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Abstract Three competitive inhibitors of urease: boric

acid, 2-mercaptoethanol and phosphate buffer pH 6.45,

were subjected to the studies of temperature effects on their

binding to the enzyme. The first of their kind for these

systems, the studies were carried out at temperatures

between 15 and 35 �C in HEPES buffers. The Michaelis

KM and inhibition Ki constants determined for the unin-

hibited and inhibited urease reactions, respectively, were

found to increase with an increase in temperature, impor-

tantly, the inhibition remaining competitive irrespective of

temperature. The inverse of the constants were further

analyzed as equilibrium constants of substrate and inhibitor

binding reactions resulting in the formation of ES and EI

complexes. The reactions were thermodynamically ana-

lyzed with use of the van’t Hoff equation. Found pH-in-

dependent in the pH range 6.45–7.0, the changes in the

standard enthalpy (DH� = -14 kJ mol-1) and the Gibbs

free energy (DG
�

298 = -14 kJ mol-1) for the substrate

binding were negative, proving favorable for an exothermic

and spontaneous reaction. With the standard entropy

change DS� close to zero, the reaction is enthalpy driven.

The thermodynamic functions of the inhibitor binding by

contrast, were found strongly correlated with the inhibitory

strengths of the inhibitors in the order: boric acid[
2-mercaptoethanol[ phosphate buffer pH 6.45. Accord-

ingly, boric acid demonstrated the changes in the thermo-

dynamic functions considerably bigger (DH� =
-42 kJ mol-1, DG

�
298 = -23 kJ mol-1) than the substrate

and the other two inhibitors. Those for 2-mercaptoethanol

were DH� = -20 kJ mol-1 and DG
�

298 = -17 kJ mol-1,

while for phosphate buffer pH 6.45, DH� = -17 kJ mol-1,

and DG
�
298 = -13 kJ mol-1, and although slightly bigger,

they were found practically comparable in value with those

of the substrate, features that apparently result from the

comparable values of KM and Kis. Remarkably, the inhi-

bitors showed negative values of DS� (to various degrees)

proving that their binding to the enzyme, like that of the

substrate, is driven by enthalpy.

Keywords Urease � Competitive inhibitors � Boric acid �
2-Mercaptoethanol � Phosphate buffer � Thermodynamics

Introduction

Urease (urea amidohydrolase, EC 3.5.1.5) is an enzyme

whose catalytic function is to hydrolyze urea [1–3]. The

products of the catalytic reaction are ammonia and car-

bamic acid, but on account of the spontaneous hydrolysis

of the latter the observed products are ammonia and car-

bonic acid:

(NH2)2CO  H2N–COOH  + NH3 H2CO3 +  2NH3
urease

H2O H2O

spontaneous

ð1Þ
In view of the wide distribution of urease and wide

availability of urea in nature, the catalytic reaction

[Eq. (1)] makes urease an enzyme that plays a prominent

role in the global N-cycle.

Urease is found in numerous plants, fungi, bacteria,

algae, some invertebrates, and in soils as a soil enzyme

[1–4]. Depending on the source, the structural organization

of urease varies; typically, in plants and fungi urease is a
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hexamer of identical subunits (ca. 90 kDa each), whereas

in bacteria (except Helicobacter pylori urease) it consists

typically of three different subunits that join together to

form trimers. The bacterial trimer aligns with the single

subunit of plant/fungal enzyme exhibiting 50–60 %

homology of amino acid sequences. Most importantly,

irrespective of the source and composition, the salient

feature of ureases is a two-Ni(II) ions-containing active site

[5] with a characteristic structure found conserved among

the enzymes (Fig. 1a) [6–10]. This fact allows assuming

that all ureases employ the same catalytic mechanism.

Urease inhibition studies

Further to theoretical knowledge on urease biochemistry,

studies of urease inhibitions are carried out to assure

compounds that could control enzyme activity in an

effective, dependable and safe manner. The need for such

control arises from different medical, environmental and

engineering circumstances as discussed below.

