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Abstract: The present study demonstrates a simple approach to enhancing thermal stability of
butyrylcholinesterase (BChE) by using natural polymers. Analysis of thermal inactivation of the
tetrameric BChE in starch and gelatin gels at 50–64 ◦C showed that thermal inactivation followed
second-order kinetics and involved two alternating processes of BChE inactivation, which occurred
at different rates (fast and slow processes). The activation enthalpy ∆H# and the activation entropy
∆S# for BChE in starch and gelatin gels were evaluated. The values of ∆H# for the fast and the slow
thermal inactivation of BChE in starch gel were 61 ± 3, and 22 ± 2 kcal/mol, respectively, and the
values of ∆S# were 136 ± 12 and −2.03 ± 0.05 cal·K−1·mol−1, respectively. Likewise, the values of
∆H# for BChE in gelatin gel were 58 ± 6 and 109 ± 11 kcal/mol, and the values of ∆S# were 149 ± 16
and 262 ± 21 cal·K−1·mol−1, respectively. The values of the activation parameters obtained in this
study suggest that starch gel produced a stronger stabilizing effect on BChE exposed to elevated
temperatures over long periods compared with gelatin gel.
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1. Introduction

Butyrylcholinesterase (EC 3.1.1.8) is a hydrolase enzyme catalyzing the reaction of
butyrylthiocholine hydrolysis to release thiocholine and butyric acid. Butyrylcholinesterase
(BChE), as well as acetylcholinesterase (AChE), has been commonly used to monitor
inhibitors of cholinesterases in the air, water, and biological fluids [1,2]. These enzymes
catalyze similar reactions, differing only in substrate, but, in contrast to BChE, AChE is
inhibited by excess of substrate [1].

Numerous studies show high sensitivity of BChE to organophosphorus and carbamate
pesticides [3–5]. The specific effect of these pesticides on BChE activity provided the basis
for developing very effective biosensors to determine them in environmental samples or
food [2,3]. Moreover, this enzyme can be used to detect nerve agents, and thus security
agencies and the military take a close interest in it [6–10]. The sensitivity of BChE for
detecting organophosphorus pesticides such as paraoxon and chlorophos is 6 and 10 times,
respectively, higher than the sensitivity of AChE [3].

Analytes in environmental samples and biological fluids are usually determined
using electrochemical (amperometric and potentiometric) and optical BChE-based
biosensors [2,11–13]. There are studies reporting the use of fluorescence methods in-
volving enzyme conjugates [14].

Despite the high sensitivity of enzyme-based analytical methods, maintaining the
high activity and stability of the enzymes during storage and use, including their use as
the recognition element in biosensors, still remains a challenge. Enzyme preparations can
be stabilized by adding polyelectrolytes, amino acids, sugars, or nanoparticles [14–17].
To enhance the stability of enzymes further, the resulting solutions are dehydrated by
evaporation or freeze drying on supports. In a study by Gibson et al., to increase the
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stability of glucose oxidase preparations, they were first supplemented with sucrose and
then dehydrated [18]. The resulting enzyme preparations retained their catalytic activity
for one month when stored at a temperature of 37 ◦C.

Development of BChE preparations stable in storage and use is a problem that has
been addressed in numerous studies [10,19–21]. A study by Lonshakova-Mukina et al. [22]
reported that starch and gelatin gels produced a substantial stabilizing effect on BChE
activity during long-term storage. Immobilization of the enzyme preparations into those
polymers increased their storage time at a temperature of 4 ◦C to more than two years. At
the same time, there are very few available data on thermodynamic properties of the BChE
immobilized in natural polymer carriers.

Most researchers analyze kinetics of thermal inactivation of proteins in aqueous solu-
tions [15,23–26] rather than in viscous media created by high-molecular-weight materials
such as starch and gelatin. Gelatin and starch gels were found to enhance temperature and
pH stability of proteins such as enzymes of luminous bacteria [27–29]. In the presence of
gelatin gel, the activity of those enzymes at different temperatures increased by a factor
of two, and their optimum pH range became wider. Hence, high-molecular-weight poly-
mers can effectively stabilize protein molecules. Previous studies of BChE stability were
mainly conducted with low-molecular-weight substances such as glycerol or sucrose [16].
The novelty of the present research is the use of starch and gelatin gels to study thermal
inactivation of BChE. We found that the thermal stability of BChE was enhanced in the
presence of these natural polymers.

2. Results

The effects of starch and gelatin on BChE activity were determined by studying the
rate of enzymatic hydrolysis as dependent on concentrations of stabilizers in the solution
at a temperature of 25 ◦C (Figure 1). Starch concentrations were varied between 1% and
4.2% and gelatin concentrations between 0.4% and 3%.
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Figure 1. The rate of enzymatic hydrolysis of butyrylthiocholine iodide on the concentration of starch
and gelatin.

