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Abstract—The initial reaction rate (V) for the esterification reaction of feruloyl esterase (FAE-II) at differ-
ent temperatures (288, 298, 308, 318, 328, 338, 348, and 358 K) and various ethyl ferulate concentrations [(2,
4,6,8, 10, 12, 14, and 16) x 10~* mol 1-! of ethyl ferulate in water] were determined. The Lineweaver—Burk
double reciprocal plot yielded the kinetic parameters (maximal velocity V,,,,, Michaelis constant K ,, and
second order rate constant V/K). The effects of temperature on those 3 kinetic parameters were presented and
discussed. The thermodynamic parameters AH* (enthalpy of activation), AG* (free energy of activation),
AS* (entropy of activation), AGg_g (free energy change of substrate binding), AGg_t (free energy change of
transition state formation), related to that biochemical process were determined and discussed from van’t

Hofft plot, Arrhenius plot, and Eyring plot.
DOI: 10.1134/S0023158410010064

INTRODUCTION

Structural studies of enzymes have influenced our
view of catalysis enormously by providing three-
dimensional representations of active sites. However,
whereas these time-averaged structures are extremely
useful for evaluating and modeling catalysis, they lack
the ability to incorporate the dynamic motion that can
occur in proteins and their effect on activity. Thus,
investigations into whether protein dynamics have an
effect on the catalysis of bond formation are receiving
considerable attention [1]. From the earliest study on
reaction rates, it has been evident that catalysis is
strongly influenced by temperature. Thus, tempera-
ture must always be controlled if useful results are to be
obtained from kinetic experiments. By carrying out
measurements at several temperatures, one can
deduce important information about reaction mecha-
nisms [2].

Enzymes undergo a variety of denaturation reac-
tions during production, storage and application in
industry. Denaturation is the unfolding of the enzyme
tertiary structure to a disordered polypeptide in which
key residues are no longer aligned closely enough for
continued participation in functional or structure sta-
bilizing interactions. It can be reversed if the denatur-
ing influence is removed. A protein is also subject to
chemical changes leading to an irreversible loss of
activity or inactivation particularly following unfold-
ing [3]. These molecular phenomena give rise to two
distinct definitions of in vitro protein stability, viz.
thermodynamic (or conformational) stability and
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long-term (or kinetic) stability. Thermodynamic sta-
bility concerns the resistance of the folded protein
conformation to denature while long-term stability
measures the resistance to irreversible inactivation [4].
Understanding the mechanism of enzyme inactivation
and the reversibility or irreversibility of the reactions
involved helps in enzyme stability characterization
thereby enabling better control over the deactivation
process, stabilization approaches and catalytic prop-
erties [5]. Enzyme inactivation studies can be of a bio-
chemical/structural nature focusing on the effect of
temperature and other agents on the secondary and
tertiary structures of enzymes. Another approach is
the mathematical simulation of the effect of these
agents on the activity of enzymes: the modeling of the
activity of enzyme versus the time of inactivation and
the quantity of inactivating agent. Stability of an
enzyme, as with any kind of catalyst, is important for
its application in industry [5].

Kinetic analysis of enzyme deactivation mecha-
nisms is of prime importance allowing for better con-
trol over biocatalyst use. Enzyme inactivation is usu-
ally fit into a first-order kinetic model. However if one
takes into account the various complex networks of
reactions taking place during the inactivation process
such as dissociation (for multimeric enzymes), dena-
turation, aggregation, coagulation and chemical
decomposition; a need for nonlinear Kinetic models
arises. More complex kinetic models that consider
inactivation partners known as biphasic and grace-
period behaviors [6] explain inactivation as a series of
many steps all of which may lead to enzyme denatur-
ation. Therefore, it is necessary to separate the differ-
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ent steps through which the inactivation of an enzyme
takes place.

FAEs (EC 3.1.1.73), including cinnamoyl esterases
and cinnamic acid hydrolases, are a subclass of the
carboxylic acid esterases (EC 3.1.1) that play a key
physiological role in the degradation of the intricate
structure of plant cell wall by hydrolyzing the ferulate
ester groups involved in the cross-linking between
hemicelluloses and between hemicellulose and lignin
[7, 8]. In enzymology, feruloyl esterase is an enzyme
that catalyzes the chemical reaction: feruloyl-polysac-
charide + H,O «— ferulate + polysaccharide. This
enzyme belongs to the family of hydrolases, specifi-
cally those acting on carboxylic ester bonds. The sys-
tematic name of this enzyme class is other names in
common use such as ferulic acid esterase, hydroxycin-
namoyl esterase, hemicellulase, accessory enzymes,
and FAE-III, cinnamoyl ester hydrolase, FAEA, cin-
nAE, FAE-I, FAE-II [7, 8].

