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Kinetic Studies on Enzymatic Hydrolysis of Cellulose(1l)
Evaluation of Several Factors for Enzyme Adsorption and Initial
Hydrolysis —
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ABSTRACT

Enzymatic cellulose hydrolysis depends on the several factors such as the structural features
(Crl, particle size and surface area, etc.), the nature of cellulase enzyme system, the inhibitory
effects of products, and enzyme deactivation. At the presence of products on the initial hydro-
lysis rate of cellulase, cellobiose has more severe inhibitory effect than glucose. Othewise, the
inhibition effect of products for adsorbed enzyme is related to the glucose and cellobiose conc-
entration hyperbolically. Enzyme deactivation of FPA and AB-glucosidase were expressed by

exponential decay profile,

INTRODUCTION

Since native cellulosic materials are water-insoluble solid
substrate, the cellulose-cellulase system is heterogeneous,
and the hydrolysis reaction involves several steps. Enz
ymatic hydrolysis of cellulosic materials primarily depends
on 1) the substrate multiplicity and the structural features
of cellulose, 2) the nature and mechanism of cellulose-
cellulase system, 3) the inhibitory effects of products, and
4) enzyme deactivation(18). Due to the difficulty involved
and the complexity of cellulose-cellulase system, not enough
attention has been given to the study of the kinetic
modelling. Only a few scientific contributions reported
recently have dealt with the kinetic modelling of the enz

ymatic hydrolysis of cellulosic materials, Several kinetic

models have been proposed, based on the product inhib-
ition(9), enzyme deactivation(6), enzyme adsorption(8),
the multiplicity of cellulose(3), and the substrate charac-
teristics (9).

Fan et al. have studied the kinetic characteristics of this
heterogeneous cellulose -cellulase system. Their works inc-
lude the effect of the major structural features on the
hydrolysis rate(4), a kinetic analysis of the initial reaction
period, and a kinetic analysis of the ‘extended hydrolysis
times(14). It has been found thar the kinetic characteristics
of this heterogeneous cellulose -cellulase system are subst-
antially different from the homogeneous enzyme catalyzed
hydrolysis reaction,

In this study the effect of structural features of cellulose,

product inhibition, and enzyme deactivation on enzymatic
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cellulose hydrolysis and enzyme adsorption were examined
by experiments, The objective of this study is to develop
a comprehensive kinetic model based on our experimental

observations,

MATERIALS AND METHODS

The experimental methods, conditions and materials for
this study were same that described in our previous report

(19).

Enzymatic Hydrolysis of Celulose

All cellulosic samples were dried overnight at 80C, and
0.25, 0.5, 1.0, 2.0, and 4 8 substratc were suspended in
30ml of water and 20ml of 0.05M citrate buffer(pH 4.
8). The cellulose suspensions were incubated in a shaker
bath at 50C for 24 hr before the addition of enzyme
solution to assure the hydrati(m(lz, 13). After preincub-
ation 50ml of enzyme solutions(0.101, 0.062, and 0.037
8 FPU /ml) which were preheated to 50C in a water
bath were added and the reactions were carried out at
50C in a shaker at 200 rpm. The samples were taken
at predetermined time intervals, rapidly centrifuged to

remove solids. Aliquots  of supernatants  were  tested
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for reducing sugar and protein concentration after appro-
priate dilution, The samples were refrigerated for further
analysis. Initial hydrolysis was determined from the poly-

nominal fitting of experimental data up to 12 hr run,

Enzymatic Hydrolysis of Celiobiose

Kinetic studies of 8-glucosidase were carried out using
S-D-cellobiose(Iluka chemie AG) as substrate(1-10 mg /
ml). The other experimental procedures are similar to the
case of enzymatic hydrolysis of cellulose. After preincub-
ation of cellobiose solution(5ml), the enzyme solution
(5ml) was added and the reaction was carried out at 5
0% in a shaker for 30 min at 200 rpm. The reaction was
stopped by submersion in a boiling water bath for 5 min,
B-glucosidase activity was measured by release of glucose
in 30 min from mixture of 1 ml of crude enzyme and
1 ml of 20 mM cellobiose in citrate buffer(21) or was
determined by similar method of Gao Peiji(16).