The highest BChE activity was observed at a gelatin concentration of 0.5% (Figure 1),
but this concentration was not high enough for gel formation (at this concentration, gelatin
solutions were sols). At gelatin concentrations between 1% and 2%, BChE activity did not
change, and the addition of the enzyme to solutions with higher gelatin concentrations
decreased its activity. At starch concentrations above 1%, the activity of the enzyme was
higher than in the gelatin medium.

Mechanisms of thermal inactivation of BChE were investigated in the presence of 1.4%
gelatin and 3% starch gels. We chose these concentrations because they are suitable for
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preparation of the immobilizing reagents for analyzing anticholinesterase agents [29]. At
lower concentrations, a gel network is not formed, and immobilizing reagents based on
higher concentrations are inconvenient to use because of undesirable kinetic characteristics
(the time to reach the maximum of BChE activity is too long). Moreover, it is difficult
to measure out very viscous solutions when preparing doses of immobilized reagents
intended for conducting one analysis.

To estimate the stabilizing effect of the starch and gelatin gels on BChE, the enzyme
was exposed to temperatures between 25 and 65 ◦C for 2 to 30 min in the presence of
the gels, and changes in the enzyme activity were analyzed. A significant decrease in
BChE activity was observed at a temperature of 50 ◦C or higher. In the buffer solution, the
residual BChE activity remained unchanged even after a 30 min exposure to 40 ◦C, but
activity dropped to a near-zero level after less than 5 min exposure to 65 ◦C.

Graphs showing the dependence of the natural logarithm of BChE residual activity
on the time of exposure to elevated temperatures are not linear. Hence, BChE thermal
inactivation kinetics does not correspond to simple first-order kinetics. Overall kinetics
at temperatures between 55 and 64 ◦C can be described using the two-exponential term
model [30]:

ai/a0 = A × exp(−k1t) + (1−A) × exp(−k2t)

where ai is the residual activity at time t, A is an undefined constant term, and k1 and k2 are
apparent first-order kinetic constants of inactivation.

Figure 2 is time dependence of the residual BChE activity at temperatures between 50
and 64 ◦C. In the starch gel, the residual BChE activity decreased at a slower rate with an
increase in the duration of exposure to high temperatures than in the gelatin gel and buffer.
For instance, at a temperature of 64 ◦C, the residual BChE activity was retained for 30 min
in the starch gel and for 10 min in the gelatin gel.
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Figure 2. Time course of thermal inactivation of butyrylcholinesterase (BChE) at various temperatures
ranging from 50 to 64 ◦C in buffer (a), 1.4% gelatin gel (b), and 3% starch gel (c). Numbers on curves
correspond to temperature values (◦C).

Then, semi-log plots were made to show kinetic dependences of BChE thermal inac-
tivation. Figure 3 is an example of kinetic dependence of BChE thermal inactivation in
the buffer solution. Similar dependences of BChE thermal inactivation were obtained in
the presence of the starch and gelatin gels. All dependences in the graph of the first-order
equation are represented by broken lines, which is characteristic of the dissociative ther-
mal inactivation of oligomeric enzymes [31]. The starting sections of the kinetic curves
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correspond to enzyme dissociation into subunits (fast inactivation) and the second linear
sections to denaturation (slow inactivation). The exceptions were temperature dependences
of BChE thermal inactivation in the buffer solution at 63 ◦C and in the gelatin gel at 64 ◦C,
for which quasi-first-order irreversible inactivation was observed.
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Constants of thermal inactivation rates, k1 and k2, for fast and slow inactivation were
determined as the slope of the curve of BChE thermal inactivation in the absence and pres-
ence of stabilizing additives for each temperature dependence. Figure 4a,b is temperature
dependence of the constants of fast and slow inactivation rates represented as Arrhenius
plot. The Arrhenius activation energy of temperature inactivation in the buffer solution was
47.3 kcal/mol and 29.9 kcal/mol for the fast and slow inactivation, respectively. In the pres-
ence of the starch gel, the Arrhenius activation energy was 71.7 kcal/mol and 36.6 kcal/mol,
and in the presence of the gelatin gel, it was 67.2 kcal/mol and 101.3 kcal/mol for the fast
and slow inactivation, respectively. The higher activation energies of the BChE tempera-
ture inactivation in the presence of the starch and gelatin gels suggested enhancement of
enzyme stability by the starch and gelatin gels.

The classical thermodynamic Eyring equation was used to determine activation pa-
rameters ∆H#, ∆S#, and ∆G#, which characterized thermal inactivation of BChE (Table 1).
In the gelatin solution, thermal inactivation enthalpy and entropy increased for both the
first and the second phases of thermal inactivation. In the starch gel, thermal inactivation
enthalpy and entropy increased for the fast phase but decreased for the slow phase of
thermal inactivation.
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Table 1. Activation parameters for thermal inactivation of butyrylcholinesterase.

