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Abstract

Isothermal titration calorimetry (ITC) combined with normal-phase HPLC has become one of the most widely applied methods for
evaluating the kinetics of cellulase-catalyzed hydrolysis of cello-oligosaccharides, since it allows highly sensitive and precise measurement
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f the hydrolysis heat of single�-1,4 glycosidic bonds. In this paper, we first extend the previously published analysis of the time
f the enzymatic reaction [N. Karim, S. Kidokoro, Thermochim. Acta 91–96 (2004) 412] in order to evaluate the hydrolysis heat d
nzyme injection, including information of the reaction in the early stage of the enzyme reaction. We then further extend the metho

o evaluate the heat effect accompanying the mutarotation of the newly produced reducing end of the products, which cannot b
n neutral pH. By using this method, the activities of two endoglucanases—an inverting-type enzyme and a retaining-type enz

echanism of the enzymatic reactions—were successfully evaluated against cello-oligosaccharides at pH 4.0 and 7.0. While th
eats at pH 4.0 were explained by a simple hydrolysis reaction without considering the mutarotation effect, the ITC data at pH
howed the presence of post-hydrolysis and were explained very well by the new model considering the heat of the mutarotati
f the products. The exothermic heat or the endothermic heat caused by the mutarotation reaction was obtained in the case of th
r retaining-type cellulase, respectively. These results indicate that the calorimetric evaluation of the activity of endoglucanases c
ven in cases in which the mutarotation is not negligible, and that the sign of the mutarotation heat can be used to distinguish th
ype of the newly produced reducing end of the hydrolyzed products.
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. Introduction

Calorimetry is a unique method that enables the direct
bservation of the evolution or absorption heat caused
y the enthalpy change of a chemical reaction. Since

he enthalpy change is one of the general features of the
eaction, several approaches have been employed to monitor
nzyme-catalyzed reactions using calorimetry[1–13].
ecause it allows direct determination of the reaction rate,

∗ Corresponding author. Tel.: +81 258 47 9425; fax: +81 258 47 9425.
E-mail address:kidokoro@nagaokaut.ac.jp (S.-i. Kidokoro).

which indicates the enzymatic activity itself, calorimetry
expected to provide a general and effective way to eva
the enzyme activity.

Isothermal titration calorimetry (ITC) has become a p
erful method for evaluating the enzyme kinetics as it
vides a way to detect the catalytic reaction heat as a
tion of time with high sensitivity and reproducibility. Tw
calorimetric variables, the compensation power and its
gral, can be determined directly and precisely by this me
[12,13]. Under the hydrolytic condition, the combination
a calorimetric Lineweaver–Burk plot with these two va
ables and non-linear least-squares method was found
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effective for determining the enzymatic parameters precisely
[12,13].

The data used in the analysis of previous studies[12,13]
were limited to the part after the completion of titration of
the enzyme solution. Because the enzyme reaction occurs
in the cell even during the titration, and the precise total en-
zyme concentration in the cell was determined by the titration
program, it is possible to use the experimental data gathered
during the titration for the analysis. In order to determine
the reaction heat and enzymatic parameters more precisely,
we modified the traditional method in order to treat all the
hydrolysis data observed by ITC.

To the best of our knowledge, our previous study[13] was
the first report to measure the kinetics of an endoglucanase
continuously by using ITC. In general, endoglucanases hy-
drolyze the�-1,4 glycosidic bonds along with the interior of
cellulose chains. In addition, enzymatic hydrolysis of the gly-
cosidic bonds is carried out with one of two stereochemical
outcomes, net retention or net inversion of the anomeric con-
figuration. Thus the glucosidases are classified into two types,
either retaining or inverting. Basic mechanisms for each type
were proposed in 1953[14], and since then there have been
numerous studies on the relationship between these mech-
anisms and the three-dimensional structure of the enzymes
[15–19].
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served mutarotation heats for the two types of endoglucanases
are also discussed.

2. Materials and methods

2.1. A retaining-type enzyme and substrates

Endoglucanase II (EG II) originated fromTrichoderma
reeseiwas a retaining-type endoglucanase and expressed in
yeast as previously published[23]. The molecular mass of
EGII is 56 kDa.

