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Taking as a reference the structural characteristics of a set of compounds that act as jack bean
(Canavalia ensiformis) urease inhibitors, namely, phenylphosphorodiamidate (PPD), N-n-butylthio-
phosphorictriamide (NBPT), and N-n-butylphosphorictriamide (NBPTO), we have studied the
structure—activity relationships of a series of phosphoramide derivatives for which the activity as
urease inhibitors in both in vitro and in vivo assays is known. Molecular modeling studies were carried
out, and the results highlighted the relevance of characteristics such as the presence of intramolecular
hydrogen bonds, the volume of the fragment involved in the enzyme interaction, and the degree of
conformational freedom as well as the HOMO orbital and atomic orbital contributions to the HOMO
orbital, electron density, and PEM distributions on the activity of these compounds as urease inhibitors.
These data, along with the preliminary docking study carried out, allow us to propose a union mode
to the active site of the enzyme for these compounds.
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INTRODUCTION

Urease catalyzes the hydrolysis of urea in the final step of
organic nitrogen mineralization to produce ammonia and
carbamate. The carbamate produced during this reaction spon-
taneously decomposes to give a second molecule of ammonia
and bicarbonate. Under ideal conditions, the ammonia is
converted to ammonium, ready for plant uptake (7). However,
under less than ideal conditions (soil pH <6—6.5) the ammonia
can be lost to the atmosphere. Hydrolysis, the fundamental
property of urea that greatly affects the management of urea as
fertilizer, causes an abrupt overall pH increase, and this is the
major cause of the negative side effects. The release of large
amounts of ammonia into the atmosphere, as well as the plant
damage induced by ammonia toxicity and the increase in soil
pH, leads to significant environmental and economic problems
.

The rapidly increasing importance of urea fertilizer in world
agriculture (urea contains high nitrogen percentage, 46%) has
stimulated research to find methods of reducing the problems
associated with the use of this fertilizer. In this respect,
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increasing attention has been focused on the search for
compounds that will inhibit urease activity, which is more
intense on plant surfaces and organic residues than in soils, and
thereby retard urea hydrolysis when applied to soils in conjunc-
tion with urea fertilizer. The development of urease inhibitors
would lead to a reduction in environmental pollution and to an
enhancement in the efficiency of nitrogen uptake by plants (3).

Urease represents a milestone in biological inorganic chem-
istry because it was the first enzyme to be crystallized (1926)
and the first metalloenzyme to be characterized as a nickel-
containing enzyme (1975) (4). The role of the active site metal
ions, a bimetallic nickel center, and amino acid residues has
been extensively studied but has not been totally elucidated to
date.

Knowledge of the urease active site has been mainly provided
by the crystal structures resolved for ureases from two bacteria,
Klebsiella aerogenes (5) and Bacillus pasteurii (6, 7). The active
site is located in the a subunits in all known ureases (8, 9). In
the center, the nickel(Il) ions (Nil and Ni2) are bridged by a
carbamylated lysine through its oxygen (O) atoms, with Nil
further coordinated by two histidines through their nitrogen (N)
atoms, and Ni2 by two histidines through N atoms as well as
by aspartic acid through its O atom. Furthermore, in the native
enzyme the Ni ions are bridged by a hydroxide ion, which along
with two terminal water molecules (one on Nil and the other
on Ni2) and a third water molecule located toward the opening
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Figure 1. Structures of the urease inhibitors taken as references for the
study carried out for the compounds.

of the active site, completes a tetrahedral cluster of solvent
molecules that fill the active site cavity. It is this cluster that
urea replaces when binding to the active site for the reaction.
The fact that the crystallized ureases have an almost superim-
posable active site implies that this unit is common to all ureases,
including jack bean urease (JBU), the crystal structure of which
has not been resolved to date. The sequence of JBU (/0) is
closely related to the sequence of all bacterial ureases, suggesting
a common evolutionary origin (/7).

N-(n-Butyl)thiophosphorictriamide (NBPT, Figure 1) is the
most effective compound currently available to retard the
hydrolysis of urea fertilizer in soil and to decrease ammonia
volatilization and nitrite accumulation in soils treated with urea.
NBPT is a poor inhibitor of plant or microbial urease, but
decomposes quite rapidly in soil to form N-(n-butyl)phospho-
rictriamide (NBPTO, Figure 1), which is a potent inhibitor of
urease activity (/2—15). Another phosphoric amide derivative,
phenylphosphorodiamidate (PPD, Figure 1), was also found to
inhibit urease (/6), albeit in an indirect way.

The NBPTO molecule coordinates the two Ni atoms with a
bidentate geometry. The oxygen atom and one amide group of
the inhibitor molecule are engaged in the formation of a bridge
between the Nil and Ni2 ions. Furthermore, another amide group
of the NBPTO molecule forms a hydrogen bond with one oxygen
atom of the carbamate bridge. The stability of the bidentate complex
is strengthened by the formation of the hydrogen bond; as a result,
the inhibitor molecule hooks the active site at three points: the
two Ni atoms and one oxygen atom in the bridging carbamate
group. This three-point interaction could explain the known
ability of the NBPT molecule to act as a strong urease inhibitor
(7). In this system the lateral alkyl chain can point toward the
cavity opening.

