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Introduction:-

Urease (urea amidohydrolase; E.C.3.5.1.5) is a nickel containing enzyme that hydrolyses urea to form carbamate
and ammonia; carbamate spontaneously degrades to CO, and a second molecule of ammonia.*® The rate of the
catalysed reaction is 10™ fold the rate of non-enzymic degradation.

@)

|
H2N_C_NH2 + 2 HZO EE—— 2NH4+ + HCO3-

Ureases isolated from a wide range of sources including plants, bacteria and fungi although have different structure,
number and type of subunits but have highly similar amino acid sequences at the active site and the mechanism of
enzyme activity.*® The enzyme metallocenter contains two nickel ion, which are 3.5 A° apart and liganded by three
and four protein atoms respectively. This metallocenter is directly involved in binding of substrate and inhibitors.
Urease is the primary enzyme responsible for enabling an organism to use urea as a source of nitrogen. It also acts as
defense protein in systemic nitrogen transport pathways in plants. Apart from the advantages, recently the focus is
shifted to its negative effects in agriculture, environment and medical. A recent topic is an urease in Helicobacter
pylori, which is now accepted as a major cause of peptic ulcer.® On the other hand, excessive ammonia released
from urea based fertilizers by ureases from soil microbes, has been shown to adversely affect germination and
seedling growth.”®

All these findings emphasize upon the need to search for methods of reducing urease activity. An approach to
diminish the negative effects of urease in human and animal health as well as in the agricultural environment
involves designing of novel and potent inhibitors of the enzyme which would contribute towards reduction in
environmental pollution and enhance the efficiency of urea nitrogen uptake by plants. Thereby, accentuating that the
study of urease inhibition has medical, environmental and agronomic significance. Also the studies on urease
inhibitors can provide insight into the detailed mechanism of catalysis particularly with competitive inhibitors. With
the determination of high-resolution X-ray structures of native and inhibited ureases from bacillus pasteurii and
klebsiella aerogenes, it is now possible to rationally search for the inhibitors.
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Thus are current efforts are focused on seeking novel urease inhibitors with good availability and low toxicity.
Therefore we decided to study some heterocycles having urea moiety in their structure and which are easy to
synthesise for substrate like or active site directed inhibitors. Our interest stem from the tremendous importance of
barbiturates, thiobarbiturates, thiohydantoin, imidazolidones in synthetic organic chemistry and the use of these
compounds as biological agents which may serve as lead for the development of therapeutic agents for the treatment
of some disease. Barbituric acids are sedative drugs comprising a vast class of synthetic substances with closely
related chemical structures and similar pharmacological activities.'® Their sodium salts are suitable for
subcutaneous, intramuscular or intravenous injections. Therefore, the therapeutic values of these drugs are
unquestioned. 2-Thiohydantoin are of particular interest because of their anticonvulsant and immunostimulant
properties.™* Thiobarbituric acid derivatives are well known thyroid inhibitors and they are also used as anesthetics
(intravenous).* Further, 2-oxo- and 2-thioxo-1,3-N-heterocycles are interesting compounds from pharmaceutical
point of view. In particular, the antibiotics SF-1993* and CV-1'* are based on these core templates. The proposed
inhibitors of urease could be derived based on the structural homology with urea (Fig.1).
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Fig. 1