Cello-oligosaccharides (G2–6) were used as substrates
for both the enzymes. Glucose (G1) was obtained from
Nacalai Tesque Inc. (Kyoto, Japan), and five kinds of
cello-oligosaccharides—cellobiose (G2), cellotriose (G3),
cellotetraose (G4), cellopentaose (G5), and cellohexaose
(G6)—were purchased from Seikagaku Co. (Tokyo, Japan)
and used without further purification. Two buffer solutions:
20 mM acetate buffer (pH 4.0) and 50 mM phosphate buffer
(pH 7.0) were used to prepare the substrate and enzyme so-
lutions.

2.2. Preparation of an inverting-type enzyme

The yeast expression vector, pY2831, containing the
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nverting-type endoglucanase[13]. In this study, a retaining
ype endoglucanase was examined, which allowed us to

comparative study of the activities of the two types of
oglucanases at different pHs.

The choice of the most appropriate substrate is of g
mportance for the precise and successful measureme
ellulase kinetics. Cello-oligosaccharides were found t
uitable substrates for calorimetric determination of cellu
ctivity, and the hydrolysis heat of the single glycosidic b
f the substrate can be detected and confirmed by com
se of both the ITC and normal-phase HPLC[13]. The ob-
ervation of cleavage patterns of cello-oligosaccharide
ormal-phase HPLC is necessary to choose the bes
trate and the best experimental conditions for evalu
he enzymatic activity of single-bond hydrolysis. The HP
etermined time course of the degradation of substrate
sed to confirm the kinetic parameters by ITC analysis.

Although in our previous study the Michaelis cons
as clearly dependent on the concentration of the subs

t remains uncertain what inhibitor was actually respons
or this dependence[13]. In this paper, we confirmed the i
ividual contributions of the substrate and reaction prod

o the total inhibition of the enzyme-catalyzed reaction.
Moreover, the hydrolysis products can mutarotate and

uce heat[20–22]. In this study, we present a newly exten
ethod that is capable of separating the hydrolysis heat

he contribution made by mutarotation, thereby allowing c
inuous, simultaneous observation of both the catalys
ello-oligosaccharides hydrolysis by endoglucanases an
utarotation heat of the products. The differences in the
nverting-type fungal endoglucanase gene was a gen
ift of Meiji Seika Kaisha, Ltd., Japan. Construction of
lasmid, pY2831, was reported previously[24,25]. The yeas
train,Saccharomyces cerevisiaeMS-161 (MATatrp1 ura3
uc−), which was used as a host-cell strain for the exp
ion of endoglucanase, was also supplied from Meiji S
aisha, Ltd., Japan. Yeast transformation was carried o
chemical method using Frozen-EZ Yeast Transforma

ITM (Zymo Research, Japan). Transformants were sel
n SD-trp medium (Qbiogene, Inc., USA) containing
urified agar. For endoglucanase production, transform
ere cultivated in SD-trp medium for 48 h, and a par

he culture was inoculated to a final concentration of
n SD-trp medium and cultivated for 96–120 h. Cult
upernatant was collected by centrifugation, and an e
olume of 20 mM acetate buffer pH 4.0 was added.
nal pH of the mixture was adjusted to 4.0 by adding 1
aOH, and then the mixture was passed through a co

3 cm× 13 cm) containing SP SepharoseTM Fast Flow
Amersham Biosciences, Sweden), a cation exchanger
olumn was pre-equilibrated with 20 mM acetate buffer,
.0. The adsorbed enzyme was eluted in the same b
upplemented with NaCl in a linear gradient from 0 to 0.5
he active fractions were pooled and then concentrate
ialyzed by exchanging the buffer, 20 mM acetate buffer
.0 or 50 mM phosphate buffer for pH 7.0 using the Ami
ltra filtration system (Millipore) with an ultra filtratio
embrane polyethersulfone having a 10 kDa cut-off. In o

o remove the aggregate being produced during dialysis
nzyme solution was ultra-filtrated with a Molcut ultra fil
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unit (USY 20; Advantec, Tokyo, Japan) whose cut-off molec-
ular mass was 200 kDa. The molecular mass of the purified
enzyme was determined to be 22,099 Da by a MALDI-TOF
mass spectrometer, Voyger-DESTR (Applied Biosystems,
Massachusetts, USA), which agreed well with the calculated
mass of 22,100 Da based on the amino acid sequence with
7-disulfide-bond formation and the pyroglutamation at
the N terminus. Sodium dodecylsulphate-polyacrylamide
gel electrophoresis (SDS-PAGE) was done to check the
purity. The enzyme concentration was determined by
monitoring the absorbance with a UB-35 spectrophotome-
ter (Jasco Co., Japan) using an extinction coefficient of
65.5 cm−1 mM−1 at 280 nm. The coefficient was determined
by evaluating the enzyme concentration using the bicin-
choninic acid (BCA) method (Pierce Chemical, USA), with
bovine serum albumin (BSA) as the standard of protein
concentration.