In the case of PPD, it is observed that the actual inhibitor
that binds to the enzyme active site is diamidophosphate (DAP),
the product of the enzymatic hydrolysis of PPD (/8). In the
DAP-inhibited B. pasterurii urease (BPU) structure (18, 19),
the tetrahedral DAP molecule almost perfectly replaces the
cluster of water molecules seen in the native enzyme. In this
way DAP is bound to Nil and Ni2 through one oxygen and
one nitrogen atom, respectively; the second DAP oxygen atom,
which is negatively charged, symmetrically bridges the two
nickel ions, whereas the second nitrogen atom points away
toward the cavity opening. Thus, the DAP binding does not
alter the coordination and overall geometry of the active site.
The probability of urea reaching the Ni ions is greatly reduced
when the active site is locked by the inhibitor molecule.

Recently, we published the synthesis and urease inhibitor
activity for a series of phosphoramide derivatives and also
described the preliminary structure—activity relationships (20).
The syntheses have been carried out by our team (20), according
to methods reported previously. The overall structural variations
carried out in the synthesis process, taking PPD as template,
are shown in Figure 2a.

The urease inhibitory activity was determined in vitro by
measurement of ammonium ions liberated (ionic HPLC) by urea
hydrolysis (by urease enzyme action) for a fixed time, and the
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Figure 2. (a) Overview of structural variations carried out (20) for the
described urease inhibitors, taking PPD (compound reference 1b) as a
template. (b) General structure for the analyzed compounds showing the
bonds (a—e) selected for the conformational analysis.

results are expressed as inhibitory concentration 50 (ICso, Table
1) of the phosphorated derivatives. The most active compounds
(6f, 6k, and 6p) were also tested in in vivo (soils) assays. The
activities in soils with different pH values were determined
versus a control and using NBPT as a reference. The behaviors
of compounds 6f and 6p were comparable to that of NBPT in
neutral soils and in alkaline soils, with these compounds showing
higher values than the reference compound, especially after 30
days of incubation (20).

In the analyzed structures (see Figure 2b for a general
structure) the P=Y moiety (Y = O, S) adopts the function of
DAP’s P—O— moiety, whereas the surrounding nitrogen and/
or oxygen atoms (X = O, NH; Z = O, N) can bind to Nil
and/or Ni2 in a similar way to that observed for DAP. The lateral
chain can be placed in the cavity opening in a similar way to
that proposed for NBPTO. The introduction of alkylic chains
on the terminal nitrogens and/or oxygens was proposed to
modify the connection pattern of these atoms with the Ni ions
as well as with the residues involved in the active site.

In the work described here we carried out a molecular
modeling study on the aforementioned derivatives with the aim
of evaluating the structure—activity relationships to gain an
understanding of the activity shown by such compounds, to
propose its union mode to the urease active site, and to try to
explain the differences in chemical stability detected for some
of the assayed derivatives.

The calculations were performed on a Silicon Graphics
Octane2 workstation provided with the software package
InsightIl 2000 (27), on a Dell Precision 380 workstation,
provided with the software package Discovery Studio v1.7 (22),
and on a Dell Latitude D250 (Windows XP, PC) provided with
the software package HyperChem Professional (23). The con-
formational freedom of the target compounds encouraged us to
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Table 1. Experimental Data for the Analyzed Compounds
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i
R—X—F|> ZR'