Materials and Methods:-

Materials:-

Jack bean urease with defined specific activity (Type I11) was purchased from Sigma St. Louis, USA. Urea, used as
the enzyme substrate, was purchased from E. Merck, India. Barbituric acid, thiobarbituric acid and thiourea were
purchased from Spetrochem, India. 5,5-Dimethylbarbituric acid, 1,3-dimethyl barbituric acid, 5,5-dibromaobarbituric
acid, 5-nitrobarbituric acid, urazole and parabanic acid were purchased from Sigma Aldrich, Steinheim, Germany. 2-
Thiohydantoin was purchased from Sigma Aldrich, USA. 1,3-Diphenyl barbituric acid, 1,3-diphenyl-2-
thiobarbituric acid, 5-phenyl barbituric acid, 5-phenyl-2-thiobarbituric acid, 1,3,5-triphenyl-2-thiobarbituric acid,
1,3-di(p-tolyl)-2-thiobarbituric acid, 1,3-di(p-anisyl)-2-thiobarbituric acid, 1,3-di(p-chlorophenyl)-2-thiobarbituric
acid were synthesized by the condensation of malonic acid and substituted malonic acids with the corresponding
ureas and thioureas respectively as reported.”® 5-Acetyl barbituric acid and 5-acetyl-2-thiobarbituric acid were
prepared by the acetylation of corresponding barbiturates as reported.*® 5-Benzylbarbituric acid was prepared by the
benzylation of barbituric acid as reported.'” Hydantoin was prepared by the condensation of urea with chloroacetic
acid as reported.’® 1-Methyl-5-benzyl-2-thiohydantoin was prepared by the reaction of methylamine, carbon
disulphide, triethyl amine, iodomethane and phenylalanine under reflux as published.” 1,3-Dihydrobenzimidazol-2-
thione was prepared from o-phenylenediamine and CS, by the known procedure.?’ Imidazolidine-2-thione was
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synthesized by reaction of ethane-1,2-diamine and CS, as per the reported procedure.”* All other chemicals used
were of analytical grade.

Methods:-

Urease activity measurements:-

The enzyme used in the current study has a specific activity of 15-19 Units mg™ protein (varied from batch to batch).
One unit is the amount of enzyme that liberates 1.0 umol of NH3 from urea per minute at pH 7.0 and 37 °C. All
activity measurements were done in triplicate. The activity was determined by measuring ammonia liberated on
incubation of urease with enzyme saturating concentration of urea (100mM urea) for a fixed time period of 5
minutes using the colorimetric phenol-hypochlorite method.”? The blue colour obtained was measured
spectrophotometrically at 630 nm (ELICO CL 157 colorimeter).

Protein estimation:-
Protein was assayed by the method of Lowry et al.? with bovine serum albumin as the standard.

Inhibition Studies:-

Stock solutions of inhibitors were prepared in 50 mM phosphate buffer (25 mM NaCl, 1 mM EDTA), pH 7.0 and
were suitably diluted for the experiments. The solutions of 1,3-diphenyl barbituric acid, 1,3-diphenyl-2-
thiobarbituric acid, 1,3-dihydrobenzimidazol-2-thione, 1,3-dihdrobenzimidazol-2-one were prepared in phosphate
buffer using DMF as the co-solvent.

Determination of I1Cx:-

Residual activity of jack bean urease (pH 7.0, in phosphate buffer, 100 mM urea) at 37 °C was assayed in the
presence of test compounds (0.01 mM to 10 mM). 1Cs, values of different inhibitors were obtained from the dose
response curves. Thiourea was taken as the standard inhibitor of urease (ICsp = 2.1 mM).

Time dependent study of inhibition:-

Urease and test compound (fixed concentration) were preincubated at 37 °C. After fixed time intervals ranging from
5-300 min, urea (100 mM) was added. After 5 min of reaction, the liberated ammonia was measured by colorimetric
phenol-hypochlorite method.? Kinetic curves were obtained by plotting residual activity against time.

Determination of K, and Vax:-

The Michaelis constant K, and the maximum velocity V.« in the absence of inhibitors were determined by
measuring the initial reaction velocities at different urea concentrations in the range of 2-200 mM. Data were plotted
according to Lineweaver and Burk."™ At pH=7.0 and 37 °C, K, = 3.40 and Ve = 0.113 pM min,

Determination of K;:-

The initial velocities were determined at varying concentrations of the inhibitors at each of the three urea
concentrations (10, 50 and 100mM). Inhibition constants (K;) were determined from Dixon plots.” K; values were
also determined from replots of slope or apparent K, values versus inhibitor concentration."

Inhibition studies at different pH:-

Residual activity of urease in the presence of barbituric acid and thiobarbituric acid was determined at different pH
(5.3-8.5) in phosphate and citrate buffers in presence of urea (100 mM). Residual activity of these test compounds
was also determined in millipore water. Effect of pH on inhibitory activity of test compounds was deciphered from
the plots of residual activity versus pH.