2.3. Isothermal titration calorimetry

An isothermal titration calorimetry unit of the MCS sys-
tem (Microcal, Massachusetts, USA) was used with a control-
software provided by the manufacturer, Microcal Observer
3.0, on an Optiplex GX 100 PC personal computer (Dell,
USA) running Windows 95. The temperature of the titration
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tegration with Eq.(3):

�Q(t) =
∫ ∞

t

�P(t) dt. (3)

In this analysis, the extended Michaelis–Menten equation
given below can be used where the total enzyme concentra-
tion,Et, changes slowly by the titration of enzyme solution:

v(t) = kcatEt(t)S(t)

KM + S(t)
. (4)

The integral form of the equation is

KM ln
S0

S(t)
+ [S0 − S(t)] = kcat

∫ t

t0

Et(t) dt, (5)

whereS0 is the substrate concentration att= t0. When we
define a function,f(t), as

f (t) = Et(t)

Ef
, (6)

where a constant,Ef , is the final enzyme concentration after
the complete injection of the enzyme solution. Eqs.(4) and
(5) can be written as

v(t)

f (t)
= kcatEfS(t)

KM + S(t)
, (7)
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ell was kept at 30◦C, and the stirring speed in the calorim
er cell was 41.9 rad s−1. The cell volume of the calorimet
as 1.344 ml.
In our previous study[13], we used ITC to evaluate cell

ase kinetics by using the derivative equations that had
uccessfully applied to evaluate protease activity[12]. In
hose studies of ITC data analysis, only the data afte
ompletion of the enzyme injection into the ITC cell w
nalyzed. In this paper, we have improved the analysi
omplete and precise measurement of enzyme activi
reating all the data, including the compensation power
ng the titration when the concentration of the enzyme in
ell is increasing.

In ITC, the heat absorbed per unit time—that is, the po
equired,P(t), to keep the cell temperature constant—is m
tored as a function of time. The excess power create
he enzyme reaction was evaluated as�P(t) =P(t)−P(∞) be-
ause the rate of enzyme reaction eventually becomes
wo variables of calorimetry, the compensation power,�P(t),
nd its integral,�Q(t), are directly related to the reaction r
nd substrate concentration, respectively, represented

ollowing equations:

P(t) = Vc�Hv(t), (1)

Q(t) = Vc�HS(t), (2)

herev is the reaction rate,S the substrate concentratio
c the cell volume of the calorimeter, and�H the reaction
nthalpy accompanying the enzyme reaction.�Q(t) can be
valuated from the experimental data,�P(t) by numerical in
.

M ln
S0

S(t)
+ [S0 − S(t)] = kcatEf

∫ t

t0

f (t) dt. (8)

orresponding to this extension, the Michaelis–Me
quation for calorimetric observation and its integral fo
hould be changed to

�P(t)

f (t)
= Pmax�Q(t)

QM + �Q(t)
, (9)

1

Pmax
[�Q0 − �Q(t)] + QM

Pmax
ln

�Q0

�Q(t)
=

∫ t

t0

f (t) dt, (10)

here the two parameters,Pmax andQM, are defined as

max = Vc�HkcatEf, (11)

M = Vc�HKM (12)

nd the total reaction heat,�Q0, is defined as

Q0 = �Q(t0) = Vc�HS0. (13)

n this analysis,t0 is defined as the starting time of the
yme titration. Therefore,S0 and�Q0 correspond to the in
ial substrate concentration and the total hydrolysis he
he substrate, respectively.