As the biotechnical industries grow, it is expected
that kinetics and thermodynamics will make a signifi-
cant contribution toward improving the development
of new products and toward their economic produc-
tion. In this paper, we report the experimental results
and the discussion for temperature dependent kinetics
of native Aspergillus awamori FAE-1I produced in our
laboratory [9].

EXPERIMENTAL
Enzyme

Native Aspergillus awamori FAE-11 was purified
from the fermentation broth of Aspergillus awamori
strain IFO4033 grew in a culture medium of crude
wheat straw as described previously in our work [9].

Enzyme Activity Assay

The activity of Aspergillus awamori feruloyl esterase
FAE was assayed by the analysis of free ferulic acid
(FA) released from ethyl derivative of hydroxycin-
namic ester (ethyl ferulate). One unit of FAE activity
was defined as the amount of enzyme that liberates
1 pmol ferulic acid per minute, and specific activity
was given in units per mg of protein. The assay to mea-
sure free ferulic acid released from ethyl ferulate con-
sisted of (2, 4, 6, 8, 10, 12, 14, and 16) x 10~* mol/1
solution of ethyl ferulate in water as the substrate in the
presence and absence of a suspected chemical dena-
turant, guanidine hydrochloride (GdnHCI) (1.5 mol/1
phosphate buffer (pH ~ 5.5) containing 0.15 M
NaCl), 20 pl of enzyme solution and citrate buffer
(0.05 M) of pH 6. The reaction mixture was incubated
for 10 min at different temperatures (288, 298, 308,
318, 328, 338, 348, and 358 K) and the reaction mix-
ture was assayed using HPLC analytical technique and
confirmed by UV-visible spectrophotometry [9]. Data
taken from HPLC measurements were used in the cal-

culations. Each experiment was performed in tripli-
cate and the standard deviation was less than 5%.

CALCULATIONS

The activity of FAE-II enzyme was determined in
the presence and absence of a suspected chemical
denaturant, guanidine hydrochloride (GdnHCI)
(1.5mol dm™3 in 50 mmol dm~3 phosphate buffer
(pH ~ 5.5) containing 0.15 M NaCl), at different tem-
peratures (288, 298, 308, 318, 328, 338, 348, and
358 K) with varying concentrations of substrate and
the data are represented graphically in Fig. 1, as rate of
reaction (V) against concentration of substrate ([.5]),
and yield curves with saturation. The relationship is
defined by the Michaelis—Menten equation [10], the
basic equation of enzyme Kinetics:

Vm ax

1+ &.
[S]

To estimate the values of K, and V,,,, the experi-
mental results were plotted according to the Lin-
eweaver—Burk double reciprocal plot (2), which rear-
ranges the Michaelis—Menten equation into [11]:

1_ ¢+&(¢} 2
V Vmax Vmax [S]

Plotting 1/V against 1/[.S] gives a straight line as
shown in Fig. 2 where Y intercept = 1/V,,,,, slope =
K./ Vi and X intercept = —1/K,,. Using this plot, it
can be determined that whether the suspected chemi-
cal denaturant acts noncompetitively, competitively,
or uncompetitively. This is the most widely used
method of linearizing the data, and generally gives the
best precision for estimating K, and V,,,,. The effects
of temperature on V.., K, and V/K are shown in
Figs. 3—5, respectively. The turnover number is
defined as K, = Vina/[Eol, where [E] is the FAE-II
enzyme concentration.

K., is related to 1/T by the Arrhenius equation:
K, = Aexp(—E,/RT); where the frequency factor A4,
may be considered as the frequency of collisions with
the proper orientation to produce a chemical reaction.
This factor can be as large as 10'3 s~!, which is about
the frequency of collisions of molecules in liquids.
This form of the Arrhenius equation is the most con-
venient for graphical purposes, as it shows that a plot
of InK,,, against 1/T is a straight line with a slope of
—FE,/R. This Arrhenius plot provides a simple method
of evaluating E, [12].