ZR'
compd R X Y Z R voltrajec® volLC’ Epowo®  Eiumo® AE (- Qe Q° Q% ICs°(uM)
1a 4-nitrophenyl O O N H 222.40 137.35  —9.974  —0.948 9.027 —0.708  —1.109 —0.980 0.063
1b’ phenyl O O N H 178.09 120.31 —9179 0414 9.593 -0709 —1.113 —0.992 0.003
1c 3,5-dimethylpheny! O O N H 311.07 14893  —9.044  0.461 9.504 -0710 —1.113 —0.978 0.025
1d 4-benzyloxypheny! O O N H 352.76 20282  —8.664  0.337 9.001 —0.706 —1.114 —0.978 0.016
1e 4-methyl-2-nitrophenyl 0 O N H 204.26 152.17 —9.552 —0.840 8.712 —0.696 —1.119 —1.002 na?
2a 4-nitrophenyl O O N CHs nd" nd nd nd nd nd nd nd na
2b 4-nitropheny! O O N CgHg nd nd nd nd nd nd nd nd na
3 4-benzyloxypheny! O S N H 465.40 216.30  —9.129  —0.607 8522 —0.692 —1275 —0.999 16.54
4 2-methylpyridyl NH O O H 184.57 12274  —10416 —0.612 9.804 —0.906 —0.559 —1.012 na
5a 3-methyl-2-pyridyl NH O O CHs nd nd nd nd nd n.d nd nd na
5b 2-benzothiazolyl NH O O CHs; nd nd nd nd nd nd nd nd na
6a bis(2-chloroethyl) N O N H 311.07 151.44  —10.203 1.038 11.241 —0.859 —1.143 —0.997 na
6b 1-adamantyl NH O N H 295.27 161.60  —10.111  1.808 11918 —0920 —1.146 —0.994 256
6c 1-naphthyl NH O N H 262.31 180.58  —8.870  —0.626 8.244 —0.883 —1.143 —0.996 0.53
6d 3-methoxyphenyl NH O N H 238.46 14542  —9.366  —0.054 9.312 —0.888 —1.143 —0.995 557
6e 4-cyclohexylphenyl NH O N H 277.05 202.50 —9.402  0.046 9.448 —0.884 —1.144 —0.993 44.25
6f 4-methyl-2-nitropheny! NH O N H 201.61 156.60  —10.053 —1.286 8.767 —0.853  —1.138 —1.003 0.003
6g 4-benzyloxypheny! NH O N H 409.83 206.17  —9.187  0.041 9.228 —0.884 —1.145 —0.995 35
6h 2,5-dimethoxyphenyl NH O N H 289.82 165.81 —9.047  0.026 9.073 —0.867 —1.148 —0.993 na
6i 4-phenoxyphenyl NH O N H 346.38 19205  —9.169  —0.217 8.952 —0.885 —1.143 —0995 12.98
6j 2-(4-fluorophenyljethyl NH O N H 257.07 155.39  —9.553  —0.151 9.402 —0.926 —1.143 —0.995 0.048
6k 2-benzothiazolyl NH O N H 271.11 15125  —9.049  —0521 8.528 —0.798 —1.135 —0.995 0.002
6l 3-morpholinylpropyl NH O N H 298.19 171.83  —9.501  1.691 11192 —0926 —1.143 —099% 0.71
6m 3-quinolyl NH O N H 264.11 157.03  —9.369 —0.763 8.606 —0.876 —1.138 —0.994 na
6n phenyl NH O N H 195.37 123.61 —9.807 —0.018 9.825 —0.888 —1.144 —0.995 3.63
60 4-nitrophenyl NH O N H 191.03 14229  —9.550 —0.809 8.741 —0.843 —1.131 —0.998 0.30
6p 2-nitropheny! NH O N Hp 242.46 140.51 —9.796 —1.024 8.773 —0.862 —1.137 —0.996 3.0
6q 2-phenylethyl NH O N H 242.27 15233  —9.286  0.560 9.846 —0.932 —1.143 —0.996 0.014
6r 2-trifluoromethoxyphenyl NH O N H 254.50 154.95 —10.131 —0.635 9.496 —0879 —1.141 —0.999 75
6s 2-ethoxycarbonyl-3-thienyl  NH O N H; 24473 156.01 —8769  —0.510 8.259 —0.8278 —1.135 —0.998 na
6t 6-ethoxy-2-benzothiazolyl NH O N Hp 307.37 18870  —8.677  —0.448 8.229 —0.800 —1.136 —0.994 0.005
6u 6-fluoro-2-benzothiazolyl NH O N H 276.13 155.66 ~ —9.076  —0.767 8.310 —0.79%6  —1.133 —0.994 0.005
6v 4-methoxy-2-benzothiazolyl NH O N H; 322.76 174.31 —8.729  —0.506 8.222 —0.798 —1.136 —0.994 0.010
6w 4-methyl-2-benzothiazolyl NH O N Hp 206.06 167.24  —8951  —0.504 8.447 —0799 —1.135 —0.994 0.010
6x 3-nitro-2-pyridyl NH O N H 205.34 136.49  —10.033 —1.435 8.598 —0.778 —1.134 —0.990 0.070
6y 2-difluoromethoxyphenyl NH O N H 272.30 15220  —9.839  —0.442 9.398 —0.870 —1.143 —0.995 20
6z 2-methoxy-4-nitrophenyl NH O N H 281.88 16259  —9.642 —1.152 8.491 —0.822 —1.125 —0.996 0.020
7a 2-benzothiazolyl NH S N H 260.77 166.05  —9.214  —1.069 8.146 —0.814 —1342 —1.009 2.96
7b 4-benzyloxyphenyl NH S N H 448.01 219.65 —9.143  —0.390 8.753 —0902 —133% —1.011 na
7c 3-morpholinylpropy! NH S N H 323.38 185.41 —9.168  —0.067 9.100 —0.953 —1.336 —1.012 na
7d 4-phenoxyphenyl NH S N H 429.27 20536  —9.201  —0.593 8.608 —0.902 —1.332 —1.002 na
Te 2-phenylethyl NH S N H 299.54 165.27 —9.164  —0.029 9.134 —0.954 —1.341 —1.012 13.86
7f 3-methylpyridyl NH S N H 253.99 14623  —9.245 —0.212 9.033 —0951 —1.350 —1.013 4255
NBPTO  n-butyl NH O N H 207.58 11996  —10.171  1.770 11.941 —0.932 —1.144 —0.996 nd
NBPT  n-butyl NH S N H 227.10 11969  —9.177  0.029 9.206 —0.949 —1.332 —1.011 0.10

@ Average volume for conformational trajectory, in A3, > Medium volume for representative lowest conformations (L C), in A%. ©In eV. dCharge on atom. ° See ref 20

for details. "PPD. 9 na, nonactive in biological assay. " nd, not determined.

use, as a template for building the initial conformation, the
geometric data from the crystallographic structure for PPD
(reference PPOSAM), obtained from the Cambridge Structural
Database [CSD (24)]. The rotations selected for this analysis
are summarized in Figure 2b.