An extended Lineweaver–Burk equation for calorime
bservation is derived from Eq.(9) as

1

�P(t)corr = QM

Pmax

1

�Q(t)
+ 1

Pmax
, (14)
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where the corrected compensation heat�P(t)corr is defined as

�P(t)corr = �P(t)

f (t)
(15)

and Eq.(3) becomes

�Q(t) =
∫ ∞

t

�P(t)corr dt. (16)

Using Eq.(14), two enzymatic parameters,Pmax andQM,
were evaluated with the linear plot of the reciprocal of
�P(t)corr versus that of�Q(t). The two fitting parameters
were refined by a non-linear least-squares method. With this
method the theoretical function was calculated from Eq.(10),
and three fitting parameters,Pmax, QM, and�Q0, were ad-
justed to fit the experimental data directly.

A FORTRAN program was custom-written using a
non-linear least-squares program package, SALS[26]. The
modified Marquardt method was used for the parameter
refinement.

2.4. Data analysis of ITC with considering mutarotation
heat

The analysis method of the previous section was fur-
ther extended to analyze the hydrolysis data, including the
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is introduced to express the magnitude of the mutarotation
effect. Therefore, the observed power,Pobs, is considered to
be the sum of those of hydrolysis and mutarotation:

Pobs(t) = �P(t) + Pmut(t)

= f (t)
Pmax�Q(t)

QM + �Q(t)
+ Pmax

mut
�Q0 − �Q(t)

�Q0

× exp[−k′(t − t0)] (20)

A fitting program was developed to optimize the parameters
to fit the experimental data with the non-linear least-squares
method. In practice, however, the parameterk′ was very small
under the conditions employed in this study, and it was not
determined to be a significant fitting parameter. Therefore,
this parameter was fixed at zero in the current analysis and
this model can explain all the experimental data. In this study,
then, the use of only one parameter,Pmax

mut , was sufficient for
consideration of the mutarotation reaction, as will be shown
later.

2.5. Normal-phase HPLC

The normal-phase HPLC system used consisted of a
TSKgel Amide-80 column (Tosoh Co., Japan) in a column
oven, CTO-6A (Shimadzu, Japan), at 35◦C. An RI8020 re-
fractive index detector (Tosoh Co., Japan) was used to mea-
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ewly produced reducing end of the product initially p
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echanism of the enzyme, namely, a retaining-type o

nverting-type. It is well known that the chemical convers
rom one anomer to another occurs in water, and tha
opulations of the two anomers finally reach equilibrium
phenomenon known as mutarotation. Because this rea

s a first-order reaction, the reaction rate is approximate
e proportional to the hydrolyzed product,S0 −S(t). Then

he mutarotation power,Pmut, can be expressed as

mut = Vc�Hmutk[S0 − S(t)] exp[−k′(t − t0)], (17)

herek is the rate constant of the mutarotation of the defi
nomer and�Hmut the molar enthalpy change accompa

ng the mutarotation, which should be decayed exponen
ith an apparent rate constant,k′, which should correspon

o the sum of the forward and backward rate constan
he mutarotation in theory. Therefore,Pmut can be estimate
rom �Q(t), which can be determined by solving Eq.(10)as

mut(t) = k�Hmut

�H
[�Q0 − �Q(t)] exp[−k′(t − t0)]

= Pmax
mut

�Q0 − �Q(t)

�Q0
exp[−k′(t − t0)], (18)

here a new constant,Pmax
mut , which is defined as

max
mut = k�HmutS0Vc (19)
ure the refractive index. Acetonitrile/water (70/30, v/v)
ound to be a suitable eluent for proper separation and q
etention of the cello-oligosaccharides in this study. The
ate was 1.0 ml/min using a CCPM HPLC pump (To
o., Japan). In all the experiments, samples were tak
ifferent time points, the enzymatic reaction was stop
nd hydrolysis reaction products were analyzed by H
s described previously[13]. The retention times of the h
rolysis products were compared to the standards for c
ligosaccharides.