Of great significance, the hydrolysis of urea [Eq. (1)]

has two consequential features: it produces NH3 and

alkalinizes its environment, both capable of causing dele-

terious complications, notably in medical and agricultural

contexts [1, 3]. In the former, bacterial ureases may act as a

virulence factor giving rise to pathological conditions

[11–13], such as urinary stone formation and

pyelonephritis resulting from the infection of the urinary

tracts (chiefly with Proteus mirabilis and Ureaplasma

urealyticum), and peptic ulcer disease, gastric cancer and

hepatic coma resulting from the infection of the gastroin-

testinal tracts (primarily with Helicobacter pylori). Due to

the growing resistance of the pathogens to antibiotics, the

use of urease inhibitors has been considered as a thera-

peutic alternative. In the agricultural context by contrast,

urease in soils plays a crucial role in the N-uptake by plants

in the form of NH3 produced from the hydrolysis of fer-

tilizer urea [14–16]. However, if too rapid, the hydrolysis

may lead to overproduction of ammonia resulting in

detrimental effects, such as losses of nitrogen by ammonia

volatilization, and ammonia- and alkaline-induced plant

damage. Given the fact that urea now makes up over 50 %

of the total N-fertilizer worldwide, the problem may have

serious environmental and economic consequences. One
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Fig. 1 Schematic structures of

the active site of urease:

a native [7], and inhibited by

b boric acid [40],

c 2-mercaptoethanol [29] and

d phosphate [54]
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way to counteract them is to suppress ureolytic activity of

soils with use of urease inhibitors.

Another context, where urease activity participates, is

calcium carbonate biomineralization. The process is

achieved owing to an increase in pH and production of

carbonate ions in the urea hydrolysis [Eq. (1)], which in the

presence of Ca2? ions are precipitated in the form of CaCO3

[17]. In addition to the significance in nature, this biocat-

alytic calcification offers potential in innovative engineer-

ing applications, such as preparation of advanced carbonate

materials [17], cleaning waste- and groundwaters of Ca2?

and 90Sr2? [18], and most excitingly, sealing cracks and

fissures in buildings [19] and other stone historic monu-

ments of cultural heritage for their restoration [20].

Interestingly, urease inhibition can also be advanta-

geously exploited as an analytical technique in urease-

based biosensors for the analysis of substances that act as

inhibitors of the enzyme [21]. The measurements are based

on the amount of inhibition provoked by the inhibitors, and

they make use of enzyme sensitivity to sometimes

infinitesimal concentrations of some inhibitors. As yet

suffering from the lack of stability and selectivity, such

biosensors offer enormous potential for measuring trace

levels of compounds in environmental monitoring, food

control and biomedical analysis.

Several classes of compounds are known to inhibit

urease [1, 22–24]. These include amides and esters of

phosphoric acid [7, 25–27], thiols [26–30], hydroxamic

acids [26, 31–33], phosphinic and thiophosphinic acids

[34–36], boric and boronic acids [37–43], heavy metal ions

and their complexes [43–48], bismuth compounds [49],

quinones [50–52], phosphate [26, 41, 53, 54], fluoride

[27, 32, 55, 56] and to a lesser extent other compounds

[1, 22–24, 57, 58]. Despite the ongoing research in this

area, the choice of inhibitors qualifying for effective and

dependable application in controlling urease activity is still

very limited.

Of the inhibitors listed above, three competitive inhibi-

tors of different inhibitory strengths, representing different

classes of compounds, were chosen for this study: boric

acid, 2-mercaptoethanol and phosphate buffer pH 6.45.

Their inhibition constants reported in the literature are

assembled in Table 1 and the schematic structures of their

complexes with urease in Fig. 1. The following are the

main features of the inhibitors.

Boric acid was shown to act as a urease inhibitor in the

molecular form B(OH)3 [37, 41, 59]. The crystal structure

of the boric acid–urease complex (Fig. 1b) [40] revealed

that B(OH)3 replaces W1–W3 water molecules in the

active site, leaving in place the bridging water WB. The

inhibitor binds to the Ni ions with its two O-atoms, while

the third one points toward the opening of the site. By

contrast, 2-mercaptoethanol was shown to inhibit urease in

its thiolate form OH–CH2–CH2–S- [26]. The crystal

structure of the inhibitor–enzyme complex (Fig. 1c) [29]

demonstrated that 2-mercaptoethanol binds to urease active

site by displacing all four water molecules. The inhibitor

S-atom bridges the Ni ions, while its OH group binds to

Ni(1). Phosphate buffer, on the other hand, had its inhibi-

tory strength shown pH-dependent; the strength decreases

with an increase in pH to cease at pH 7.0–7.5 [26, 53]. The

inhibitory action of the buffer was ascribed to H2PO4
- ion

[26, 27, 53], a point verified by the crystal structure of the

urease–phosphate complex at pH 6.3 [54]. In the structure

(Fig. 1d), H2PO4
- ion replaces all four water molecules.

One OH group of H2PO4
- bridges the Ni ions, while the

other two O-atoms bind to the Ni ions and the fourth one

points toward the opening of the site.