B-glucosidase activities measured were (.08083, 0.050
18, and 0.03549 KU/ ml, respectively,

RESULTS AND DISCUSSION

Initial Hydrolysis Rate of Cellulose

Table 1. Change of initial reaction rate of fractionated and various cellulose

Initial reaction rate
(mg R.S/ ml—hr)
BW 40 control 60—120 120—170 170—200 200—270 270—325
Colmg / ml)

Po= 40 2.1011 - — - - -

0.20685 20 1.2793 0.9503 0.9434 1.1370 1.2030 1.1520
mg pr/ ml 10 0.8541 0.6224 0.6795 0.6878 0.7205 0.6755

Co= Po(mg / ml)

10.0 0.41 1.1509 - — 1.3824 1.5700 1.7680
mg / ml 0.1034 0.4864 — — 0.5910 0.6906 0.7127
Avicel control 120—170 170—200 200270 270—325 325—400
PH 101 | Colmg/ ml)

Po= 40 0.9631 - — — - -
0.20685 20 0.9575 0.4909 0.7908 0.9949 0.9489 1.1009

mg pr / ml 10 0.6258 0.3380 0.6460 0.6928 0.7641 0.8051

Co= Po(mg / ml)

10.0 0.41 0.759 — 1.0030 1.0400 1.0780 -
mg / ml 0.1034 0.470 — 0.3415 0.3787 0.4297 —
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Fig. 1. Effect of crystallinity index .on the
initial hydrolysis rate at E,=0.20685 mg
pr/ml, (@A) BW 40, (0A) Avicel PH
101.

The values of the initial apparent extent of soluble
protein adsorption and initial apparent hydrolysis rate are
listed in Table 1 to show their interdependence. The
experimental data obtained from the fractionated and
various cellulose sample at different soluble enzyme con-
centration. These results indicate that the initial hydrolysis
rate depends strongly on the amount of adsorbed protein.
The initial amount of adsorbed soluble protein depends
on the initial cellulose concentration, enzyme concentration,
and specific surface area of the cellulose. Also the initial
reaction rate is not significantly increased as the particle
size decreased. Fig. 1 shows that initial reaction rate per
unit surface area of Solka Floc BW 40 and Avicel PH
101 have a distinct pattern for crystallinity, However, these
results did not describe the overall hydrolysis teaction
because the effect of product inhibition, enzyme deactivation

and the other factors were not considered.

Adsorption Profile during Hydrolysis

As shown in Fig. 2, two distinctly different adsorption
patterns during reaction were observed: one was a cont-
inuous increase in adsorbed protein during hydrolysis

reaction(Solka Floc BW 40) and the other was a gradual
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Fig. 2. Adsorption pattern during hydrolysis
reaction of various cellulose at E,=
0.20685 mg pr/ml, (O[]) BW 40, (el)
Avicel PH 101.

release of enzyme protein from cellulose with the progress
of reaction(Avicel PH 101).

By comparing the adsorption phenomena duting reaction
shown in Fig, 2, it was found that the enzymes were
continuously adsorbed when the initial adsorption of enz
ymes was restricted or hindered by an inaccessibility of
substrates. When the enzymes were adsorbed to their
maximum at the beginning of hydrolysis the enzyme
proteins were gradually released with reaction time as the
crystalline and inaccessible fraction of cellulose increased.