. Results

.1. Evaluation of the kinetics of the inverting-type
ndoglucanase by ITC at pH 4.0

Fig. 1A shows a typical time course of the compensa
ower for a sample cell of the isothermal titration calorime
hermal equilibrium was established at 30.0◦C, and then th
nzyme solution was injected at from 122 to 249 s for the
f the reaction. The enzyme concentration was increa
uring titration, and after completion of the injection, the
yme concentration reached its final value.Fig. 1B shows th
ime dependence of the enzyme concentration. The exo
ic heat accompanying the hydrolysis of 1 mM cellohexa
y the inverting-type endoglucanase was monitored from
tart of the injection of enzyme solution into the cell. T
tart of hydrolysis, 122 s, is here denoted ast0. From 122 s
he exothermic power continued to increase till 249 s du
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Fig. 1. The isothermal titration calorimetric observation of cellohexaose
hydrolysis. (A) The inverting-type endoglucanase catalyzed 1 mM cel-
lohexaose hydrolysis at 30◦C. The substrate solution was 1.0 mM cel-
lohexaose in 20 mM acetate buffer, pH 4.0, loaded in a 1.344 ml ITC cell,
and the enzyme solution in the same buffer was loaded in the syringe. Af-
ter thermal equilibrium was reached at 30◦C, the compensation power was
monitored as a function of time with stirring at 41.9 rad s−1. Before injec-
tion, the baseline stability was checked. After 122 s, 60�L of the enzyme
solution was injected (indicated by the arrow) with a time duration of 127 s,
giving a final enzyme concentration of 0.27�M in the ITC cell. (B) The
time course of the enzyme concentration ofFig. 1A during the titration. The
total enzyme concentration during titration ofFig. 1A is not constant and
depends on time. Starting with 122 s the enzyme concentration continues to
increase for the next 127 s. So at 249 s, the enzyme concentration reaches its
final value of 0.27�M.

the gradual increase of enzyme concentration. The reaction
preceded to the maximal rate at around at 249 s with the fi-
nal enzyme concentration, then decayed to the baseline as
the substrate was depleted. When all the cellohexaose was
hydrolyzed, the observed power returned to almost the pre-
injection level under this condition.

The power resulting from the enzymatic reaction
in ITC cell was calculated easily from the data as
�P(t) =P(t)−P(∞). By our extended method, we could ana-
lyze the complete set of hydrolysis data, including the data on
hydrolysis during the titration. Using the data inFig. 1A, the
corrected compensation power of the hydrolytic reaction was
monitored as a function of time, and the results are shown in
Fig. 2A. The data within the arrows represent the compensa-
tion power of hydrolysis heat during titration. The observed
total heat was calculated fromFig. 2A using Eq.(16) and
monitored as a function of time as shown inFig. 2B. The
Lineweaver–Burk plot of calorimetric observables is shown
in Fig. 2C. The linear relationship between the reciprocals
of the two variables clearly indicated that this reaction is
well approximated by a simple Michaelis–Menten mecha-
nism. The rough estimates ofPmax andQM from the linear
line fitted to the data were−3.82�W and−90.8�J, respec-
tively. Using these two values and that for�Q0 from the data
in Fig. 2B, the non-linear least-squares method refined these

parameters to fit the experimental data,P(t). Fig. 2D plots
the observed power of total experimental data and the best-
fitting theoretical function of a simple Michaelis–Menten
model. This plot also shows that the model well approx-
imates the endoglucanase-catalyzed hydrolysis reaction of
cellohexaose.

In the case of the exothermic reaction,�P(t) and�Q(t) are
negative, as seen inFig. 2A and B. This is indicated from Eqs.
(1) and(2) with negative�H, the enthalpy change accom-
panying the reaction. InFig. 1A, �H for the molar reaction
enthalpy equaled the total area under the curve divided by
the amount of substrate hydrolyzed in the ITC cell. From the
fitted model ofFig. 2D, the most probable values and esti-
mated errors forPmax, QM, and�Q0 were determined to be
−3.72± 0.02�W, −91.9± 1.4�J, and−1137.9± 4.0�J,
respectively. Because�Q0 represents the total hydrolysis
heat as mentioned in Section2, �H was calculated to be
847 J mol−1 by using the most probable value of�Q0. From
�H and the most probable values ofPmax andQM, thekcat
andKM values of the inverting-type endoglucanase to cel-
lohexaose at pH 4.0 can be determined to be 12.1 s−1 and
81�M, respectively, using Eqs.(11)and(12).

