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Abstract

Denaturation of  cellulosolytic enzymes produced by microorganisms Trichoderma viride in the presence
of  water was studied. Effective kinetic constants characterizing denaturation process were determined. It
was shown that the enzymes in solution possess a narrow zone of  stability,  are stable at a temperature
below 55 °Ñ and rapidly gets denaturated when heated above 65 °Ñ. In the dry state,  the enzymes possess
higher stability and get noticeably denaturated only at temperatures above 80 °Ñ. The effective rate constant
of  denaturation is exponentially dependent on the concentration of  water in the enzymatic preparation.
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INTRODUCTION

Mechanoenzymatic processes allow success-
ful processing of various kinds of unedible bio-
renewable raw material, first of all lignocellu-
lose wastes from agriculture and forestry, into
biofuel, conversion of industrially grown mi-
croorganisms into valuable expensive products
[1�7]. Consequent combination of  preliminary
mechanical activation of the raw material with
subsequent enzymatic hydrolysis allows one not
only to increase the rate of enzymatic processes
and the yield of target products but also solve
a number of ecological and economic problems
characteristics of enzymatic technologies.

Wide introduction of enzymatic processes
is prevented by insufficient knowledge of the
physicochemical processes that occur at each
stage of treatment. From the economic point of
view, the most important problem in the mech-
anoenzymatic treatment of renewable raw ma-
terial is the gradual decrease in the catalytic
activity of expensive enzymatic preparations due
to thermal,  mechanical denaturation or enzyme

tanning by the phenol components of biomass,
for example lignin. Most frequently, thermal
denaturation is observed as a result of  violation
of the technological practices, local overheat-
ing,  the use of  preliminary mechanical activa-
tion of the dry mixtures of enzymes and sub-
strates, ultrasonic treatment of reagents.

For many individual enzymes and complex
preparations, the optimal reaction conditions
were determined,  inactivation and reactivation
were studied, stabilization mechanisms were
proposed [7�13]. However, the overwhelming
majority of  works consider only denaturation
of dissolved enzymes almost ignoring the solid-
phase processes. Results obtained under differ-
ent conditions and with different enzyme prep-
arations can hardly be compared with each oth-
er correctly. Mechanical denaturation of  enzymes
under technologically admissible conditions has
not been considered sufficiently thoroughly yet.

The goal of the present work was the
experimental investigation of the kinetics of
denaturation of  cellulolytic enzymes under
heating in solution and in the dry form.
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EXPERIMENTAL

Reagents and materials

TselloLyuks-A complex cellulolytic prepara-
tion (Sibbiofarm Co., Berdsk city, Novosibirsk
Region) was used in the work. Determination
of activity: chromatographic paper Whatman
No. 1, acetate buffer pH 4.7. Cellulolytic prepa-
ration is a mixture of enzymes possessing the
following activity profile: xylanase 8000 e.u./g,
cellulase 2000 e.u./g,  β-glucanase up to 1500
e.u./g, glucoamylase 20 e.u./g. Water content
of the samples was controlled with the help of
automatic humidity analyser Radwag WPS
50SX (Poland). Carbohydrate content was mea-
sured with an UNICO 2800 UV/VIS spectro-
photometer (USA).

Enzyme denaturation in the dry form

A weighed portion (100 g) of enzymatic
preparation (humidity 2 %) was kept at a tem-
perature of 60�115 °Ñ. Samples were taken af-
ter definite time intervals in order to determine
cellulolytic activity.

Enzyme denaturation in solution

Aqueous solutions of the enzymatic prepa-
ration (2 mg/mL) were kept at a temperature
of 50�70 °Ñ. Samples were taken after definite
time intervals in order to determine cellulolytic
activity.

Denaturation at different humidities
of the enzymatic preparation

Weighed portion of air-dry enzymatic prep-
aration was placed into a desiccator above the
layer of distilled water. Every 3 h the prepara-
tion was thoroughly mixed. Due to the high
hygroscopic properties of the samples and uni-
form mixing, the sorption of water vapour oc-
curred rapidly (within 3�20 h depending on re-
quired humidity) and uniformly, which was
controlled with the help of Radwag WPS 50SX
instrument (Poland). The resulting samples were
denaturated at 80 °Ñ under the conditions used
to study denaturation in the dry form.

