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Abstract

Cyanide ion was studied as an inhibitor of Jack bean urease at 300 K in 30 mmol/L tris buffer, pH 7. The inhibition was

investigated by isothermal titration calorimetry (ITC). The extended solvation model was used for CN� + JBU interaction over the

whole range of CN� concentrations. The binding parameters recovered from the solvation model were attributed to the cyanide ion

interaction. It was found that cyanide ion acted as a non-cooperative inhibitor of urease, and there is a set of 12 � 0.12 identical and

independent binding sites for CN� ions. The dissociation equilibrium constant is 749.99 mmol/L. The molar enthalpy of binding is

DH = �13.60 kJ mol�1.
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Urease hydrolyzes urea to form carbamate and ammonia, carbamate spontaneously degrades to CO2 and a molecule

of ammonia. This in turn causes a sharp increase in pH and an accumulation of NH4
+ which has negative side effects in

agriculture and health. Thus, urea hydrolysis in surface application, gaseous NH3 loses can occur which decreases the

fertilizer nitrogen efficiency up to 50%, especially in soils with low buffer capacity, in calcareous soils, and in soils

with a high organic carbon content. The other negative effect of urea hydrolysis is the accumulation of NO2
�, which

can damage germinating seeds, seedlings, and young plants [1–3]. The regulating of the rate of the enzymatic urea

hydrolysis using urease inhibitors is an important goal to pursue. Thus, the study of urease inhibitors may have medical

or agronomic significance as well as providing insight into the urease catalytic mechanism.

One of the unique aspects of our approach is to study the stability of proteins by using the extended solvation model.

We have shown previously that the heats of the macromolecules + ligands interactions can be reproduced by Eq. (1) in

the aqueous solvent systems [4–15].

q ¼ qmaxx0B � du
Aðx0ALA þ x0BLBÞ � ðdu

B � du
AÞðx0ALA þ x0BLBÞx0B (1)
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The parameters du
A and du

B reflect to the net effect of CN� on the JBU stability in the low and high CN�

concentrations, respectively. The positive values for du
A or du

B indicate that CN� stabilized the JBU structure and vice

versa. Cooperative binding requires that the macromolecule have more than one binding site, because the interactions

are between the sites that bind to the same ligand. If the binding of ligand at one site increases the affinity for ligand at

another site, the macromolecule exhibits positive cooperativity. Conversely, if the binding of ligand at one site lowers

the affinity for ligand at another site, the enzyme exhibits negative cooperativity. If the ligand binds at each site

independently, the binding is non-cooperative. p > 1 or p < 1 indicate positive or negative cooperativity of

macromolecule for binding with ligand, respectively; p = 1 indicates that the binding is non-cooperative. x0B can be

expressed as follows:

x0B ¼
pxB

xA þ pxB
(2)

xB is the fraction of the CN� needed for saturation of the binding sites, and xA = 1 � xB is the fraction of unbounded

CN�. Now the model is a simple mass action treatment, with CN�molecules replacing water molecules, at the binding

sites of JBU. We can express xB fractions, as the total CN� concentrations divided by the maximum concentration of

the CN� upon saturation of all JBU as follows:

xB ¼
½CN��T
½CN��max

xA ¼ 1� xB (3)

[CN�]T is the total concentration of CN� and [CN�]max is the maximum concentration of the CN� upon saturation of

all JBU. In general, there will be ‘‘g’’ sites for binding of CN� per JBU molecule. LA and LB are the relative

contributions of unbounded and bounded CN� to the heats of dilution with the exclusion of JBU and can be calculated

from the heats of dilution of CN� in buffer, Dqdilut, as follows:

LA ¼ qdilut þ xB
@qdilut

@xB

� �
; LB ¼ qdilut � xA

@qdilut

@xB

� �
(4)

The heats of JBU + CN� interactions were fitted to Eq. (1) over the whole CN� compositions. In the procedure, the

only adjustable parameter ( p) was changed until the best agreement between the experimental and calculated data was

approached (Fig. 1). du
A and du

B parameters have been also optimized to fit the data. The optimized du
A and du

B values are

recovered from the coefficients of the second and third terms of Eq. (1). The small relative standard coefficient errors

and the high r2 values (0.9999) support the method. The binding parameters for JBU + CN� interactions recovered
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Fig. 1. Comparison between the experimental heats (&) for CN� � JBU interactions and the calculated data (lines) via Eq. (1). The [CN�]T are the

total concentrations of NaCN solution in mmol/L.



from Eq. (1) were listed in Table 1. The agreement between the calculated and experimental results (Fig. 1) is striking,

and gives considerable support to the use of Eq. (1). du
A and du

B values for JBU + CN� interaction are negative,

indicating that in the low and high concentrations of the cyanide ions, the JBU structure was destabilized, resulting in a

decrease in its biological activity. Destabilization by a ligand indicates that the ligand binds preferentially to the

partially unfolded intermediate forms of the enzyme. Such effects are characteristic of nonspecific interactions, in that

the nonspecific ligand binds weakly to many different groups at the enzyme/water interface, so that binding becomes a

function of ligand concentration and available solvent-exposed enzyme surface area, which is increased through

unfolding events. p = 1 indicates that the binding is non-cooperative (Fig. 2).

Consider a solution containing ligand L, and a biomacromolecule (M) that contains ‘‘g’’ sites capable of binding the

ligand. If the multiple binding sites on a biomacromolecule are identical and independent, the binding parameters can

be reproduced by the following equation:

Dq

qmax

M0 ¼
Dq

q

� �
L0

1

g
� Kd

g
(5)

where Dq = qmax � q and q represents the heat value at a certain ligand and biomolecule concentration. M0 is the total

biomacromolecule and qmax represents the heat value upon saturation of all biomacromolecule. Kd is the dissociation

equilibrium constant for the equilibrium:

M þ L,ML Kd ¼
½M�½L�
½ML� (6)

If q and qmax are calculated per mole of biomacromolecule then the molar enthalpy of binding for each binding site

(DH) will be DH ¼ qmax=g. Therefore, the plot of ðDq=qmaxÞM0 vs. ðDq=qÞL0 should be a linear plot slope of ‘‘1/g’’

and the vertical-intercept of Kd=g, from which g and Kd can be obtained. The linearity of the plot has been examined by

different estimated values for qmax to find the best value for the correlation coefficient (near to one). The best linear plot
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Table 1

Binding parameters for CN� + JBU interactions recovered from Eqs. (1) and (5). p = 1 indicates that the binding is non-cooperative in 12 identical

and non-interacting binding sites which is in agreement with 12 � 0.12 similar dissociation equilibrium constants.

[JBU] p du
A du

B
Kd g

5 mmol/L 1 �3.03 � 0.03 �3.33 � 0.02 750.731 � 0.008 12 � 0.12

Fig. 2. A representation of approaching to the best linear plot (*) of ðDq=qmaxÞ JBU½ � against ðDq=qÞ½CN��, using �1400 mJ (5), �1450 mJ (*),

�1469 mJ (*), �1480 mJ (~), �1500 mJ (&) and �1485 mJ as qmax values in Eq. (5).



was obtained using a value of �1469 mJ (equal to �163.22 kJ mol�1) for qmax. The amounts of g and Kd, obtained

from the slope and vertical-intercept plot, are 12 and 750.731 mmol/L, respectively. Dividing the qmax value of

�163.22 kJ mol�1 by g = 12, therefore, gives DH = �13.60 kJ mol�1. The lack of a suitable value for qmax to obtain a

linear plot of ðDq=qmaxÞM0 vs. ðDq=qÞL0 may be related to the existence of non-identical binding sites or the

interaction between them.
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