3.2. HPLC analysis of the hydrolysis of
cello-oligosaccharides
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Cellohexaose hydrolysis catalyzed by the inverting-
ndoglucanase was also analyzed by HPLC, as show
igs. 3 and 4. Considering the ITC data of the hydrol
bserved inFig. 1A, normal-phase HPLC analysis w
onducted to identify and quantify the hydrolysis produ
nder the same conditions as used in the ITC experi
hown in Fig. 1A, a series of HPLC experiments w
arried out as described previously[13]. A mixture contain

ng 1.0 mM cellohexaose and 0.27�M the inverting-type
ndoglucanase was incubated at 30.0◦C. During the incu
ation, aliquots of the reaction mixture were analyze

ntervals for reaction products by HPLC.Fig. 3 represent
he HPLC chromatograms of the hydrolysis products
mM cellohexaose. The 0 min incubation indicates

ust after mixing the enzyme and substrate. An aliquot
ollected, the enzyme-catalyzed reaction was stopped
he hydrolysis products were analyzed. The peak a
epresent the concentrations of the respective products
hese concentrations were determined by comparison
he standard for cello-oligosaccharides. At 2 and 5 min
he start of the reactions, about 60 and 85% of cellohex
as hydrolyzed, respectively, and in both the cases al
qual amounts of two products, cellobiose and cel

raose, were produced. Even 13 min of the inverting-
ndoglucanase-catalyzed cellohexaose reaction, appe
f only two products indicated that possibility of furth
ydrolysis of the products were negligible.

In Fig. 1A, the duration of time used to analyze the
rolysis data was around 13 min, and the cleavage patte
ellohexaose in the HPLC analysis shown inFig. 3 clearly
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Fig. 2. Experimental ITC data of the inverting-type endoglucanase-catalyzed cellohexaose-hydrolysis ofFig. 1A following the simple Michaelis–Menten
model. (A) The corrected compensation power of hydrolysis reaction was monitored as a function of time (represented by a solid line). The dashed lines
represent the experimental ITC data during the enzyme injection and the compensation power that had been corrected for the hydrolysis reaction during enzyme
injection, representing the deviated part of the solid line between the two arrows. (B) The observed total heat was calculated fromFig. 2A using Eq.(16). (C)
The Lineweaver–Burk plot of calorimetric observables,�P(t)corr and�Q(t) (using the data in (A) and (B)). (D) The plotted points were the observed power of
hydrolysis reaction, and the solid line represented the theoretical function on a simple Michaelis–Menten mechanism.

demonstrated that only two products, cellobiose and cellote-
traose, appeared during the 13 min of hydrolysis. This result
indicated that the observed heat ofFig. 1A was produced from
the hydrolysis of one glycosidic bond, and cellohexaose was
completely hydrolyzed to cellobiose and cellotetraose in the
ITC cell under these experimental conditions.

The time course of cellohexaose hydrolysis in HPLC can
be confirmed from the enzymatic parameters obtained from
ITC. The integral form of the Michaelis–Menten equation
allowed us to estimate the substrate concentration as a
function of time during the enzyme-catalyzed reactions.
�Q(t) was estimated using the ITC data analysis program
with the kinetic parameters shown inFig. 1A and the�Q0
value for 1 mM cellohexaose. Because�Q(t) is proportional
to S(t) indicated from Eq.(2), the HPLC analysis of 1 mM
cellohexaose depletion as a function of time should be
compared with estimatedS(t) progress curves as shown
in Fig. 4. The comparison clearly showed that the time
course of the disappearance of cellohexaose observed

in HPLC experiments was in good agreement with the
enzyme-catalyzed hydrolysis reaction as observed by ITC.

We also investigated the hydrolytic activity of the
inverting-type endoglucanase on other oligosaccharides
(G2–G5) by HPLC and ITC (data not shown). This endoglu-
canase was found to degrade cellopentaose considerably
more slowly than it degrades cellohexaose. Normal-phase
HPLC analysis of the reaction products revealed that cel-
lopentaose was hydrolyzed to cellotriose and cellobiose. As
observed previously[13], the comparison of ITC analyzed
Michaelis constants of this enzyme for cellohexaose and cel-
lopentaose, at the same substrate concentration, 1 mM, sug-
gested that cellopentaose has less affinity for this enzyme
than cellohexaose.

On the other hand, cellopentaose was found to be prefer-
able to cellohexaose as a substrate for use in ITC observation
of the retaining-type endoglucanase (EGII) activity. The
hydrolysis cleavage pattern of HPLC analysis suggested
that more than one glycosidic bond of cellohexaose was
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Fig. 3. The HPLC chromatograms showing the hydrolysis products formed
by the inverting-type endoglucanase following time course incubation with
cellohexaose. The reaction conditions were identical to those shown in
Fig. 1A. In the reaction mixture the cellohexaose concentration was 1 mM
and the enzyme concentration was 0.27�M. The enzyme-catalyzed reac-
tions were terminated and hydrolysis products were analyzed as described
previously[13]. G2, G4 and G6 represent cellobiose, cellotetraose and cel-
lohexaose, respectively. In each chromatogram, the large two initial peaks
represent the detector response for buffer and HCl.