V= (1

We can relate the parameters E, and A of the Arrhe-
nius theory to the AH* parameter of the Eyring theory
by examining the temperature dependence of the log-
arithm of the rate constants. The thermodynamic
parameters for substrate (ethyl ferulate) hydrolysis
were calculated by rearranging the Eyring’s absolute
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Fig. 1. Initial reaction rate, V|, versus substrate concentration [S] for the esterification reaction of feruloyl esterase (FAE-II) at
different temperatures; (O0) 288 K; (M) 298 K; (4) 308 K; (a) 318 K; (0) 328 K; (@) 338 K; (+) 348 K; (x) 358 K. Data presented
are average values = S.D. of n = 3 experiments. (a) Without GdnHCI (b) with GdnHCI (1.5 M in 50 mM phosphate buffer

(pH ~5.5) containing 0.15 mol dm™3 NaCl).

rate equation derived from the transition state theory
[13, 14].

The enthalpy and entropy changes of activation of
a chemical reaction provide valuable information
about the nature of the transition state, and hence
about the reaction mechanism. A large enthalpy
change of activation indicates that a large amount of
stretching or breaking of chemical bonds is necessary
for the formation of the transition state [13, 14].
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The entropy of activation gives a measure of the
inherent probability of the transition state, apart from
energetic considerations. If AS* is large and negative,
the formation of the transition state requires the react-
ing molecules to orient into conformations and
approach each other at a precise angle. As molecules
vary widely in their conformational stability (i.e. their
rigidity and complexity), one might expect that the
values of AS* would vary widely between different
reactions; which does, in fact, occur [15].



34 FAZARY et al.
1/V, min Vx>, mmol/min

14r 22

12f 20

18-

1.0 16

14-

0.8 ol

0.6 10F

8_

0.4} o

0.2+ 4

2L
I l I : l I : : 0 1 1 1 1 I | | 1 1
-0.3 -02 -0.1 0 0.1 02 03 04 05 06 280 290 300 310 320 330 340 350 360 37

1/[S], 1/(mol dm~3)

Fig. 2. The Lineweaver—Burk double reciprocal plots
showing the reaction rate, 1/V versus substrate concentra-
tion, 1/[S] (mol dm_3), for the esterification reaction of
feruloyl esterase (FAE-II) at different temperatures; (0)
288 K; (m) 298 K; (A) 308 K; (A) 318 K; (O) 328 K; (®)
338 K; (+) 348 K; (x) 358 K. Data presented are average
values *+ S.D. of n = 3 experiments.
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Fig. 3. Effects of temperature on V,,, for the esterification
reaction of feruloyl esterase (FAE-II); (O0) with GdnHCI
(1.5 moldm—> GdnHCI in 50 mmol dm—> phosphate
buffer (pH ~ 5.5) containing 0.15 mol dm™3 NaCl);
(m) without GdnHCI. Data presented are average values +
S.D. of n = 3 experiments.
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Fig. 4. Effect of temperature on K, for the esterification
reaction of feruloyl esterase (FAE-II); (O) without
GdnHCI; (@) with GdnHCl (1.5 moldm™ in
50 mmol dm—> phosphate buffer (pH ~ 5.5) containing
0.15 mol dm™3 NaCl). Data presented are average values +
S.D. of n = 3 experiments.

RESULTS AND DISCUSSIONS

Experimental data on the initial reaction rate (V)
for the transesterification reaction (Scheme 1) of feru-
loyl esterase (FAE-II) at different temperatures and
various ethyl ferulate concentrations in water solutions
were plotted as shown in Fig. 1. From the Lin-
eweaver—Burk double reciprocal plot (Fig. 2), kinetic
parameters which include maximal velocity V..,
(pmol/min), Michaelis constant K, and V/K constant
were determined. The effects of temperature on those
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Fig. 5. Effect of temperature on V/K for the esterification
reaction of feruloyl esterase (FAE-II); (O0) with GdnHCI
(1.5 mol dm— in 50 mmol dm > phosphate buffer (pH ~
5.5) containing 0.15 mol dm™3 NaCl); (m) without Gdn-
HCI. Data presented are average values = S.D. of n = 3
experiments.

kinetic parameters were represented graphically in
Figs. 3—5, respectively.