Results and Discussion:-

Residual activity (1Cs):-

Since JBU is the most widely studied enzyme and is found to have < 50% homology in its sequence with the other
known ureases (Klebsiella aerogeges, H. pylori, etc.) It has been chosen as the model system. The ICs, values of
various inhibitors is obtained from the dose response curves at increasing concentration (0.01 mM to 10 mM) of test
compounds and are listed in Table 1. The compounds exhibited varying degree of enzyme inhibitory activity with
the 1Cs values ranging from 0.63 mM to 9 mM. Compared to the standard inhibitor thiourea (ICso = 2.1 mM), 2-
thiobarbituric acid (0.8 mM), 5-phenyl barbituric acid (1.8 mM), 1,3-diphenyl barbituric acid(1.6 mM), 2-
thiohydantoin (1.1 mM), 1,3-dihydrobenzimidazol-2-thione (1.4 mM) and imidazolidine-2-thione (0.63 mM) were
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found to be more potent inhibitors of jack bean urease as per the ICsy data. With hydantoin (19) and parabanic acid
(27) no inhibition was observed.

Table 1:- Inhibition concentration (ICsp) of various inhibitors for urease at pH 7.0, 37°C in phosphate buffer urea
(100 mM)

Inhibitor I1C50 (MM)
1 Thiourea (standard) 2.1
2 Barbituric acid 2.3
3 2-Thiobarbituric acid 0.8
4 5-Acetyl barbituric acid 5.0
5 5-Acetyl-2-thiobarbituric acid N.D&
6 5-Phenyl barbituric acid 1.8
7 5-Phenyl-2-thiobarbituric acid ND. 2
8 1,3-Diphenyl barbituric acid 1.6
9 1,3-Diphenyl-2-thiobarbituric acid 3.5
10 1,3-di(p-Tolyl)-2-thiobarbituric acid N.D. @
11 1,3-di(p-Anisyl)-2-thiobarbituric acid ND 2
12 1,3-di(p-Chlorophenyl)-2-thiobarbituric acid ND @
13 5-Benzyl barbituric acid >7.0
14 1,3,5-Triphenyl barbituric acid ND2
15 1,3-Dimethyl barbituric acid >9.0mM
16 5,5-Dimethyl barbituric acid NDD
17 5-Nitro barbituric acid N.D.P
18 5,5-Dibromo barbituric acid N.D.P
19 Imidazolidine-2,4-dione (hydantoin) No Inhibition observed
20 2-Thioxo-imidazolidin-4-one (2-thiohydantoin) 1.1
21 5-Benzyl-3-methyl-2-thioxo-imidazolidin-4-one ND.
22 5,5-Diphenyl-2-thioxo-imidazolidin-4-one ND.
23 1,3-Dihydrobenzimidazol-2-thione 1.4
24 1,3-Dihydrobenzimidazol-2-one >6.0
25 Imidazolidine-2-thione 0.63
26 Urazole N.D.P
27 Parabanic acid No Inhibition observed

a: Not determined (N.D.) because of solubility limitations
b: Not determined (N.D.) because of interference with the assay

After preliminary studies of the of the ICs, values, detailed Kkinetic studies were pursued for barbituric acid, 2-
thiobarbituric acid (2), 5-acetyl barbituric acid (4), 5-phenyl barbituric acid (6), 1,3-diphenyl barbituric acid (8), 1,3-
diphenyl-2-thiobarbituric acid (9), 2-thiohydantoin (20), 1,3-dihydrobenzimidazol-2-thione (23), imidazolidine-2-
thione (25).