∆H1
#,

kcal·mol−1
∆H2

#,
kcal·mol−1

∆S1
#,

cal·K−1·mol−1
∆S2

#,
cal·K−1·mol−1

Buffer 41 ± 5 32 ± 2 79 ± 2 34 ± 3

Starch 61 ± 3 22 ± 2 136 ± 12 −2.03 ± 0.05

Gelatin 58 ± 6 109 ± 11 149 ± 16 262 ± 21

The calculated values of the change in the free energy in both phases of BChE thermal
inactivation varied between 20 and 23 kcal·mol−1. These values are consistent with the
values of this parameter obtained for most proteins.

3. Discussion

Addition of various stabilizing substances considerably enhances enzyme stability,
including thermal stability. Stabilization of enzymes is mainly caused by a decrease in the
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molecular and submolecular motions or molecular vibrations [19]. Low-molecular-weight
stabilizers are known to increase BChE stability, e.g., activation parameters of temperature
inactivation of the enzyme are decreased in the presence of deuterium oxide [15]. At the
same time, the oligomeric protein is still inactivated in a two-phase process.

In our study we used physical gel because of the formation of collagen type triple
helices when cooling the solutions. Gelatin gel networks are formed at temperatures below
40 ◦C and at gelatin concentrations above the critical gelation concentration. Depending
on the temperature, gelatin can have different dispersion structures: if the temperature is
lower than that of gelation (T < Tg), gelatin is gel-like; if the temperature is higher than
that of gelation (T > Tg), gelatin is a colloid. When the temperature is equal to that of
gelation (T = Tg), gelatin is in a sol-to-gel transition state [32,33]. In our study, we dealt with
low-concentration water/gelatin solutions, which are capable of gelation at temperatures
below 27 ◦C. Thus, the 1.4% gelatin gel used in the present work had low thermal stability.
Hence, at high temperatures, collagen type triple helices “melt”, and gelatin is converted
from gel to sol. Nevertheless, the activation energies of thermal inactivation calculated in
this study suggest the stabilizing effect of the gelatin medium on BChE. It seems likely that
within the temperature range studied here, this stabilizer prevents unfolding processes,
as the overall viscosity of the gelatin solution was certainly reduced with the temperature
rise [34].

The potato starch used in the present study has high solubility (82% at 95 ◦C) and con-
tains an appreciable amount of covalently bonded phosphate monoester groups (0.06–0.10%)
linked exclusively to the potato amylopectin molecule. The repulsion of like charges in
aqueous solutions helps to untangle the individual polymer molecules; thus, the potato
amylopectin increases the viscosity and the “thickening power” of potato starch pastes [35].
Moreover, potato starch has a low critical concentration. Even 0.1 g of dry starch per 100 mL
of water produces a paste at 95 ◦C, in which the swollen granules occupy virtually the
entire volume. As the temperature range of gelation of potato starch is between 59 and
68 ◦C, we are certain that the gel structure of starch was not destroyed at the temperatures
of thermal inactivation of BChE used in this study.

Thus, the increase in activation energy suggested an enhancement of thermal stability of
the enzyme in the presence of the solutions of starch and gelatin. This effect is not obvious, as it
is not observed for all enzymes. In [27,36], the authors showed that the viscous environments
of gelatin and starch did not affect thermal inactivation of the enzymes of luminous bacteria.

The present study showed that the use of natural polymers enhanced thermal sta-
bility of BChE. The general reaction path can be schematized as follows: E4↔ E1→ Ed,
where E4 is the tetrameric enzyme in the native state, E1—monomers, and Ed—irreversibly
denatured monomers. A similar mechanism of thermal inactivation is observed for both
oligomeric cholinesterases [15] and other oligomeric enzymes [37]. Nonlinear temperature
dependence can be attributed to the occurrence of at least two successive processes: re-
versible dissociation of the oligomeric enzyme into monomers and subsequent irreversible
denaturation of these monomers. The higher values of residual activity after long-term
exposure of BChE to elevated temperatures in the presence of the starch gel compared with
the corresponding parameters in the buffer solution and gelatin gel are indicative of the
stabilizing effect of the starch gel on the enzyme. A possible reason for this is that starch
retains its gel structure at elevated temperatures, whereas the temperature of gelatin gel
formation is considerably below 50 ◦C [38]. Hence, within the temperature range studied
here, this stabilizer prevents unfolding processes as the overall viscosity of the solution
increases. These data are consistent with the activation energies of thermal inactivation
calculated in this study. The increase in activation energy suggested an enhancement of
thermal stability of the enzyme in the presence of the viscous solutions of starch and gelatin.