The thermodynamic parameters related to the bio-
chemical process which include AH* (enthalpy
change of activation), AG* (free energy of activation,
AS* (entropy change of activation), AGg_g (free energy
change of substrate binding), AGgr (free energy
change of transition state formation), were deter-
mined from van’t Hoff (Fig. 6), Arrhenius (Fig. 7),
and Eyring (Fig. 8) plots.
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Several types of feruloyl and p-coumaroyl esterases
can be identified based on their physical properties as
well as by their substrate specificity. All enzymes
(except A. awamori p-coumaroyl esterase) are active
on methylferulate and on ethylferulate, which are syn-
thetic substrates commonly used for feruloyl esterase
assays [16, 17]. Studies of the activities of feruloyl
esterases against natural substrates have focused
mainly on xylan and xylan-derived oligosaccharides,
from which most enzymes were able to release ferulic
acid. Only two of these enzymes, FAEA [18, 19] and
CinnAE [20, 21], have been shown to release ferulic
acid from pectin. A comparative study using A. niger
FAEA and CinnAE [18—21] demonstrated a prefer-
ence of FAEA for substrates with a methoxy group at
position 3 of the aromatic ring, and an increase in
activity was observed when the number of methoxy
groups on the aromatic ring increase.

Some agents such as guanidine hydrochloride
(GdnHCI) and urea bring about the disruption of the
three-dimensional structure of protein and are known
to be used in the studies of protein unfolding and
refolding. The mechanism of GdnHCI denaturation is
very important in the analysis of results such as those
shown in Fig. 1. The kinetics of GdnHCI denaturation
of feruloyl esterase (FAE-II) suggests partially unfold-
ing of the protein structure. It has been observed that
structural changes produced by denaturants runs in
parallel to decrease in enzyme activity. One can con-
cluded that the action of denaturants involves the sol-
ublization of amino acid residues that are poorly solu-
ble in water, and bind to protein groups thereby weak-
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Fig. 6. Van’t Hoff plot showing the relationship between
K., and temperature for the esterification reaction of feru-
loyl esterase (FAE-II); (O0) without (GdnHCI); (m) with
GdnHCI (1.5 moldm™" in 50 mmol dm™ phosphate
buffer (pH ~ 5.5) containing 0.15 mol dm™3 NaCl); the
points are experimental values and the lines are the best-
fit. Data presented are average values + S.D. of n = 3
experiments.
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Scheme 1. Transesterification reaction of ethyl feru-
late with 1-butanol catalyzed by feruloyl esterase
(FAE-II).

ening the forces that maintain the native structure of
proteins.

From our experimental findings shown in Fig. 1,
we can conclude that the initial reaction rate (V;) for
the transesterification reaction of feruloyl esterase
(FAE-II) increases with increasing temperature from
288 to 328 K and then decreases a little when the tem-
perature is increased from 338 to 358 K. However, the
enzyme is still active even at 368 K. As substrate (ethyl
ferulate) concentration increases, the initial reaction
rate (V,) for the esterification reaction of feruloyl
esterase (FAE-II) increases up to a certain concentra-
tion, and then remains constant. The temperature
dependence of V,,,, is shown in Fig. 3. V., increases
7-fold from the minimal temperature (288 K) to the
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Fig. 7. Arrhenius plot showing the relationship between
Vmax and temperature for the esterification reaction of fer-
uloyl esterase (FAE-II); (A) without GdnHCI; (m) with
GdnHCI (1.5 mol dm™3 in 50 mmol dm™ phosphate
buffer (pH ~ 5.5) containing 0.15 mol dm™3 NacCl); the
points are experimental values and the lines are the best-
fit. Data presented are average values + S.D. of n = 3
experiments.
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Fig. 8. Eyring plot showing the relationship between
Vmax/ T and 1/T for the esterification reaction of feruloyl
esterase (FAE-II); (A) without GdnHCI; (m) with Gdn-
HCI (1.5 moldm™" in 50 mmol dm=3 phosphate buffer
(pH ~ 5.5) containing 0.15 mol dm™3 NaCl); the points
are experimental values and the lines are the best-fit. Data
presented are average values + S.D. of n = 3 experiments.

maximal temperature (328 K) and almost 2-fold from
physiological temperature (310 K) to 338 K. The
Michaelis constant, K,,,, also shows a similar trend but
with only a 2-fold increase from the minimal to maxi-
mal temperature (Fig. 4) with no significant increase
at any given temperature as seen with V., values. As
with the first order rate constant, the second order rate
constant, V/K, shows a similar rate of increase; with
the values increase 5-fold from the minimal to the
maximal temperature (Fig. 5).