Time dependent study of inhibition:-

The reversible or irreversible nature of inhibition can be determined by pre-incubation of the enzyme with the inhibitor. For
reversible inhibition, pre-incubation of enzyme and inhibitor has no effect on the activity of the enzyme while for
irreversibile inhibition; the loss of enzyme activity is proportional to the preincubation time. To determine the nature of
inhibition exhibited by these inhibitors, inhibitory activity of the test compounds was studied with time by assaying the
residual activity. The plots of residual activity at fixed inhibitor concentration versus time (Fig. 2) suggested that inhibition
is independent of enzyme-inhibitor incubation time at the concentrations tested. No further time dependent changes have
been observed in the reaction velocity which indicates that these compounds are fast binding inhibitors of jack bean urease.
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The inhibition is reversible because when urea (100 mM) was added, it displaced the inhibitor as confirmed by phenol-
hypochlorite assay. Even if urease is pre-incubated with these inhibitors for longer time (5 h), as soon as the urea was added
in saturated conditions (100 mM), the activity of urease was regained, thus confirming the reversible nature of inhibition.

1.2
~  1- ——2 (1.0 mM)
2 =3 (0.5mM)
2 081 —4—4 (1.0 mM)
‘E ——8 (0.5 mM)
.é 0.6 '\v_-\._,_. ——9 (0.5 mM)
E —— 20 (0.5 mM)
S5 04 -
2 ——23 (0.5 mM)
T 2 ——25 (0.1 mM)

O 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350
Preincubation time (min)

Fig. 2:- Time course of inhibition of jack bean urease by cyclic urea analogues

Determination of Ky and Vpax:-

The Kkinetic parameters of urease inhibition at pH 7.0 were determined at concentrations of the inhibitors ranging
from 0.1 mM to 2 mM. The K, values in the absence of inhibitors were in the range 3.12 — 3.85 mM while in their
presence, the K., increased in a concentration dependent manner from 4.76 to 20 mM. The test compounds caused
no change on V. having values around 0.0069 - 0.0282 pmol min?. The K., and V. Values in the absence of
inhibitor, K, and V,» " in the presence of inhibitors as calculated from Lineweaver-Burk (Figs. 3A, 3B) and
Michaelis-Menten (Fig. 3 insets) plots have been summarized in Table 2.
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Table 2:- Kinetic parameters of jack bean urease (pH 7.0, 37 °C) in the presence of cyclic urea analogues as

inhibitors.
Inhibitor Km K *P V max Vina™? K;
(mM) (mM) (pmol/min) (pmol/min) (mM) (mean)
2 3.85 6.25 (0.2 mM) 0.0108 0.0104 (0.2 mM) 0.78
8.33 (0.5 mM) 0.0104 (0.5 mM)
11.11 (0.8 mM) 0.0108 (0.8 mM)
3 3.33 7.14 (0.5 mM) 0.0282 0.0266 (0.5 mM) 0.40
11.11 (1.0 mM) 0.0264 (1.0 mM)
4 3.44 5.00 (1.0 mM) 0.0094 0.0095 (1.0 mM) 1.16
9.09 (2.0 mM) 0.0101 (2.0 mM)
6 3.6 5.55 (0.1 mM) 0.0136 0.0126 (0.1 mM) 0.53
6.67 (0.2 mM) 0.0129 (0.2 mM)
7.14 (0.5 mM) 0.0140 (0.5 mM)
8 3.33 4.76 (0.2 mM) 0.0095 0.0097 (0.2 mM) 0.78
8.33 (0.5 mM) 0.0104 (0.5 mM)
9.09 (1.0 mM) 0.0103 (1.0 mM)
9 3.12 7.14 (0.5 mM) 0.0084 0.0089 (0.5 mM) 0.56
10.00 (1.0 mM) 0.0090 (1.0 mM)
20 3.33 5.00 (0.2 mM) 0.0160 0.0168 (0.2 mM) 0.50
5.88 (0.5 mM) 0.0169 (0.5 mM)
10.00 (1.0 mM) 0.0162 (1.0 mM)
23 3.33 5.00 (0.5 mM) 0.0102 0.0101 (0.5 mM) 0.51
11.11 (1.0 mM) 0.0110 (1.0 mM)
16.66 (2.0 mM) 0.0109 (2.0 mM)
25 3.33 7.69 (0.3 mM) 0.0069 0.0068 (0.3 mM) 0.058
20.00 (0.5 mM) 0.0070 (0.5 mM)
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Fig. 3A:- Lineweaver-Burk plot representing reciprocal of initial enzyme velocity versus reciprocal of urea
concentration in the absence and presence of 2 (barbituric acid; concentrations indicated in the legend box) at pH
7.0. Inset shows the Michaelis-Menten plot for 2.
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Fig. 3B:- Lineweaver-Burk plot representing reciprocal of initial enzyme velocity versus reciprocal of urea
concentration in the absence and presence of 23 (barbituric acid; concentrations indicated in the legend box) at pH
7.0. Inset shows the Michaelis-Menten plot for 23.