To explain the retardation of the reaction at the later
phase, Lee and Fan have postulated that the surface area
was composed of two fractions, active and inactive, and
that the hydrolysis rate might be dependent on the active

surface area, rather than on the overall surface area(15),

Change in Crystallinity during Hydrolysis

From the x-ray diffractograms it was found that the
changes in crystallinity during hydrolysis reaction were
closely related to the initial state of cellulose structure.
As shown in Figs, 3—6, each of the crystallinity index
of Solka Floc BW 40 and Avicel PH 101 gradually inc-
reased from 77.24 to 86.69 and from 84.0 to 88.7 during
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48 hr of hydrolysis. The crystallinity index of Avicel PH
101 gradually increased but rather modestly. Caufield and
Moore reported a similar increase in Crl during hydrolysis
(2, 13). They concluded that the overall increase in dig-
estibility was apparently a result of decreased particle siz
¢ and increased available surface rather than a result of
reduced crystallinity. Othetwise, Fan ef. al. founded that
the hydrolysis tate was mainly dependent upon the crys-

tallinity rather than the simple surface area(4).
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Fig. 3. Changes in crystallinity index during
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This initial large increase in the crystallinity index for
Solka Floc BW 40 indicated that the amorphous portion
of cellulose was hydrolyzed more quickly than the eryst-
alline portion. For highly crystalline cellulose such as Avicel
PH 101, the hydrolysis rate dropped more significantly
than amorphous cellulose. Since the increase in crystallinity
during hydrolysis was not so great, the other factors(

accessibility of cellulose surface, product inhibition, enzyme
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Fig. 6. Changes in structural parameters during
Fig. 4. X-ray diffractograms of Solka Floc BW hydrolysis reaction of Avicel PH 101
40 during hydrolysis at E,=0.20685 mg at E;=0.20685 mg pr / ml, and Co=10 mg/

pr/ mi, and Co=40 mg/ ml. ml.
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deactivation, etc.) might play a role in falling off the rate

in later stage of the hydrolysis of crystalline cellulose,

Evaluation of Other Factors that affect the
Hydrolysis Reaction

Product Inhibition

To determine the effects of the presence of products
on the initial hydrolysis rate, experiments were carried out
by adding 1, 2.5, 5, and 10mg of glucose or cellobiose
to 10mg / ml of cellulose suspension at the onset of each
experiment. The changes in adsorbed soluble protein and
initial hydrolysis rate are presented in Fig, 7.

The reducing sugar concentration was obtained by
subtracting the initailly added sugar from the reducing
sugar concentration in the reaction mixture during 1 hr.
The results show that the initial hydrolysis rate and ads-
orbed soluble protein decreased substantially, It appears
that cellobiose has more scvere inhibitory effect for initial
hydrolysis rate than glucose. The results obtained by lee
et al.(14) are similar to the results obtained in the present
work, Otherwise, glucose and cellobiose have been a similar
inhibitiory effect on the adsorption process,

As the cellobiose concentration increased the extent of

adsorption gradually decreased, It is therefore expected that

- hr

--- Cellobiose addition

L0

10.2

— Glucose addition

Soluble protein concentration, mg pr/ ml

Initial reaction rate during 1 hr, mg R.S/ ml

0.0

0 20 40 60 80 100

Initial sugar concentration, mg / ml

Fig. 7. Effect of product inhibition on the
initial reaction rate and adsorption at
E;=0.20685 mg pr/ml, and Co=10 mg/
ml, BW 40.
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the formation of cellobiose and deactivation during hydr-
olysis reaction can affect the adsorption and thereby red-
ucing the amount of adsorbed enzymes, As a consequence,
the fall-off in hydrolysis rate during the initial hydrolysis
of crystalline and amorphous cellulose may be, in large

part, attributed to the inhibition effect of product,

Enzyme Deactivation

Enzyme deactivation has been recognized as a serious
problem in practical application of enzymatic hydrolysis
of cellulosics, Typically the cellulase(based on CMC acti-
vity) of Trichoderma were reported to be remarkably
stable and resistant to the inhibitor and other toxic com-
pounds, More recent studies have shown that the exogl-
ucanase activity is less stable(17).