Competitive inhibition

In competitive inhibition, an inhibitor I binds to the free

enzyme E in a manner that prevents substrate S binding

[60]. The equilibria describing competitive inhibition are

as follows:

KD k2
E + S ES → E + P

+
I

Ki  

EI

ð2Þ

where KD = E�S/ES is the equilibrium constant for the ES

dissociation, Ki = E�I/EI is the equilibrium constant for the

EI dissociation, and k2 is the rate constant for the break-

down of ES to E ? P.

The Michaelis–Menten equation describing the unin-

hibited reaction is:

v0 ¼ vmaxS

KM þ S
ð3Þ

where KM is the Michaelis constant and vmax is the maxi-

mum reaction rate, in competitive inhibition changes into

the following rate equation:

v0 ¼ vmaxS

KM 1 þ I
Ki

� �
þ S

ð4Þ

where Ki is the inhibition constant and the expression

KM (1 ? I/Ki) denotes the apparent Michaelis constant

KM
app. As shown, competitive inhibition increases KM, but

does not affect vmax.

To diagnose the type of inhibition, most commonly the

Lineweaver–Burk double reciprocal plot of the rate
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equation is used, which for the competitive inhibition has

the form:

1

v0

¼ KM

vmax

1 þ I

Ki

� �
1

S
þ 1

vmax

ð5Þ

In competitive inhibition, the reciprocal plots, 1/v0

versus 1/S, intersect at y-axis. Further, the replot of the

slope = KM
app/vmax of the reciprocal plots [Eq. (5)] against

inhibitor concentration I provides the inhibition constant

Ki = -intercept on the I-axis.

Alternatively, for diagnosing the inhibition the Dixon

plot may be used. The plot is a linear transformation of

Eq. (4) where the inhibitor concentration I is a variable:

1

v0

¼ KM

vmaxSKi

I þ 1

vmax

1 þ KM

S

� �
ð6Þ

In competitive inhibition, the plots 1/v0 versus

I recorded at unsaturating S concentrations intersect above

the I-axis at I = -Ki.

As argued in the preceding paragraphs, there is a com-

pelling need to investigate urease inhibition in order to

ascertain new inhibitors and even more importantly, to

better develop strategies for knowledge-based urease

activity control. Several approaches can be applied in such

investigations, i.e., crystallographic studies of enzyme–in-

hibitor complexes [7, 29, 33, 40, 54, 56], structure-based

molecular designs [34–36, 61] in addition to indispensable

kinetic studies. It is in the latter context that in this work we

offer a thorough temperature-dependent kinetic investiga-

tion of the inhibition of urease by three competitive inhi-

bitors representing different inhibitory classes: boric acid,

2-mercaptoethanol and phosphate buffer pH 6.45. This

investigation is the first of its kind performed for these

systems. Earlier, only prefatory results on the thermody-

namics of urease inhibition by heavy metal ions were

reported in this journal [68, 69]. In this present work, the

thermodynamics of the binding of the chosen inhibitors to

the enzyme is comprehensively studied, interpreted in

terms of their affinity to the enzyme and compared with the

binding of the substrate. Further, the driving forces of the

binding of the substrate and inhibitors are discussed.

Materials and methods

Materials

Urease (from jack beans, type III, with nominal activity

27.2 U mg-1 solid), urea (for Molecular Biology), HEPES

buffer (SigmaUltra) and 2-mercaptoethanol (pu-

rity C 99.0 %) were from Sigma-Aldrich. Boric acid and

phosphoric acid were from POCh, Poland. 200 mM stock

solutions of HEPES and phosphate buffers were prepared

by neutralizing HEPES and phosphoric acid with NaOH.

The HEPES stock solutions were further diluted to obtain

the concentrations and pHs required for each individual

inhibitor: 20 mM pH 7.0 for boric acid, 20 mM pH 6.45 for

phosphate buffer pH 6.45, and 5 mM pH 6.84 for 2-mer-

captoethanol. All the enzyme mixtures contained 1 mM

EDTA. Ultrapure water (resistivity 18.2 MX cm) obtained

from a Simplicity 185 Millipore system was used

throughout.