The increase in K, without affecting the V.« in the presence of tested inhibitors indicates the competitive nature of
inhibition by these inhibitors. As expected, therefore the degree of inhibition depends on the substrate concentration.
Decreasing the substrate concentration increased the degree of inhibition as can be seen from the residual activity
plot (Fig. 4A) for 5-acetyl barbituric acid (4). The ICs, for 4 decreased from 5 mM to 3.9 mM to 2.1 mM as the
substrate concentration was decreased from 100 mM to 50 mM to 10 mM.

—@®— 1.O0O0MM urea
50mMM urea
—ae— 1. OMmMM urea

5 10 15
5-Acetyl barbituric acid (m M)

Fig. 4:- Effect of urea concentration on ICsy values of 4.V;and Vjare initial enzyme velocities in the presence and
absence of 4.

Inhibition constant (K;):-

K; (dissociation/ inhibition constant of the urease-inhibitor complex into free urease and inhibitor) for different
inhibitors was determined by three ways. First, the slopes of each line in the LWB were plotted against
concentrations of different inhibitors. Secondly, the K **® was calculated at each concentration of inhibitor and then
plotted against inhibitor concentrations and then K; was calculated from the intercepts on the x-axis (Fig. 5 insets).
In the third method K; values were determined by assaying urease activity at fixed concentrations (10, 50, 100 mM)
of urea in the presence of different concentrations of inhibitors. K; values were determined directly from the
intersections of the line for each substrate concentration on the x-axis by the Dixon plots (reciprocal of initial
enzyme velocity versus inhibitor concentration, Figs. 5A, 5B).
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Fig. 5A:- Dixon plot for barbituric acid (2) representing reciprocal of initial enzyme velocity versus inhibitor
concentration at fixed urea concentrations (10, 50, 100 mM). Insets show the secondary replots of LWB plots i.e.,
K»**" and slopes versus inhibitor concentrations for 2. The K;reported is the mean value obtained from these three

plots.
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Fig. 5B:- Dixon plot for 1,3-dihydrobenzimidazol-2-thione (23) representing reciprocal of initial enzyme velocity

versus inhibitor concentration at fixed urea concentrations (10, 50, 100 mM). Insets show the secondary replots of

LWB plots i.e., K,**" and slopes versus inhibitor concentrations for 23. The K;reported is the mean value obtained
from these three plots.

It can be inferred from the results of mean K;drawn in Table 2 that among the barbituric acid derivatives analysed,
1,3-diphenyl barbituric acid (0.78 mM) and 1,3-diphenyl-2-thiobarbituric acid (0.56 mM), which have hydrophobic
phenyl groups, are more potent inhibitors of urease as compared to 5-acetyl barbituric acid (1.16 mM). This
behavior can be explained on the basis of the fact that the active site of urease is surrounded by some hydrophobic
amino acid residues. The presence of hydrophobic groups in the tested compounds assists in the random walk
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process of the compounds to the active site facilitating the binding of hydrophobic moieties near the active site. The
same argument, however, may not hold true for 1,3-dihydrobenzimidazol-2-thione (0.51 mM) and its alicyclic
analogue imidazolidine-2-thione (0.058). A reasonable explanation to this can be given by taking into consideration
the small size and greater structural homology of imidazolidine-2-thione with urea which allows it to easily get
accommodated in the small urea binding pocket and hence exhibits maximum potency.