Protein denaturation is accompanied by a significant increase in entropy and enthalpy,
resulting in changes in activation entropy ∆S# and activation enthalpy ∆H#. Results of
this study demonstrate that in the presence of the gelatin gel, the activation entropy of the
dissociation process is lower than the activation entropy of the thermal inactivation process.
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This fact suggests that the activated complex of the tetrameric enzyme is structured to a
higher degree than the activated complex of the enzyme in the second phase of thermal
inactivation. An opposite effect is observed in the starch gel. In this medium, entropy
of activation of the slow process is negative. In the starch medium, unfolding processes
may be suppressed because the gel structure of starch is retained at elevated temperatures.
The positive value of the change of free energy for both processes suggests that thermal
inactivation in both the buffer solution and the gels is not a spontaneous process.

In a previous study, starch and gelatin gels were used as stabilizing additives to
produce stable enzyme preparations [22]. In that study, however, BChE preparations based
on starch or gelatin gel were solidified; they were first measured out and then dried at 8 ◦C.
Dehydration appears to enhance enzyme stability further, for long-term storage [21].

4. Materials and Methods

Freeze-dried BChE from equine serum 900 U/mg (Sigma, USA) was used in the study.
Other reagents used were butyrylthiocholine iodide (≥99.0%) (Fluka, Sigma-Aldrich,
Switzerland), 5-5′-dithiobis (2-nitrobenzoic acid) (≥98%) and starch from potato (Sigma-
Aldrich, Germany), gelatin from porcine skin with medium gel strength (Fluka, Sigma,
Germany). Solutions of butyrylcholinesterase, starch, and gelatin were prepared using a
0.05 M potassium-phosphate buffer, pH 8, at 25 ◦C.

Gelatin gel was prepared as follows. Buffer solution was added to gelatin powder,
and it was left to swell for 30 min. Then, it was heated to a temperature of 80 ◦C while
being stirred thoroughly. To prepare starch gel, the necessary amount of dry starch was
added to the buffer solution; it was brought to a boil and then cooled to a temperature of
25 ◦C.

BChE activity was determined in the presence of different gelatin (0.4% to 3%) and
starch (1% to 4.2%) concentrations and with no stabilizers (control) at a temperature of
25 ◦C. Thermal inactivation of BChE was studied by incubating the enzymes for 2–30 min
at temperatures ranging from 50 to 64 ◦C in a 1.4% gelatin solution, 3% starch solution,
and with no stabilizers (control). A portion of 0.05 M phosphate buffer pH 8 was used as a
control solution.

BChE activity was analyzed using Ellman’s method [39]. To perform measurements,
1.8 mL of starch/gelatin suspension or buffer solution with 0.11 U BChE, 100 µL 0.02 mM 5-
5′-dithiobis (2-nitrobenzoic acid), 100 µL 2 mM butyrylthiocholine iodide were sequentially
added to the spectrophotometer cuvette. BChE activity was determined by measuring the
absorbance of the reaction solution at a 412 nm absorption wavelength. BChE residual
activity, a/a0, was determined after exposure of the enzyme to various temperatures; a0 is
the starting activity of BChE, and a is the activity of BChE after heating time. Measurements
were done using a Shimadzu UV-2700 spectrophotometer (Japan). Each data point was
determined in at least 3–5 parallel measurements.

Activation energies Ea were determined using the Arrhenius equation:

ki = Ai × exp(−Ea/RT), (1)

where Ai is the Arrhenius pre-exponential factor, Ea is the Arrhenius activation energies,
R is the universal gas constant, T is temperature in Kelvin.

The activation enthalpy ∆H#, the activation entropy ∆S#, and the free energy of
inactivation ∆G were calculated according to the Eyring equations:

ln(ki/T) = (−∆H#/R) × (1/T) + (∆S#/R) + ln(kB/h), (2)

∆G# = ∆H# − T∆S#
, (3)

where kB is Boltzmann’s constant, h is Plank’s constant.
The activation entropy ∆S# was obtained by plotting T × ln(k/T) versus T and from

the temperature dependence of ∆G (3).
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5. Conclusions

Using starch and gelatin gels can maintain catalytic activity of BChE exposed to
elevated temperatures over long periods. Thus, there is positive evidence in favor of using
these polymer gels to produce enzyme preparations that are stable in storage and use.
Starch gel is, however, the better choice, as the use of this stabilizer not only increases the
Arrhenius energy but also decreases entropy of activation of BChE thermal inactivation,
which indicates that the rate of this process slows down.

6. Patents

Patent RF 2546245. Enzyme preparation based on immobilized butyrylcholinesterase
and method of its preparation; Esimbekova E.N., Lonshakova-Mukina V.I., Kratasyuk V.A.

Patent RF 2704264. Express method for determination of butyrylcholinesterase in-
hibitors in water and aqueous extracts; Esimbekova E.N., Lonshakova-Mukina V.I., Krata-
syuk V.A.
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