Fig. 4. The time course of the inverting-type endoglucanase-catalyzed cel-
lohexaose hydrolysis in HPLC. It agrees well with the estimated progress
curve calculated from the kinetic parameters ofFig. 1A. The closed cir-
cles represent the experimental cellohexaose concentration in HPLC and the
solid line represents the progress curve derived fromFig. 1A.

hydrolyzed simultaneously from the initial stage, which was
considered to make the hydrolysis data analysis very complex
and thus eliminate the possibility of using cellohexaose as
a suitable substrate for activity observation of the retaining-
type endoglucanase by ITC. Like the inverting-type en-
doglucanase, two major products, cellobiose and cellotriose,
were produced when the retaining-type endoglucanase hy-
drolyzed cellopentaose. Although very negligible amounts of
cellotetraose appeared during the enzymatic reaction, it was
thought that this minor hydrolysis pathway did not have any
major effect on precise measurement of the retaining-type
endoglucanase kinetics by ITC using cellopentaose as a
substrate. In fact, with an almost identical shape ofFig. 1A,
the observed ITC data of the retaining-type endoglucanase-
catalyzed cellopentaose hydrolysis (data not shown) at pH
4.0 could be analyzed clearly and simply by our modified
analysis based on the simple Michaelis–Menten mechanism.

Virtually no cellobiose (G2) was hydrolyzed by either of
the enzymes, and the hydrolysis rates of cellotriose (G3) and
cellotetraose (G4) for both the enzymes were too slow to ob-
serve by ITC. This was expected to simplify the hydrolysis
of cellopentaose and cellohexaose, because further hydroly-
sis of reaction products could be ignored in the time range
used to analyze the hydrolysis data. The HPLC analysis sug-
gested that the retaining-type endoglucanase hydrolyzed cel-
lotetraose (G) faster than the inverting-type endoglucanase
u
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ture
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s

4
sing in this study.

.3. Inhibition of endoglucanase activity

Not all cellulases show inhibition behavior, and the na
f substrates has a profound effect on cellulase inhibi
-ray crystallography showed that a cellulase can bind
ubstrate and/or products in its substrate-binding sites[27].
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This clearly indicates that cello-oligosaccharides become in-
hibitors as well as substrates. We have previously shown that
cellulase activity decreased remarkably when the substrate
concentration increased, and we described this inhibition be-
havior using the term substrate/product inhibition[13]. In the
present study, we characterized the apparent inhibition prop-
erties by determining whether this substrate concentration
dependence on enzyme activities was due to the inhibition
exerted by substrate or reaction products. The kinetic param-
eters of the inverting-type endoglucanase were evaluated by
ITC at pH 4.0, using the substrate, cellohexaose, at four dif-
ferent concentrations. Although thekcat values were found to
remain constant, the increase in the substrate concentration
was accompanied by an increase in the apparentKM values.
Fig. 5 shows that the apparentKM values increased linearly
as the initial cellohexaose concentration increased. Using Eq.
(21), the apparent competitive inhibition constant,Ki , at pH
4.0 was found to be 424± 32�M:

K
app
M = K0

M

(
1 + S0

Ki

)
, (21)

whereK
app
M is the apparentKM, K0

M theKM at the limit of
zero substrate concentration, andS0 the initial substrate con-
centration.