Urease–inhibitors reactions in the absence

of substrate

Urease–inhibitor incubation mixtures were prepared in the

respective HEPES buffers. The mixtures contained

1 mg mL-1 urease and an inhibitor, either boric acid at

concentrations from the range 15.625–250 mM, or phos-

phate buffer pH 6.45 at concentrations from the range

1–3.75 M. The mixtures were incubated with occasional

stirring. During the incubations, periodically 0.4 mL ali-

quots were transferred into the assay mixtures (20 mL)

containing 50 mM urea in 20 mM phosphate buffer pH 7.2,

for enzyme residual activity (RA) determinations, where at

5 min reaction, samples of the reaction mixtures were

withdrawn and the ammonia released was converted into

Table 1 Inhibition constants of the studied inhibitors (ambient temperature), reported in the literature

Urease source Ki/mM

Boric acid 2-Mercaptoethanol Phosphate buffer pH 6.45

Plant

Jack bean 0.12 [39], 0.08 [41] 0.72 [27], 0.87 [30] 3.6 [53]

Pigeon pea 0.35 [42] – –

Soybean 0.20 [43] – –

Bacterial

Proteus mirabilis 0.099 [37] – –

Klebsiella aerogenes 0.34 [38] 0.55 [26] 5 [26]

Helicobacter pylori – 4.1 [28] –
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indophenol, which was quantified by measuring the

absorbance at 630 nm [62]. RA was expressed as percent

of the activity of uninhibited urease. The measurements

were carried out at room temperature. Interfering with the

indophenol method [63], 2-mercaptoethanol was not

included in the measurements.

Determination of urease initial reaction rates v0

in the presence of substrate and inhibitors

For the urease reactions in the presence of boric acid and

phosphate buffer pH 6.45, the initial reaction rates v0 were

determined by measuring the amount of ammonia released

from the enzymatic reaction. The reactions were performed

in mixtures (20 mL) containing 20 mM HEPES buffer of

the respective pHs, urea and the inhibitor, the latter two at

chosen concentrations. The reactions were initiated by the

addition of 0.2 mL of urease solution (2 mg mL-1 freshly

prepared in the respective buffers) and carried out for

5 min, when the samples were taken out for ammonia

determination by the indophenol method [62].

Due to the interference with the indophenol method

[63], the v0 values of the urease reactions in the presence of

2-mercaptoethanol were assayed by a spectrophotometric

method with use of phenol red [64]. The assays were

performed in a stopped-flow unit (SX20, Applied Photo-

physics Ltd, Leatherhead, UK). The reaction mixtures in

the unit were formed by mixing urease solution

(0.04 mg mL-1) with the solution containing urea and the

inhibitor, each at a chosen concentration, and phenol red

(final concentration 6.675 9 10-3 mg mL-1) in 5 mM

HEPES buffer pH 6.84. The reactions were monitored by

the increase in the absorbance at 560 nm for 200 s [64].

The inhibitions were studied at five temperatures

between 15 and 35 �C. At each temperature, the solutions

to be mixed for the v0 measurement were conditioned for

ca. 20 min, whereas those in the stopped-flow unit, for ca.

5 min.

Determination of the inhibition constants Ki

of the studied inhibitors

The inhibition constants Ki of boric acid and phosphate

buffer pH 6.45 were derived from the v0 rates measured in

the presence of five inhibitor concentrations in the range of

0–0.45 mM for boric acid and 0–20 mM for phosphate

buffer pH 6.45, at each inhibitor concentration for seven

urea concentrations S from the range 2–50 mM in the

respective buffers. The saturation curves, v0 versus S, were

constructed for each inhibitor concentration [Eq. (4)], from

which the apparent Michaelis constants KM
app and the

maximum reaction rates vmax were obtained by nonlinear

regression. The inhibition constants Ki were determined

from the plots of the ratio of the apparent KM
app to vmax

versus inhibitor concentration I.

The inhibition constants Ki of 2-mercaptoethanol by

contrast were obtained from the Dixon plots, 1/v0 versus

I [Eq. (6)]. For that, the v0 rates were measured at two urea

concentrations (15 and 25 mM urea), at each of them for

four inhibitor concentrations I from the range

0.25–2.0 mM.

To establish the temperature dependence of the inhibi-

tion constants Ki, each set of the measurements was repe-

ated for each inhibitor at five temperatures (15, 20, 25, 30

and 35 �C).

The experimental uncertainties of the final values of KM,

Ki and the thermodynamic parameters were estimated from

the regression analysis.

Results and discussion

Urease–inhibitor reactions in the absence

of substrate: determination of IC50

Prior to measuring the urease v0 rates in the urease–urea–

inhibitor mixtures for Ki determinations, it was checked

whether the inhibitors equilibrated rapidly with urease to

form urease–inhibitor complexes in a manner that is not

time dependent. For that, the kinetic curves of urease–in-

hibitor reactions, RA versus time, were recorded for a

range of the inhibitors’ concentrations (Fig. 2). The curves

reveal that both boric acid and phosphate buffer equilibrate

rapidly with urease within the time shorter than 30 s.

Simultaneously, the IC50 values, i.e., inhibitor concentra-

tions bringing about a 50 % inactivation of the enzyme,

were estimated (insets to Fig. 2) at 46 mM for boric acid

(in agreement with IC50 = 50 mM reported in [65]) and at

ca. 4.7 M for phosphate buffer pH 6.45.

