
compounds 8, 9, 10 and 11 are in the descending
order. These sterically favored and unfavored CoMFA
results are well consistent with the previous published
results [21].

On the electrostatic contour maps (Figure 3) the
negative charge favorable red region was found near
the C1 of phenyl ring of the reference compound. This
indicates that compounds containing electron donat-
ing groups at this position will show increased activity.
This observation is well consistent with the experi-
mental results, for example compound 2 having
proton at this position showed less activity as compare
to compounds 3, 4 and 5 which possess electron rich
aliphatic chains at this position. These observations
are in good agreement with previous published results
[31,32], in which it is proved that electronegative
groups that can interact favorably with nickel ions of
the receptor, will be capable of effectively bind to the
active site. One positive charge favored blue isopleths
were found near metza position of phenyl ring of the
reference compound. This observation is verified by
the experimental results as the activity of compound
13 is greater than compound 14 because it contains
electron donating group (nitro group) at this position.

CoMSIA contour maps

The steric contour maps from the CoMSIA analysis
(Figure 4) are generally in accordance with the
CoMFA steric maps (Figure 3). The contour maps of
hydrophobic properties (Figure 5) indicate that
hydrophobically favored (yellow) and disfavored
(white) regions are around side chain in up and
down positions. This observation is in agreement with
CoMFA steric contour map (Figure 3), that shows the
steric favorable green and unfavorable yellow regions
at the same positions. On the electrostatic contour
maps the negative charge favorable region (red) is very
close to the CoMFA results. The positive charge
favorable blue isopleths were found above alpha
carbon of the reference compound. This observation
is verified by the experimental results such as the
activity of compound 28 is greater than compound 30
because in compound 28 the proton is attached to
alpha carbon whereas in compound 30 the electron
rich alkyl group is present at this position where
negative charge is disfavored. This indicates that more
positive charge is favored at this position which also
support previously published results [33] in which
benzohydroxamic acid at pH 5.0 shows more potent
activity than at pH 8.0. This is because of the reason
that at acidic pH 5.0 the benzohydroxamic acid is in a
positively charged form. In the hydrogen bond donor
and acceptor contour maps the hydrogen bond donor
favorable (cyan) contour (Figure 6) was found near
amido nitrogen and the hydrogen bond acceptor
favorable (magenta) contour (Figure 7) was found
near carbonyl oxygen of hydroxamic group in most of
the compounds. These results highlight the import-
ance of amido nitrogen and carbonyl oxygen as
hydrogen bond donor and acceptor respectively.
The hydrogen bond donor and acceptor disfavorable
regions (purple and red) were observed near hydroxyl
oxygen of hydroxamic group (Figures 6 and 7).

Figure 4. CoMSIA contour plots for steric and electrostatic fields
with compound 29 as a reference compound. Sterically favored
areas are shown in green while the yellow isopleths depict sterically
disfavored areas. Blue isopleths depict areas where positively
charged groups increase activity and red areas indicate increase in
the activity with negatively charged groups.
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Figure 5. CoMSIA contour plots for hydrophobic interaction with
compound 29 as a reference compound. Yellow regions indicate area
where hydrophobic groups increase activity, and white regions
indicate area where hydrophobic groups decrease activity.

This indicates that this hydroxyl group is equally
important as a hydrogen bond donor and acceptor.
These results of hydrogen bond donor and acceptor
property are according to the published data [34]
which further verified our 3D-QSAR models.

Conclusion

The 3D-QSAR analyses, CoOMFA and CoMSIA were
used to build statistically significant models with good
correlative and predictive power for urease inhibitory

Figure 6. The predicted activities versus experimental activities
(pICsp) derived from the CoOMFA model of the training set.
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Figure 7. The predicted activities versus experimental activities
(PICsp) derived from the CoMSIA model of the training set.

activities of the hydroxamic acid derivatives.
The robustness of the derived models was verified by
the test set. Results of this study may provide an
important basis for future drug design studies and
synthesis of more potent urease inhibitors.
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