Examination of the kinetic data obtained from Lineweaver-Burk plots and Dixon plots indicates that the proposed
inhibitors i.e. barbiturates imidazolidinone and imidazolone derivatives are in direct competition with the substrate,
urea and show a competitive inhibition profile. The substrate binding pocket being small, the enzyme is unable to
simultaneously bind to urea and to the inhibitor. The following mechanism for inhibition is proposed based on a
literature survey and our observations (Scheme 1).

Scheme 1
IK3 SK; K
El =<—= E=<~—=ES —~> E+P
Ky Ky
E = Enzyme, S = Substrate, | = |Inhibitor, E.I = Enzyme-Inhibitor = Complex,

E.S = Enzyme-Substrate Complex, P = Product, K; = Rate constant for the formation of ES complex, K, = Rate
constant for the dissociation of ES complex, K;= Rate constant for the formation of E.I complex, K, = Rate
constant for the dissociation of E.I complex, K. = Rate constant for E.S dissociation and K; or K4/K3 = Enzyme
inhibitor equilibrium dissociation constant.

Competitive nature of inhibition exhibited by the tested compounds suggests that these compounds tend to bind to
urease in substrate or active site directed mode such that the nickel atoms and the surrounding amino acid residues in
the active site are in an orientation similar to that when binding the substrate i.e. urea (Scheme 2). The observed
mode of inhibition could be due to the presence of part urea moiety in these inhibitors. These inhibitors can be
classified as the cyclic urea derivatives. Further, the low ICs, and K; values of these inhibitors under saturating
substrate concentration (100 mM urea) suggest that these compounds have very high affinity for urease as compared
to the substrate (urea). This could be due to the presence of more >C=0 groups in 2, 3, 4, 6, 8, 9, 13, 15, 20, which
can involve in H-bonding with other amino acid residues surrounding the active site. Also the m-m stacking
interactions between aromatic groups present in the inhibitors 21, 24, 8, 9 and aromatic amino acid residues in the
enzyme help in stabilizing the transition state for the formation of E.l. complex (Scheme 2)

Scheme 2
S & S (
0 0 L0 0 ‘AN
Nt d
Ni Ni
N e B .~ NH -
NN AN . H ¢ HN(/ N Do, st w
0 Se? N WA o v )
’ <\ O
\<0. AN NHeN NN o H 0, >®/ ( LHN NH-uINH
~ 0 H e \\\\‘ \ /

M Oo— N 0
I |""0 0""1 I \l/ \®i "2}/

A (A) "y N @B ©
(A) Proposed binding of barbituric acid at the active site of urease; (B) Binding of urea; (C) Proposed binding of
imidazolidine derivative at the active site of urease
Scheme 2 depicts that in the binuclear Ni center of hydrolytic enzyme both Ni ions are ligated by nitrogen atoms of four
His imidazoles, a COO™ group of the carbonylated Lys residue, and another COO™ group from an Asp residue and one
H,O molecule.

Conclusion:-

Thus it can be concluded that barbituric acid, 2-thiobarbituric acid, 5-acetyl barbituric acid, 5-phenyl barbituric acid,
1,3-diphenyl barbituric acid, 1,3-diphenyl-2-thiobarbituric acid, 2-thioxo-imidazolidin-4-one (2-thiohydantoin), 1,3-
dihydrobenzimidazol-2-thione and imidazolidine-2-thione inhibit jack bean urease in a concentration dependent
manner. These compounds result in immediate inhibition of urease activity, with no further time-dependent changes
in the reaction velocities suggesting that each of these compounds is a fast-binding, reversible inhibitor of the plant
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enzyme. Evaluation of the Kinetic data reveals that these novel inhibitors act in a competitive fashion by mimicking
the substrate transition state and have homologous mechanism of action as they tend to bind at the binuclear active
site of enzyme in an orientation — specific mode. These inhibitors and other similar compounds may provide useful
probes for the study of the active site of urease and other hydrolytic enzymes. Their catalytic activity, intimate
details of the molecular geometry at the active-site and the kinetics of the binding site of the urease will provide new
template structures for the design of more potent inhibitors with an optimized pharmacological profile.
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