Urease reactions in the presence of substrate

and inhibitors: determination of Ki

Having established that the inhibitors are rapidly binding to

urease, the v0 rates of the urease reactions were measured

at the varied inhibitors’ and urea concentrations at each

temperature.

For boric acid and phosphate buffer pH 6.45, the results

were assembled in the form of saturation curves, v0 versus

S, as presented for three representative temperatures, 15�,
25� and 35� in Figs. 3a and 4a. The figures reveal that the

urease reactions, whether in the presence or absence of the

inhibitors, followed Michaelis–Menten kinetics [Eq. (3), (4)]

at each temperature, and also that, as typically observed for

enzymatic reactions, increasing the temperature increased

the reaction rates. The kinetic parameters, KM
app and vmax,
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were derived from the curves, and the KM values for the

uninhibited reactions are listed in Table 2.

To ascertain whether temperature over 15–35 �C
affected the type of inhibition exerted by the studied

inhibitors, the double reciprocal plots [Eq. (5)], 1/v0 versus

1/S, were constructed. As shown in Fig. 3b and 4b, in all

the cases the linear plots intersect on the y-axis, proving

that the inhibition is competitive irrespective of
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a saturation curves at different
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temperature in the range of 15–35 �C. Further, the plots of

the ratio of the apparent KM
app to vmax (values taken from the

saturation curves) versus I were drawn (Fig. 3c, 4c), from

which the inhibition constants Ki of boric acid and phos-

phate buffer pH 6.45 were obtained. The Ki values are

assembled in Table 3.

The results concerning 2-mercaptoethanol are presented

in Fig. 5 in the form of the Dixon plots, 1/v0 versus

2-mercaptoethanol concentration. The plots form straight

lines that intersect at each temperature above negative

section of x-axis, proving that the inhibition is competitive.

The Ki values were read out as the negative values of the

concentration of 2-mercaptoethanol corresponding to the

intersection point. The values are listed in Table 3.

Thermodynamic characterization of the uninhibited

and inhibited urease reactions

Typically in the Michaelis–Menten mechanism [Eq. (2)],

the binding step in enzyme reactions consists of the for-

mation of the enzyme–substrate complex ES in a reaction:

E ? S ¢ ES. The reaction is governed by the equilibrium

constant equal to 1/KD, where KD is the equilibrium con-

stant for the ES dissociation: ES ¢ E ? S [60].

By contrast, in competitive inhibition of enzymes

[Eq. (2)], parallel to the substrate binding there occurs the

inhibitor binding to the enzyme with the formation of the

enzyme–inhibitor complex EI in a reaction: E ? I ¢ EI.

The equilibrium of the reaction is expressed by the

Table 2 Michaelis constants KM of urease in the uninhibited reac-

tion, measured at different temperatures and pHs

T/�C KM 9 103/M

pH 7.0 pH 6.84a pH 6.45

15 3.1 ± 0.2 3.3 ± 0.2 2.7 ± 0.2

20 3.5 ± 0.1 3.7 ± 0.2 3.0 ± 0.1

25 3.7 ± 0.2 3.9 ± 0.2 3.2 ± 0.1

30 4.2 ± 0.2 4.1 ± 0.2 3.6 ± 0.1

35 4.5 ± 0.3 4.6 ± 0.1 4.0 ± 0.2

a Data taken from Ref. [64]
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equilibrium constant equal to 1/Ki, where Ki is the equi-

librium constant for the EI dissociation: EI ¢ E ? I [60].

Measuring the constants KD and Ki at different tem-

peratures enables the determination of the thermodynamic

parameters for both the substrate and inhibitor binding to

the enzyme, DH�, DS� and DG� (the standard enthalpy,

entropy and the Gibbs free energy change of the reaction).

The standard enthalpy DH� and the entropy DS� change can

be assessed from the van’t Hoff plot:

� lnKeq ¼ DH�

RT
� DS�

R
ð7Þ

where Keq is the equilibrium constant of a chemical reac-

tion, T is the absolute temperature, and R stands for the gas

constant. From this plot, DH�/R is the slope and -DS�/R is

the intercept of the linear fit. By contrast, the Gibbs free

energy change DG� for a given temperature can be

obtained from the definition:

DG� ¼ DH��TDS� ð8Þ

Effect of temperature on KM

To be able to analyze the thermodynamic parameters of the

inhibitor binding relative to the substrate binding, first the

uninhibited reaction will be thermodynamically

characterized.