To examine the enzyme stability, all stability experiments
were carried out under the conditions emploved for the
enzymatic hydrolysis reaction(pH 4.8, 50C, 200 rpm)
without cellulose. It was found that both FPA and £-
glucosidase activity were deactivated. Figs. 8 and 9 show
that relative activity of enzyme protein during incubation
time changes in a similar manner to the exponential decay
profile,

About 60% of filter-paper activity and B-glucosidase
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Fig. 8. Enzyme deactivation profile during
incubation for FPA,
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Fig. 9. Enzyme deactivation profile during
incubation for AB-glucosidase activity.

activity for low enzyme protein concentration(0.1034—
0.41 mg pr/ml) were lost during 48 hr incubation. As
the enzyme concentration increased, the extent of its
deactivation slightly decreased. The possible mechanism
of cellulase deactivation due to shaking or shearing action
and thermal deactivation was described elsewhere(1, 10,
11, 17, 18).

Based on the results obtained from the experimental
data, the effective enzyme activity for FPA and 8-gluco-
sidase can be expressed as follows;

[Eo]eﬁ/ [Eo]zgd(t):[‘lxp(_]{d t) (1)

[EsoJetr / [ Esol=fan(t)=Exp(—Kas t) (2)

The deactivation constant values are kq=1.01 X107 hr
U kgg=6.2716 X107 hr' for Pe=0.20685 mg pr/mi,
tespectively. The values have been obtained from a deac-
tivation study measuring total enzyme activity for FPA

and B-glucosidase,

Initial hydrolysis of cellobiose

The initial reaction rate of cellobiose by B-glucosidase
is plotted against the initial cellobiose concentration in Fig.
10. The initial rate was determined from glucose concen-
tration after 30 min reaction time. Fig. 10 shows that the
initial rate of glucose formation increases with increasing

enzyme concentration and cellobiose concentration, At low
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Fig. 10. Changes in initial cellobiose hydrolysis
rate with crude enzyme.

enzyme concentration(Ego= 0.1034 mg pr/ml, 0.03549
EU/ ml) initial glucose formation rate slightly increases
with increasing substrate concentration(5—10 mg/ ml).
There is no cellobiose substrate inhibition effect as shown
in Fig. 10. Grous ei. al.(5) and Sundstrom ef al.(20)
observed similar results, While Hong et al.(7) observed
substrate inhibition and from initial rate data developed
a six-parameter model which tended to predict substantially
higher conversions than observed for same reaction time.
Therefore, the inhibition pattern may be varied by 8-
glucosidase characteristics isolated from each crude enzyme,

The effect of the cellobiose substrate inhibition on the
initial hydrolysis rate of cellobiose may not be significant
due to relatively high S-glucosidase activity of crude enz
yme,

Enzymatic cellulose hydrolysis was dependent on the
several factors such as the structural features of substrate,
the nature of enzyme, the product inhibition, and the enz
yme deactivation,

The reduction in the hydrolysis rate and enzyme adso-
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rption is not due to the lack of substrate and enzyme

deactivation, but rather to other cause, such as lack of

accessible active site or transformation of cellulose into
a form which is highly resistant to enzymatic attack and

ptoduct inhibition,
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NOMENCLATURE

Co: Initial cellulose concentration (mg/ ml)

Crlo: Initial crystallinity index (%)

Eg,ers: Effective enzyme activity for S-glucosidase
(EU/ ml)

Ego: Initial B-glucosidase activity (KU /ml)

Hegr: Effective enzyme activity for FPA (FPU / ml)
Eo: Initial enzyme activity (FPL / ml)

Egerr: Effective enzyme activity for FPA (FPU / ml)
Ka: Deactivation constant for FPA (hr)

Kgp: Deactivation constant for B-glucosidase activity
(hr")
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fa- Relative fraction of deactivated I'PA

far’ Relative fraction of deactivated B-glucosidase activity
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