In addition, the data collected on the chemical stability for
some of the assayed derivatives in both the in vitro and in vivo
tests allowed us to determine the bond order. According to the
molecular orbital theory, the bond order (bo) is equivalent to
the number of electrons in the antibonding molecular orbital
minus the number of electrons in the bonding molecular orbital
(MO) divided by 2. This parameter can be taken as a quantitative
descriptor for the bond strength and is related to the aforemen-
tioned stability.

The X-ray structure of urease from diamidophosphate-

inhibited B. pasteurii urease [2.0 A resolution, 3ubp reference
entry of the Brookhaven Protein Data Bank, PDB (7, 25)] was

employed as a reference for the studies carried out with the
aim of illustrating the possible union mode for our designed
compounds.

MATERIALS AND METHODS

Molecular Modeling Methods. The initial computational work
(conformational analysis, determination of volumes, orbitals, charge
distribution, and determination of the pattern of intramolecular hydrogen
bonds) was performed on a SiliconGraphics Octane2 workstation
provided with the software package Insightll. The starting atomic
coordinates were obtained from the structurally related Cambridge
Structural Database structure PPOSAM (crystal model for PPD) [CSD
System version 5.26: search and information retrieval with ConQuest
(26) version 1.7; structure visualization with Mercury (27) version 1.3].
The three-dimensional models of the studied compounds were con-
structed, in the vacuum phase, using atoms and structural fragments
from the Builder module (Insightll). The protocol can be summed up
as follows: (a) initial construction of the model; (b) hierarchized
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Table 2. Molecular Orbital Coefficients of HOMO of Representative Compounds
ki T K T K 7
2 | 3 2 ﬁ 3 2 9 3 2 ﬁ 3 2 9 3 2 ﬁ 3
?—O—I‘D—NH2 R—O—I?—NH2 R_H_T_NHZ R_N_ﬁ)_NHZ nBu—N—I?—NHZ nBu—H—I‘:’—NH
NH, NH, NH, NH, NH, NH,
1d 3 ﬁ 7h Nm”l‘ﬂ NRBPT
AO coefficients (for HOMO)
compd AO 1d 3 69 7b NBPTO NBPT
1 2s —0.00037 0.04948 0.00563 0.00023 0.00340 —0.00147
2px —0.00252 0.10062 —0.05995 0.97254 0.22789 —0.91087
2py 0.00136 —0.24081 —0.02534 0.10149 —0.08597 0.34171
2pz —0.00072 0.01786 0.05483 0.02344 —0.20528 —0.09308
2 2s 0.00283 —0.18113 0.03502 0.00132 —0.01128 —0.01778
2px —0.01506 —0.20702 —0.11209 —0.09701 —0.59179 0.07376
2py —0.00263 —0.11567 —0.04308 —0.01172 0.29163 —0.05806
2pz —0.00512 0.18734 0.02896 —0.00011 0.36279 0.04470
3 2s 0.00146 —0.00007 —0.00765 —0.05995 0.00625 —0.04539
2px —0.00289 —0.00078 —0.03119 0.01122 —0.02320 0.03169
2py 0.00055 —0.07038 —0.00532 —0.08030 —0.05432 —0.05065
2pz —0.00321 0.02658 —0.00200 —0.02518 —0.07464 —0.07781

@R = 4-benzyloxyphenyl.

systematic conformational analysis [determination of the rotation-
sensitive bonds; selection of a 30° window to check each selected
dihedron; first filtration, elimination of the conformations that are
indistinguishable by symmetry; second filtration, elimination of con-
formations that present steric impediments; third filtration, calculation
of the energy of conformations and elimination of those conformations
having a relative energy of >10 kcal/mol at a global minimum; fourth
filtration, optimization of the geometry of the conformations and
elimination of those having a relative energy of >10 kcal/mol at a
global minimum; all molecular mechanics calculations carried out using
the consistent valence electrostatic force field Extensible Systematic
Force Field, ESFF (28) (Search and Compare module, InsightII]; (c)
analysis of conformational trajectory (Analysis module InsightIl) and
selection of representative lowest energy conformation [root mean
square (rms) deviations of the structures monitored]; (d) mechano-
quantics optimization of the conformations obtained in the previous
step with the molecular orbital calculations package Mopac [AM1 (29)
and PM3 (30) semiempirical approaches, AMPAC/MOPAC built into
the InsightIl module].