Listed in Table 2, the values of KM determined in

HEPES buffer at pH 7.0, 6.84 and 6.45, at temperatures

between 15 and 35 �C, agree with those reported in the

literature [1]. A close inspection of the values reveals

effects worthy of attention. One is that the KM constants

obtained at pH 7.0 and 6.84 [64] are practically identical,

whereas those obtained at pH 6.45 are lower. This obser-

vation is in agreement with the effect of pH on KM of

urease reported in our previous works [41, 53]. Therein we

showed that the dependence of pKM on pH takes up a form

of a complex wave, where going from neutral toward lower

pHs, KM decreases to assume the lowest values at pH

around 6. Although this decrease is rather small, it indi-

cates that at this pH urease has the highest affinity for the

substrate, which must be a result of favorable ionization

states of the residues of the active site involved in the

substrate binding.

Another effect revealed by the data in Table 2 is that

contrary to the previously reported independence of tem-

perature [66], the KM values showed a slight increase by

about 1.3 mM between 15 and 35 �C at each pH studied

(ca. 1.4-fold increase). This indicates a small reduction in

the enzyme affinity for the substrate at higher temperatures,

which apparently can be regarded as resulting from the

distortion of the active site structure.

Further, the thermodynamic parameters for the sub-

strate–urease binding were examined. Importantly, in this

examination, we followed the suggestion in the literature

[67], based on insignificant variability of KM with pH

[41, 53, 66], that urease features KM = KD. Correspond-

ingly, the plots of the inverse of the urease Michaelis

constant KM were constructed according to Eq. (7), ln KM

versus 1/T, for the pHs studied (Fig. 6a), and the resulting

parameters DH�, DS� and DG
�
298 [Eq. (8)] were compiled in

Table 3 Inhibition constants Ki of boric acid, 2-mercaptoethanol and phosphate buffer pH 6.45, measured at different temperatures

T/�C Ki 9 103/M

Boric acid 2-Mercaptoethanol Phosphate buffer pH 6.45

15 0.055 ± 0.005 0.75 ± 0.1 3.9 ± 0.5

20 0.057 ± 0.001 1.0 ± 0.1 4.2 ± 0.4

25 0.077 ± 0.001 1.1 ± 0.2 4.4 ± 0.3

30 0.121 ± 0.003 1.2 ± 0.2 4.8 ± 0.5

35 0.157 ± 0.004 1.3 ± 0.3 6.5 ± 0.2

15oC 25 Co 35oC

-2 -1 0 1 2

2-mercaptoethanol, mM

10

20

30

1/
v,

A
bs

/m
in 15 mM urea

25 mM urea

-2 -1 0 1 2

2-mercaptoethanol, mM

10

20

30

-2 -1 0 1 2

2-mercaptoethanol, mM

10

20

30

Fig. 5 Inhibition of urease by

2-mercaptoethanol at 15, 25 and

35 �C: Dixon plots obtained for two

non-saturating urea concentrations
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Table 4. As shown, the thermodynamic parameters for the

formation of the urease–urea complex are, within the limits

of the experimental error, pH-independent in the studied

pH range. The standard enthalpy DH� and the Gibbs free

energy DG
�
298 changes are negative, proving favorable for

an exothermic and spontaneous reaction. The standard

entropy change DS�, on the other hand, was found to be close

to zero. This indicates that the extent of disorder of the reac-

tants before and after the reaction of substrate binding is

comparable; however, the interpretation of this entropy

change may be difficult, as the change may be a composite of

many different contributions that partially cancel each other.

Importantly, the values of DH� and DS� indicate that the

substrate binding in the urease reaction is driven by enthalpy.

Effect of temperature on Ki

The inhibition constants Ki of the studied inhibitors mea-

sured between 15 and 35 �C (Table 3) are consistent in

magnitude with those presented in the literature for the

ambient temperature (Table 1), thus confirming that the

inhibitory strength of the inhibitors follows the order: boric

acid[ 2-mercaptoethanol[ phosphate buffer pH 6.45.