Determination of cellulolytic activity

To determine cellulolytic activity of the en-
zymes of initial preparation and the enzymes
of the preparation subjected to thermal treat-
ment, enzymatic hydrolysis of chromatographic
paper was carried out, followed by the deter-
mination of  the sum of  reducing carbohydrates
(calculated for glucose).

The portions of 4.0 mL of enzyme solutions
with the concentration of 1.0 mg/mL were add-
ed to the weighed portions (100 mg) of filter
paper Whatman No. 1. The reaction mixture was
incubated at a temperature of 50 °Ñ for 1 h.
Then the mixture was kept for 15 min at 95 °Ñ
for complete denaturation of  enzymes,  and
cooled to room temperature. Non-dissolved res-
idue of filter paper was removed by centri-
fuging for 10 min at 7000 min�1. The superna-
tant was used to determine the total amount
of reducing carbohydrates.

Determination of the total amount
of reducing carbohydrates

The sum of reducing carbohydrates was
determined by means of the reduction of po-
tassium ferricyanide K3[Fe(CN)6]. For this pur-
pose, portions of 3.0 mL of 0.06 % solution of
K3[Fe(CN)6] were added to 1.0 mL of carbohy-
drate solutions with concentrations 30 to
150 mg/L, then the mixtures were stirred and
kept at 100 °Ñ for 10 min. After cooling, the
solutions were examined with an UNICO 2800
UV/VIS spectrophotometer at the wavelength
of 420 nm against distilled water. Standard glu-
cose solutions with concentrations 30�150 mg/L
were used to draw calibration plots.

The amount of glucose (in milligrams) ob-
tained during the hydrolysis of chromatograph-
ic paper with the enzymatic preparation hav-
ing the mass 1 g for 1 h under the excess of
the cellulose substrate was taken as the unity
of enzymatic activity. The ratio of enzymatic
activity after heating to the initial activity was
used to determine the effective rate constants
of  denaturation.

Experiments on enzyme denaturation in so-
lution and in the dry form were repeated three
times. The average values of reaction extent were
used to plot the kinetic curves. The correlation
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Fig. 1. Denaturation of  cellulolytic enzymes in solution (a)
and in the dry form (b) during heating. T, °Ñ: à � 55 (1), 60
(2), 65 (3); b � 60 (1), 65 (2), 80 (3), 90 (4), 100 (5), 110 (6); α is
the degree of  transformation for denaturation process.

coefficient between the points of the experimen-
tal curves and the trend line drawn according to
the exponential law corresponding to the first-
order reactions exceeded 93 % in all the cases.

RESULTS AND DISCUSSION

To study enzyme denaturation kinetics dur-
ing heating in solution and in the dry form, we
carried out experiments in which the Tsello-
Lyuks-AQ preparation was kept at a temperature
of 50�115 °Ñ. Results are presented in Fig. 1.

One can see that the enzymes in dissolved
form posses extremely narrow stability zone (see
Fig. 1, a). At 50 °Ñ (the conditions that are most
frequently used in technology) the activity of
enzymes decreases insignificantly within tech-
nologically acceptable time. Temperature rise to
only 60�65 °Ñ causes rapid denaturation of
enzymes (3 and 1.5 h, respectively), while at a
temperature above 65 °Ñ denaturation occurs
almost immediately.

Enzymatic preparations in the dry form pos-
sess higher stability to heating (see Fig. 1, b). At
temperatures below 80 °Ñ a decrease in activity
is insignificant, only at temperatures above
100 °Ñ denaturation occurs almost immediately.

It is known [12, 14, 15] that the overall
enzyme denaturation process is described within
the first-order kinetic equations:

k
N D←→   (1)

This process may be decomposed into separate
stages

ij ji
i j

k kk
N  N D D  ←→ ←→ ←→   (2)

where N is the initial active form of enzymes;
Ni is the sum of the transition states of en-
zymes able to catalyse reactions;  Dj � the sum
of  transient states unable to catalyze reactions;
D is the final denaturated form of  enzymes.