The molecular electrostatic potential (MEP) values of some repre-
sentative derivatives and reference compounds (NBPT, NBPTO, and
PPD) were calculated on a Dell Precision 380 workstation, provided
with the software package Discovery Studio (DS) 1.7., using the
implemented Electrostatic Potential Protocol (EPP). This protocol
calculates the electrostatic potential of a molecule by solving a nonlinear
Poisson—Boltzmann equation using the finite difference method (31),
as implemented in the DS Delphi V4 (32, 33) release 1.1 module. Once
the molecule had been constructed, the optimization of the geometry
of the initial conformations was carried out by applying the Dreiding
minimizer [Dreiding forcefield (34); Steepest Descent algorithm with
a criterion convergence of 10~°]. The potential was calculated on grid
points per side (65 x 65 x 65), and the percentage of box to be filled
was set to 50%. The outer dielectric and the dielectric in the medium
were set to 80.0 and 2.0, respectively. An ionic exclusion radius of 2.0
A, a solvent radius of 1.4 A, and a solvent ionic strength of 0.145 M
were applied. CHARMM (35, 36) charges and radii were used for this
calculation. Values of the electrostatic potential of <—250 were
considered for the comparative analysis of the MEP distribution for
the analyzed derivatives.

Bond Order. This work was performed on a Dell Latitude D250
(Windows XP, PC) provided with the software package HyperChem
Professional. The lowest energy conformations of selected compounds,
obtained after the conformational analyses carried out previously, were
submitted to a new minimization (eigenvector following algorithm, with
a criterion convergence <103 kcal A~' mol™') with the PM3

semiempirical method. The bond order was directly computed for the
selected compounds and evaluated as an approximate quantitative
descriptor for the bond strength.

Active Site Model. The X-ray structure of urease from diami-
dophosphate-inhibited B. pasteurii urease 3ubp (7) was employed to
build (Builder module InsightlI) our active site mode. The key residues
involved in the urea hydrolysis reaction and considered for our model
are His137, His139, Alal70, KCX220 (carbamylated lysine), His249,
His275, His280, His323, Asp363, Ala366, Met367, and the two nickel
ions Nil and Ni2. To achieve an overall charge of zero on the active
site, two histidines were taken as deprotonated. The neutral Nel—H
tautomeric form of the imidazolic ring was chosen for the remaining
two histidines owing to its lower energy (37). According to this
arrangement of the ligands, each nickel ion coordinates two imidazole
rings. The enzyme crystallized in the presence of PPD [ref PDB: 3ubp]
contains the tetrahedral transition-state analogue DAP bound to the two
nickel ions. In the native urease [ref PDB: 2ubp (6, 7)] the ligands of
the nickel atoms are four imidazoles (His249 and His275 interact with
Nil; His137 and His139 with Ni2), one carboxylate (Asp363 coordinat-
ing Ni2), and a water molecule that is coordinated by Ni2 and the
bridging carbamylated lysine (KCX).

Proposal for the Union Mode. The first approach for the proposal
of a union mode for representative compounds in the catalytic site in
the enzyme was constructed by taking the complex DAP—BPU as a
template (3ubp). The representative low-energy conformations obtained
for selected compounds were superimposed through a manual docking
process (Biopolymer module, InsightIl), taking as a superposition pattern
the P—O— moiety on the DAP for P=O, whereas group X was
systematically superimposed onto the rest of the O and/or N atoms of
this molecule in a search for the best orientation of the R group toward
the open cavity of the active center.

RESULTS AND DISCUSSION

Once the models for the compounds had been constructed,
the initial geometries were fully minimized to an energy gradient
below 102 kcal mol ™' A™'. The minimum energy conformers
were superimposed, with the P=Y moiety and the surrounding
nitrogens or oxygens from the central structure taken as adjusting
atoms. The effectiveness of the superimposed models was
evaluated in terms of the rms values obtained. The energy
differences between the different conformations analyzed for
each trajectory were in the range of 2—5 kcal.

With respect to the structural variations that affect the
fragment R, the more active compounds are those that incor-
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Figure 3. Intramolecular hydrogen bond pattern (dotted line) for (a) 1e,
(b) 6f, (c) 6k and (d) 6p low-energy representative conformations.

porate a flat aromatic or heteroaromatic ring, with great
variability possible in terms of the volume of such a ring. In
fact, the data obtained in the conformational analysis show that
some level of biological activity is maintained in the compounds
despite the wide range of overall volumes found (Table 1).
Thus, for the most active compounds (with ICsy < 0.07 uM)
the lowest conformational trajectory volume (178 A3) is obtained
for compound 1b (PPD), with a volume of 120.31 A3 for the
lowest energy conformation, whereas the highest ones cor-
respond to 1d with values of 352.7 A® and 202.8 A3 for the
trajectory and the lowest energy conformation, respectively. This
situation is compatible with our starting hypothesis that these
fragments would arrange in a preferred conformation in which
they were oriented toward the free cavity of the enzyme.

As far as the substituent present in the ring is concerned, it
can be observed that the inhibitory activity is favored by the
presence of groups such as NO, or OCHj located in position 2
of the aryl derivatives (for example, compound 6f or 6z), groups
that are able to participate in intramolecular hydrogen bonds
established between this group and fragment X, when X = NH,
or fragments ZR’, when ZR” = NH,. The formation of these
intramolecular bonds can facilitate the adoption of the most
favorable conformation for the effective interaction with the
active site of the enzyme. Representative low-energy conforma-
tions obtained for 1e (X = O) and 6f (X = NH), aryl compounds
with the substituents NO, and CHj in the 2- and 4-positions,
respectively, for 6k (X = NH), a benzothiazole derivative, and
for 6p (X = NH), an aryl derivative with NO, in the 2-position,

6f 6x 67

(a

(b

Figure 4. Examples of contributions of the intramolecular hydrogen bonds
(dotted line) to the lowest energy conformation in (a) aryl and pyridyl
derivatives (b) benzothiazolyl derivatives.