The data in Table 3 reveal that for each studied inhibitor

the inhibition constant Ki grew with temperature in the

range of 15–35 �C, nearly three times for boric acid, and

less than two times for 2-mercaptoethanol and phosphate

buffer pH 6.45. This growth of Ki implies that temperature

diminishes the affinity of the inhibitors to urease, an effect

being more pronounced for boric acid than for 2-mercap-

toethanol and phosphate buffer pH 6.45. To try to weigh

whether these are temperature-provoked changes in the

urease active site or in the inhibitors molecules that are

responsible for the reduction of inhibitor-enzyme affinity,

the Michaelis KM and inhibition Ki constants were com-

pared. As shown in Tables 2 and 3, while the KM value of

urease increased ca. 1.4-fold between 15 and 35 �C inde-

pendent of the pH studied, the Ki value of boric acid

increased ca. 2.8 times in the same temperature range. This

comparison effectively implies that for the decrease in the

affinity of boric acid to urease responsible are the changes

in the boric acid molecules rather than in the urease active

site. By the same token, the fact that Ki of 2-mercap-

toethanol and phosphate buffer pH 6.45 grew ca. 1.7 times

between 15 and 35 �C means that the responsibility for the

reduction of the affinity of these inhibitors to urease lies

with both the active site and the inhibitors.

In order to carry out a thermodynamic analysis of the

inhibition of urease by the three inhibitors studied, the

equilibrium constants of the binding reactions [Eq. (2)]

equal to the inverse of Ki were plotted in the form of the

van’t Hoff plots, ln Ki versus 1/T [Eq. (7)]. The plots are

presented in Fig. 6b and the resulting changes in the

thermodynamic functions, in Table 5. Clearly, the location

of the plots in Fig. 6b and the values of the thermodynamic

functions are directly consequent on the inhibitory strength

of the inhibitors; the stronger is the inhibitor (the lower is

its Ki value), the lower position its van’t Hoff plot occu-

pies. In the studied group of inhibitors, boric acid is the

strongest inhibitor showing its Ki values that are, depend-

ing on temperature, two to one order of magnitude smaller

than the KM values of urease, while the Ki values of the

other two inhibitors are comparable with KM. Conse-

quently, boric acid demonstrated the changes in the ther-

modynamic functions in the binding reaction with urease

considerably bigger than those of the substrate (Table 4)

and those of the other two inhibitors (Table 5), a feature

that clearly makes it distinct among the studied inhibitors.

0.0032 0.0033 0.0034 0.0035

1/  , 1/K

-6.0

-5.6

-5.2

ln

pH 7.0

pH 6.45

K
M

(M
)

T
0.0032 0.0033 0.0034 0.0035

1/  , 1/K

-10.0

-8.0

-6.0

ln
K

i

boric acid

phosphate buffer pH 6.45

(M
)

T

2-mercaptoethanol

(b)(a)

Fig. 6 Effect of temperature in

the range 15–35 �C on

a the Michaelis constant KM at

pH 7.0 and 6.45,

b the inhibition constants Ki of

boric acid, 2-mercaptoethanol

and phosphate buffer pH 6.45

Table 4 Thermodynamic parameters for the formation of the urease–

urea complex ES in the uninhibited urease reaction, obtained from

temperature-dependent measurements of KM at different pHs

pH DH�/kJ mol-1 DS�/J K-1 mol-1 DG
�
298/kJ mol-1

7.0 -14 ± 1 0.4 ± 3 -14 ± 1

6.84a -12 ± 1 7 ± 3 -14 ± 1

6.45 -14 ± 1 -0.5 ± 3 -14 ± 1

a Data taken from Ref. [64]
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The change in the enthalpy of the reaction

DH� = -42 kJ mol-1 proves that the reaction of boric

acid with urease is markedly exothermic, more exothermic

than the reaction of urease with the substrate

(-14 kJ mol-1). Also, DG
�
298 value of this reaction

(-23 kJ mol-1) shows a similar feature, which proves that

the reaction is more spontaneous than the other binding

reactions under examination. Interestingly, compared to the

reaction of substrate binding, boric acid binding shows a

large negative value of DS� = -63 J K-1 mol-1, clearly

indicating that the system after the reaction is more orderly

than before the reaction.

By contrast, correlated with their inhibitory strengths,

the other two inhibitors studied, 2-mercaptoethanol and

phosphate buffer pH 6.45, showed the changes in the

thermodynamic functions in their reactions with urease

smaller than boric acid; the reactions are less exothermic

(DH� = -20 and -17 kJ mol-1, respectively) and less

spontaneous (DG
�
298 = -17 and -13 kJ mol-1, respec-

tively). Importantly, although these changes are slightly

bigger than those for the substrate binding (Table 4), they

are practically comparable in value, features that appar-

ently result from the comparable values of KM and Kis. The

binding of the two inhibitors to the enzyme is also similar

to the substrate binding in respect of entropy change DS�.
The estimated values of DS� were found negative but quite

small, and given the high experimental uncertainties, they

can be viewed as close to zero.

Cumulatively, with respect to the driving force under-

lying the inhibitors’ binding, on the basis of the above data

it is possible to conclude that like that of the substrate, the

binding reactions of all the three inhibitors studied are

driven by enthalpy.