In this case, to determine the effective ther-
modynamic parameters of  the process,  we may
use equations
�ln α = kt  (3)
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+ ln = � ln
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A k

R T
⋅   (4)

where α is the transformation degree of the
overall process (1); k is effective reaction rate

constant; t is the time of reaction; Ea is effec-
tive activation energy; T is temperature at
which the process takes place; A is the preex-
ponential factor; R is the universal gas constant.

The calculated effective constants are pre-
sented in Table 1. A comparison between the
constants at the same temperatures shows that
the enzymes in the dry form are about two or-
ders of magnitude more stable during heating
than the enzymes in solution are; calculated
effective activation energies are 118 kJ/mol for
the solid-phase process and 251 kJ/mol for pro-
cesses in solution.

The higher activation energy (accompanied
by lower stability) for enzymes in solution can
be explained in the following manner. First of
all, water molecules may solvate proteins due
to the formation of a developed network of
hydrogen bonds, which increases the potential
barrier through which the system is to pass in
the course of the elementary stage of chemi-
cal transformation. However, in the dissolved
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TABLE 1

Kinetic parameters of  enzyme denaturation processes in solution and in the dry state

Temperature, °Ñ Effective rate constant, s�1

In solution In the dry form

   ≤50 Enzymes are stable for a long time Enzymes are stable for a long time

      55 6.5 ⋅ 10�5 The same

      60 4.0 ⋅ 10�4 5.0 ⋅ 10�6

      65 1.0 ⋅ 10�3 9.4 ⋅ 10�6

      70 Enzymes denaturate almost immediately 1.7 ⋅ 10�5

      80 The same 5.5 ⋅ 10�5

      90 « 1.8 ⋅ 10�4

   100 « 6.3 ⋅ 10�4

   110 « 1.1 ⋅ 10�3

>110 « Enzymes denaturate almost immediately

Fig. 2. Dependence of  effective denaturation rate constant
on the humidity of the enzymatic preparation.

form also the mobility of separate fragments
of the protein molecule with respect to each
other increases, which causes a decrease in
thermal stability with an increase in activation
energy. Second, it is known [12, 16] that the
overall process (1) of  enzyme denaturation can
be split into a sequence of stages (2) in which
protein molecules pass from the initial to dena-
turated state through a number of intermedi-
ate states Ni and Dj that are able to catalyse
reactions with different efficiencies. The
progress of such a cascade of transformations
can be evidenced by the induction period ob-
served at the initial section of kinetic curves
(see Fig. 1, a). The absence of induction period
on the kinetic curves of  denaturation of  the
enzymes in the dry form may suggest that dur-
ing drying the enzyme solutions, the proteins
acquire Ni conformation, which is more like the

denaturated state than the initial conformation
N. Evidently, lower energy is necessary to com-
plete the cascade of transformations during
heating the proteins in this conformation.

To determine the effect of enzyme humidi-
ty on denaturation rate,  samples with different
water content were obtained. Heating of these
samples at 80 °Ñ (Fig. 2) showed that the effec-
tive rate constant increases exponentially with
an increase in humidity. The most stable sam-
ples were those with water content not higher
than 8 %. With an increase in humidity above
10 %,  denaturation occurs rapidly,  while for hu-
midity about 30 % the rate constant in the solid
phase is comparable with that in solution.

So,  investigation of  denaturation processes
in solution and in the dry form showed that
the humidity of enzymes has a strong effect
on the rate of  enzyme denaturation. Relying
on the data presented here, for mechanoenzy-
matic processes, we can recommend the condi-
tions providing operations with the dry mix-
tures substrate/enzyme or with enzyme solu-
tions at temperatures not higher than 50�55 °Ñ.

CONCLUSION

It is demonstrated in the work that the so-
lutions of the cellulolytic enzymatic prepara-
tion TselloLyuks-A possess low thermal stabili-
ty and rapidly denaturate at temperatures
above 60 °Ñ. During heating the enzymes in the
dry form,  the effective rate constant of  dena-
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turation is much smaller than the rate constant
in the presence of water; enzymes demonstrate
higher stability and denaturate rapidly at tem-
peratures above 100 °Ñ. Effective denaturation
rate constants are exponentially dependent on
water content in preparations. For the process-
es taking place at increased temperatures and
the processes connected with short-term local
temperature rise, for example mechanical treat-
ment,  it is reasonable to use the dry form of
enzymes, which is more stable.
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