Ge 3179 &°

Zb G494 A
Figure 5. Comparison of the volumes (average value obtained from the
lowest energy conformations) of the fragment—P(=Y)(NH,),, in relation
to Y (= O, S), shown on a representative low-energy conformation for
the benzyloxy derivatives.

Ld 5150 A 36467 8

are shown in Figure 3. As can be observed, for the inactive
compound 1le the intramolecular hydrogen bonds are preferen-
tially formed with the terminal NH, moiety, whereas in most
of the lowest energy conformations for compound 6f (ICsp =
0.003 uM) the bonds are preferentially formed with the X =
NH moiety, thus potentially leaving the P=Y fragment acces-
sible for the interaction with the active site. Finally, compound
6p (ICsp = 3 uM) shows an intermediate bond pattern. In the
case of compound 6k (ICsy = 0.002 uM), although in the low-
energy conformations the bond involves the terminal NHp, it is
observed that the fragment P=Y stays in the appropriate
orientation. In this case, the nitrogen of the benzothiazole ring
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Electron Density ( le'f?\")

LUMO 0

Figure 6. Influence of the X (O or NH) and Y (O or S) fragments on the HOMO 0, LUMO 0, and electronic density distribution (dotted line), for reference
urease inhibitor compounds PPD (X = O, Y = 0), NBPT (X = NH, Y = S), and NBPTO (X = NH, Y = 0), shown on a low-energy conformation.

acts as a hydrogen bond acceptor. In addition, these substituents
in the aryl moiety as well as the heteroatoms on the heteroaryl
cycle can participate in intermolecular hydrogen bonds estab-
lished with the surrounding residues near the Ni ions in the
urease active site, thus reinforcing the union with the enzyme.

Several examples of the contribution of the intramolecular
hydrogen bonds to the lowest energy conformation in aryl (6f
and 6z), pyridyl (6x) and benzothiazolyl (6k, 6t, 6u, 6v, and
6w) derivatives are shown in Figure 4. It can be seen that, for
these heteroaryl derivatives, the heteroatoms located in the ring
can act in a similar way to that proposed for the groups in the
2-position of the aryl derivatives.

The X fragment, which acts as a bridge between R and P,
introduces greater conformational freedom and flexibility. As
a result, it is observed that phenylphosphonic acid, which was
synthesized and evaluated as a reference, was totally inactive
in our tests. This observation can be explained by considering
that the absence of the X group makes it impossible to adopt
an appropriate conformation for an effective interaction with
the active site. In addition, the absence of X also entails the
loss of a center involved in the formation of hydrogen bonds.

With respect to the volume of the X—P(=Y)(ZR’), moiety,
the presence of alkylic chains on the Z heteroatoms (compounds
2 and 5) leads to the disappearance of the inhibitory activity,
and this could be related to a steric impediment. The heteroatom
Y also influences the inhibitory activity, and this is related to
the average volume value of this fragment. Thus, the volume
of the X—P(=Y)(ZR’), moiety in compounds where Y = S is
slightly greater than the value calculated for the compounds in
which Y = O. In addition, in this case the activity decrease
could be associated with steric factors, among other possible
causes that will be discussed below. As an example, the average
values of the volume for the X—P(=Y)(NH;), moiety calculated
on a representative low-energy conformation for the benzyloxy
derivatives 1d X =0,Y=0),3(X=0;Y =S), 6g (X =
NH; Y = O), and 7b (X = NH; Y= S) are given in Figure 5.

Our initial proposal stated that the compounds must interact
with the Ni(Il) ions and surrounding residues in the active site
of the enzyme through the Y, X, and/or Z heteroatoms bonded
to P. In accordance with this proposal, we selected the atomic
charge, the location, and atomic orbital contribution to the
HOMO 0 orbital, the electron density, and the MEP distribution
as descriptor parameters for the first structure—activity relation-

ships based on quantum chemistry semiempirical calculations.
The data are collected in Table 1, and schematic views are
provided in Figures 6 and 7.

With respect to the atomic charges located on the
X—P(=Y)(ZR), moiety (Table 1), it is possible to propose that
the displacement of the negative charge toward Y and Z brings
about a decrease in the target activity. Thus, it can be observed
that, in general, the replacement of O by sulfur (S) in the
fragment Y causes an increase in the negative charge on this
atom and the adjacent N, a situation that is possibly related to
the observed decrease in activity.