In this connection, it would be interesting to compare

the data collected in this work with other thermodynamic

urease inhibition data. However, as mentioned earlier the

reports on the thermodynamics of urease inhibition are

scarce in the literature. The available data are those on

heavy metal ions inhibition, Hg2?, Ag?, Cu2?, Zn2? and

Cd2? ions, measured with use of isothermal titration

calorimetry [68–70]. Importantly, unlike the competitive

inhibitors in this work, heavy metal ions are comparatively

strong inhibitors of urease, strongest being Hg2?, Ag? and

Cu2? [44–46], that act on urease in a slow-binding mode

[45]. The inhibitory action of the ions was proven to be

primarily through the reaction with the enzyme thiol

groups [46]. Intriguingly, the reported thermodynamic

parameters for the binding of the ions to urease [68–70] do

not vary among the ions, maintaining practically the same

values irrespective of the ions’ inhibitory strength. The

reported values are: DH� & -14 kJ mol-1 (between -16

and -13 kJ mol-1), DS� & 19 J K-1 mol-1 (between 17

and 20 J K-1 mol-1), DG
�

300 & -20 kJ mol-1 (between

-21 and -20 kJ mol-1). Thus, like in our inhibitions,

these bindings are exothermic and spontaneous, but the

most striking difference is that the entropy of the reaction

system increased upon metal ions binding, whereas it

decreased upon binding of the inhibitors studied in the

present work. Consequently, unlike our inhibitions, which

are solely enthalpy driven, the inhibition by the heavy

metal ions is driven by both enthalpy and entropy. Obvi-

ously needing further studies to account for, these distinct

differences in the thermodynamic behavior of the two

groups of the inhibitors might at least in part now be

explained by different mechanisms of the reaction with

urease, different inhibitory strengths of the inhibitors and

inevitably, by different experimental techniques applied.

Conclusions

Temperature-dependent study of the inhibition of urease by

three competitive inhibitors: boric acid, 2-mercaptoethanol

and phosphate buffer pH 6.45, was performed in HEPES

buffer in the temperature range 15–35 �C. The Michaelis

KM and inhibition Ki constants determined for the unin-

hibited and inhibited urease reactions, respectively, were

found to increase with an increase in temperature with the

inhibition remaining competitive irrespective of tempera-

ture. To thermodynamically characterize the reactions of

substrate and inhibitor binding to the enzyme resulting in

the formation of the enzyme–substrate ES and enzyme–

inhibitor EI complexes, the inverse of the KM and Ki

constants were analyzed with use of the van’t Hoff equa-

tion. For the substrate binding, the changes in the standard

enthalpy (DH� = -14 kJ mol-1) and the free energy

Table 5 Thermodynamic parameters for the formation of the urease–inhibitor complexes EI in the inhibited urease reaction, obtained from

temperature-dependent measurements of Ki

Inhibitor DH�/kJ mol-1 DS�/J K-1 mol-1 DG
�

298/kJ mol-1

Boric acid -42 ± 6 -63 ± 21 -23 ± 6

2-Mercaptoethanol -20 ± 3 -9 ± 9 -17 ± 3

Phosphate buffer pH 6.45 -17 ± 4 -12 ± 14 -13 ± 4

2436 B. Krajewska, M. Brindell

123



(DG
�
298 = -14 kJ mol-1) were found independent of pH

in the range 6.45–7.0 and negative in value, proving

favorable for an exothermic and spontaneous reaction.

With the standard entropy change DS� close to zero, the

reaction is enthalpy driven. The thermodynamic functions

of the inhibitors’ binding reactions were found correlated

with the inhibitory strengths of the inhibitors in the order:

boric acid[ 2-mercaptoethanol[ phosphate buffer pH

6.45. Accordingly, the thermodynamic functions for boric

acid binding were considerably bigger

(DH� = -42 kJ mol-1, DG
�
298 = -23 kJ mol-1) than

those of the substrate and the other two inhibitors, with DS�
assuming a large negative value of -63 J K-1 mol-1.

2-Mercaptoethanol and phosphate buffer pH 6.45, by

contrast, showed the changes in the thermodynamic func-

tions smaller than those of boric acid (DH� = -20 and

-17 kJ mol-1, and DG
�
298 = -17 and -13 kJ mol-1,

respectively). Although slightly bigger, they were found

practically comparable in value with those of the substrate,

including the change in DS� found close to zero, features

that apparently result from the comparable values of KM

and Kis. Importantly, all the three inhibitors showed neg-

ative values of DS� (to various degrees), proving that their

binding to the enzyme, like that of the substrate, is driven

by enthalpy.
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