The temperature dependence of the equilibrium
constant for the binding of feruloyl esterase (FAE-II)
was analyzed with van’t Hoff plots, and the results are
shown in Fig. 6. The data were fitted to van’t Hoff
equation to determine the change in enthalpy,
AH* (=23.55 + 1.21 kJ/mol), of the binding of the
enzyme. The K, for FAE-II enzyme can be used as an
apparent binding constant. The negative value of AH*
indicates an exothermic reaction for the binding of
feruloyl esterase to ethyl ferulate substrate. The AS*
(64.32 J/mol) further suggests that thermal fluctua-
tions cause the K, to increase as a function of temper-
ature. As temperature increases, the change in entropy
is greater in enzyme-substrate complex than for free
substrate due to increasing thermal fluctuations. A
negative value of AG* (—3.1 kJ/mol) suggests that the
enzymatic hydrolysis of ethyl ferulate is spontaneous
or thermodynamically favorable. The van’t Hoff plot
(Fig. 6) is convex, with an apparent break in the data
at about 318 K. This suggests that a conformational
change is occurring in the feruloyl esterase enzyme
(FAE-II) at about 318 K. There are examples for tem-
perature induced conformational changes in enzymes.

Among these are: D-amino acid oxidase [23],
glutamine synthetase [24], penicillopepsin [25], and
tryptophan synthase [26].

Temperature variations of the maximal velocity
were analyzed with Arrhenius plots, and the results are
shown in Fig. 7. The data were fitted to Arrhenius
equation to determine the activation energy, £,, of the
reaction. E, is the difference in energy between the
transition state and the reactants. The slope deter-
mines the energy of activation (£,). The slope is linear
between 288—308 K, indicating that the E, is a con-
stant independent of temperature. The frequency of
collisions (A) for each temperature was determined
from E,. Interestingly; A has the greatest value for
reaction at 298 K and decreases at higher and lower
temperatures (49.86 s~!). According to the Arrhenius
theory, the maximal velocity is determined by the ratio
of activation energy to the temperature and by the fre-
quency of collisions that produce a reaction. However,
after analysis of the residuals, the data showed a sys-
tematic error. Therefore, the data were divided into
two regions (Fig. 7). The first region, corresponding to
values from 288—318 K, gives an E, of 18.0 +
1.0 kJ/mol, and a second region from 318—358 K,
which gives the value of E, close to zero. The individ-
uval values of the two apparent activation energy
obtaining over each corresponding period of Arrhe-
nius linearity can usefully be employed to suggest that:
it is possible that convex Arrhenius plots will be more
common in biological systems because an enzyme
may have specifically evolved such that the lowest-
energy states are the reactive ones, thereby leading to
low activation energy even as temperature is increased
[26]. The values of AG*y_g (free energy of substrate
binding ~—0.87 kJ/mol) and AG*_; (free energy of
transition state formation ~—1.36 kJ/mol) of FAE-II
enzyme with or without GdnHCI chemical denatur-
ant indicates that the FAE-II enzyme stably works
even in the presence of the chemical denaturant.

The temperature dependence of the maximal
velocity was analyzed using Eyring equation to deter-
mine the enthalpy of activation, AH*. The AH* calcu-
lated from the linear fit of all the data in the Eyring plot
(Fig. 8) was 3.0 = 1.2 kJ/mol. However, after examina-
tion of the residuals, the data again showed a system-
atic error. Therefore, the data were divided into two
regions as shown in Fig. 8. The first region consisted of
values from 288—318 K, which gave a AH* of —17.0 £
1.0 kJ/mol. A second region, 318—358 K, gave a AH*
of 2.4 + 1.2 kJ/mol. A positive AH* was expected
because the transition state involves the breaking of
bonds. The calculated AS* is negative (—22.4 kJ/mol),
indicating that the formation of the transition state
requires the reacting molecules to adopt precise con-
formations and approach one another at a precise
angle and that the molecules are more constrained in
the activated complex. Bruice and Benkovic [27] pro-
posed that the preorganization of the activated com-
plex is manifested in the activation enthalpy (AH*)

KINETICS AND CATALYSIS Vol. 51 No. 1 2010
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and not in the activation entropy (AS*). This proposal
is based on numerous examples of enthalpies of activa-
tion for enzyme-catalyzed and nonenzymatic cata-
lyzed reactions, in which the activation enthalpy var-
ied widely between enzyme-catalyzed and nonenzy-
matic catalyzed reactions. In contrast, the activation
entropy showed very little change between enzyme-
catalyzed and nonenzymatic catalyzed reactions.
Thus, it will be interesting to test this hypothesis by
measuring the temperature dependence for the variety
of mutant forms of feruloyl esterase enzyme (FAE-II)
that do not exhibit this 1100-fold increase in activity.
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