Generally, a direct relationship is not observed between the
variation in the energy values for HOMO 0 and LUMO 0
orbitals for the structural modifications carried out and the
activity of the compounds. Similarly, it is not possible to
establish a relationship between the LUMO—HOMO gap energy
values and the activity of the studied compounds (Table 1).
Nevertheless, the lack of activity for derivatives in which Y =
S can be ascribed, in addition to the steric factors mentioned
above, to the distribution of the HOMO orbital, to the atomic
orbital contribution to this orbital, and to the electron density
located on Y. If one considers as a starting point the data
concerning these parameters obtained for PPD, NBPTO, and
NBPT (Figure 6), it can be deduced that the replacement of O
by S results in a marked increase in the HOMO location over
the S, whereas the deep negative zone that appears on O for
the derivatives with P=0O (for example, PPD or NBPTO)
disappears for analogous compounds with P=S (for example,
NBPT). In a similar way, the distribution and atomic contribu-
tion for the orbital HOMO 0 is observed. In the P=S derivatives
the S atom contributes to a greater extent to this orbital, whereas
for P=0 derivatives the contribution is much smaller for the
O. In the benzyloxy derivatives, which are taken as representa-
tive compounds for illustrative purposes (Figure 7), a similar
type of behavior is observed. Compounds 1d (X =0, Y = O,
Z = NH,, ICso = 0.016 uM) and 6g (X = NH, Y = O, Z =
NH,, ICsyp = 3.5 uM) show HOMO and electronic density
distribution similar to that found in PPD or NBPO. In compound
7b (X = NH, Y = S, Z = NH,, inactive) the HOMO 0 orbital
is located on S and the electron density that is located on Y in
the oxo derivatives disappears.

The coefficients for the development of the HOMO for the
benzyloxy derivatives, the squares of which show the contribu-
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Figure 7. Influence of the X (O or NH) and Y (O or S) fragments on the HOMO 0, LUMO 0, and electronic density distribution (dotted line), for
representative selected compounds (benzyloxy derivatives), shown on a representative low-energy conformation. Data previously reported (20).

Table 3. Comparative MEP? Distribution (Lowest Energy Conformation) for Representative Compounds

ﬁ
R—x—F|>—z1R'
ZR
compd R X Y Z4 Z, R’ ICs0°(uM) PEM, PEM, PEM PEM
1d 4-benzyloxyphenyl 0 0 N N Ho 0.016 —473.0 —479.2 —318.5 —379.1
3 4-benzyloxyphenyl 0 S N N Ho 16.54 —428.4 —278.8 —361.5 —443.3
69 4-benzyloxypheny! NH 0 N N H> 35 —199.4 —545.0 —3934 —489.9
7b 4-benzyloxyphenyl NH S N N Ho na® —177.9 —285.3 —250.5 —275.6
NBPTO n-butyl NH 0 N N H> nd“ —380.7 —698.4 —391.4 —733.9
NBPT n-butyl NH 0 N N Hz 0.10 —261.6 —330.7 —293.5 —449.3
@Kilocalories per mole. » See 20 for details. °na, nonactive in biological assay. “nd, not determined.
Table 4. Bond Order (bo) Values Calculated for Representative Compounds (Lowest Energy Conformation)
compd R X Y Z Z, R’ boq bo, bos
1b? phenyl 0 0 N N Ha 1.039 0.557 1.314
6n phenyl NH 0 N N Hz 1.045 0.724 1.285
1d 4-benzyloxyphenyl 0 0 N N Ho 1.025 0.560 1.296
3 4-benzyloxyphenyl 0 S N N Ho 1.019 0.634 1.126
69 4-benzyloxyphenyl NH 0 N N Ho 1.047 0.616 1.295
7b 4-benzyloxyphenyl NH S N N Ho 1.027 0.774 1.114
1e 4-methyl-2-nitropheny! 0 0 N N Ho 1.079 0.478 1.308
6f 4-methyl-2-nitrophenyl NH 0 N N Ha 1.1511 0.638 1.291
6k 2-benzothiazolyl NH 0 N N Ho 1.135 0.552 1.318
NBPTO n-butyl NH 0 N N Ha 0.984 0.726 1.270
NBPT n-butyl NH 0 N N Ha 0.978 0.814 1.103
2PPD.

tion of each atomic orbital to the electron density in a given
MO (38), are listed in Table 2 along with those for the reference
compounds NBPTO and NBPT. Because the AM1 semiem-
pirical method uses a valence basis set, only the atomic orbitals
of the valence shell are considered in the development of the
MO: 2s, 2px, 2py, and 2pz for N, O, and S and 1s for H. For
the sake of brevity, only data that refer to target heteroatoms
are presented. It can be observed that the replacement of O by
S leads to a significant increase in the contribution of the 2px
atomic orbital to the electronic charge density of the HOMO
levels, a situation that is particularly marked for compound 7b,

for which the lack of activity could be associated with the
dominant contribution of the S atom. In relation to the previous
observations, and with respect to the values and distribution of
the molecular electrostatic potential (MEP), the structural
modifications that entail a deepening of the negative values on
the X—P(=Y)(ZR), moiety generally seem to cause a decrease
in the activity (Table 3).

On the other hand, several of the studied compounds showed
a certain level of chemical instability, especially the O-
substituted diamidophosphate derivatives 1. This instability was
also detected, albeit to a lesser extent, for the benzothiazolyl
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(c) (d)

Figure 8. (a) Schematic representation of the urease active site (ref pdb:
3ubp). Catalytic residues are represented as ribbons, modified lysine and
DAP as tubes, and Ni** atoms as spheres. (b) Detail of the binding
mode for DAP. (c) Detail of the proposed binding mode for 6f (tubes),
showing the hydrogen bonds (dotted line) that contribute to the stabilization
of the lowest energy conformation. (d) Detail of the proposed binding
mode for 6k lowest energy conformation (tubes). See Materials and
Methods for details.

derivatives 6k, 6t, 6u, 6v, and 6w. If one also considers the
data cited previously concerning the inhibition mechanism of
BPU by PPD, according to which PPD undergoes hydrolysis
to give diaminophosphate (DAP) and phenol, it was decided to
study the influence of the different structural modifications
carried out on the bond order (bo) values calculated by means
of the quantum AMI1 semiempirical approach. The bo values
were taken as a quantitative descriptor for the bond strength,
and the values obtained were related to the aforementioned
stability. The bo data for some of the compounds studied are
given in Table 4 and are grouped according to structural
similarity. Thus, comparison of the data obtained for PPD (1b,
X = 0) and 6n (X = NH) shows that the change from O to
NH increases considerably the bo value in the X—P moiety,
and these data could be related to the observed increase in
stability for 6n. This behavior is similar in all of the evaluated
compounds. With respect to benzothiazolyl derivatives, it was
found that the X—P bond has the lowest bo values (taking 6k
as an example), which would explain its lower relative stability.

A preliminary docking study was carried out for some of the
compounds to evaluate the possible interaction between the
enzyme active center and the active compounds, thus exploring
the previously proposed characteristics related to their activity
as urease inhibitors. A manual superposition of the selected
lowest energy conformations (obtained from the conformational
analysis described previously) was carried out by taking the
DAP molecule in the complex DAP—BPU (ref PDB: 3ubp) as

Font et al.

(b)

Figure 9. Simplified representation of the urease active site, showing
the carbamoyl-modified lysine residue (tubes) and the Ni#* ions (spheres)
with superposition in the active site of the low-energy conformations for
(@) 1d and (b) 6 g. Lowest energy conformations are represented as
solid gray tubes. See Materials and Methods for details.

a superposition template (Figure 8a,b). The initial orientation
and position of the ligand were made according to the
superposition of the P=Y moiety on the P—O— fragment of
DAP, whereas group X was systematically superimposed onto
the rest of the O and/or N atoms of this molecule in a search
for the best orientation of the R group toward the opened cavity
of the active center and for the most favorable hydrogen bonding
pattern.

Schematic views of the results obtained for compounds 6f
and 6k are shown in panels ¢ and d of Figure 8, respectively.
It can be observed that the P=0 fragment is located between
the Ni(II) ions, with the NH, and NH groups oriented toward
the residues that surround the Ni ions, whereas the aryl group
orients itself toward the open enzyme cavity. The manual
docking carried out for the lowest energy conformation con-
sidered for 6f, a compound selected on the basis of its greater
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activity, shows a very favorable hydrogen bonding network
(Figure 8c) that could be associated with a more effective
interaction between the X—P(=Y)(ZR), fragment (X = NH;
Y = O, ZR = NH in 6f) and the active site and surrounding
cavity residues. In this derivative, as observed previously, the
presence of the NO, substituent in the ortho aryl position can
contribute greatly through its ability to stabilize the most
favorable conformation for the interaction with the active site
as a result of the bond formed with fragment X—P(=Y)(ZR),
as well as by the establishment of hydrogen bonds with the
surrounding residues. The same interaction pattern is obtained
for compound 6k. In this compound, the heteroatoms in the
benzothiazole ring contribute to the formation of the favorable
network of hydrogen bonds.

The docking study carried out for the most voluminous
compounds, the benzyloxy derivatives, is schematically sum-
marized in Figure 9. In these cases the same superposition
pattern as mentioned above was followed in the superposition
of fragment X—P(=Y)(ZR); for all of the representative low-
energy conformations obtained in the conformational analysis.
In the case of compound 1d (X = 0O, Y = 0,Z = NH») a
greater number of conformations were detected with the
appropriate orientation of the voluminous aryl unit toward the
open cavity of the active center, and the lowest energy
conformation is among these (Figure 9a). In contrast, for 6g
(X=NH, Y = O, Z = NH,) a lower number of conformations
with the favorable orientation is obtained and the lowest energy
one is not among them. This could be related to the lower
activity shown by 6g (ICsp = 3.5 uM) in comparison to 1d
(ICso = 0.016 uM).

On the basis of the studies carried out, the most effective
urease inhibitors are the phosphoricamide derivatives that
incorporate a flat aromatic ring, provided in ortho position with
a group able to establish intramolecular hydrogen bridges with
the free NH, terminal groups, and, in addition, with the
surrounding residues in the active enzyme site. The ring must
be united to the phosphoricamide moiety by a group, preferably
NH, that makes it possible to adopt an appropriate conformation
for an effective interaction with the active site and also to
participate in the favorable hydrogen bond network.

In fact, the structural proposed requirements represent
improvements in the activity of reference compounds NBPT
and PPD. The data obtained in this study allowed us to
corroborate the applicability of our starting hypothesis and the
validity of the proposed structural model. These data will be
used for the design of new compounds with greater effectiveness
in the target biological activity.
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