The competitive inhibition of cellulase activity by hydrol-
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Table 1
ITC-evaluated kinetic parameters of the inverting-type endoglucanase in the
absence and presence of the hydrolysis products

Substrate KM (mM) kcat (s−1) kcat/KM (mM−1 s−1)

a 0.081± 0.001 12.1± 0.1 149± 3
b 0.083± 0.002 12.1± 0.1 146± 5
c 0.087± 0.002 12.2± 0.1 140± 4

a: 1 mM G6; b: 1 mM G6 containing 1 mM G2; c: 1 mM G6 containing 1 mM
G4. Individual effects of two hydrolysis products, cellobiose and cellote-
traose, on the kinetic parameters of enzyme catalyzed cellohexaose reaction
are shown. Kinetic parameters ofFig. 1A were used as the data for the sub-
strate only. ITC conditions were same for all the experiments (20 mM acetate
buffer, pH 4.0, 30◦C).

as evaluated on cellohexaose with and without the hydrol-
ysis products. Although there was no major change ofkcat
values among the three observations, a slight and gradual in-
crease ofKM values was observed when cellohexaose was
hydrolyzed separately in the presence of cellobiose and cel-
lotetraose rather than using the cellohexaose in the absence
of products. As compared with the value of the observed inhi-
bition constant, 424�M, the slight increase of observedKM
values for cellohexaose in the presence of the products di-
minished the possibility of any significant product inhibition
for this enzyme.

BecauseFig. 5clearly shows that the increased substrate
concentration had a significant effect on the activity, and the
products made only a very small contribution to the inhibi-
tion, the observed inhibition was considered to have occurred
due to the substrate. We should therefore use the term “sub-
strate inhibition” to refer to the apparent decrease of reaction
rate which accompanies the increase of substrate concentra-
tion. This term has frequently been used for the hydrolysis
of insoluble substrates catalyzed by cellulases[33–35], and
different substrates show different substrate inhibition prop-
erties[35]. The present study clearly indicates the substrate
inhibition for the cellulase-catalyzed hydrolysis of oligosac-
charides.

3
c

ysis
a t pH
4 ing-
t erved
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f ossi-
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u med
sis products has long been studied[28–32], and product in
ibition can occur for both soluble and insoluble substrate
n attempt to evaluate the possible contribution of hydro
roducts to the total inhibition of the inverting-type endog
anase activity, a comparative analysis of the kinetic pa
ters of enzyme-catalyzed cellohexaose reactions was

n the absence and presence of products.Table 1summarize
he kinetic parameters of the inverting-type endogluca

ig. 5. Substrate concentration dependence ofKM values of inverting-typ
ndoglucanase observed in ITC at pH 4.0. Four different concentrati
ellohexaose (0.5, 1.0, 1.5 and 2.0 mM) were used to measure the ap

M values of the enzyme. The apparentKM values vs. substrate concen
ions were plotted. Using Eq.(21),K0

M andKi values were determined to
5± 1 and 424± 32�M, respectively.
t

.4. ITC observation of endoglucanase-catalyzed
ello-oligosaccharides hydrolysis at pH 7.0

ITC observation of the cello-oligosaccharides hydrol
t pH 7.0 was somewhat different from that observed a
.0. The activities of both the inverting-type and retain

ype endoglucanases were evaluated by ITC as obs
n Figs. 6 and 7, respectively. As compared withFig. 1A,
he main difference in the ITC curves of these two figu
as that, after hydrolysis, the baseline was shifted from
re-injection level. In order to determine the possible ca
f this discrepancy between the ITC-observed hydrolys

he two different pHs we first considered that the hydrol
roducts of substrates (cellohexaose for inverting-type
ellopentaose for retaining-type endoglucanase) migh
urther hydrolyzed and produce heat. However, this p
ility can be denied, since the normal-phase HPLC ana
nder the same experimental conditions of ITC confir
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Fig. 6. ITC observation of cellohexaose hydrolysis catalyzed by the inverting-type endoglucanase at 30◦C, pH 7.0. (A) In two separate experiments, 0.5 mM
cellohexaose is hydrolyzed by two different concentrations of enzymes. After thermal equilibrium was reached, 60 and 30�l of enzyme solutions were injected
at 122 s into the ITC cell with the duration of 127 and 63.5 s, respectively. Therefore the two ITC curves (indicated by a and b) differed only in their final enzyme
concentrations. The enzyme concentration in the syringe for both cases was 12.6�M, and the final enzyme concentration for curve a and b were calculated
to be 0.538 and 0.275�M, respectively. In both curves the dotted points were the observed power and the theoretical model represented by solid lines. (B)
With identical conditions of (A) 1 mM cellohexaose was hydrolyzed by two different concentrations of enzyme in separate ITC experiments. The final enzyme
concentrations of the curves a and b of this figure were the same of those used in curves a and b of (A).

that, in the time range used to analyze ITC data at pH 7.0,
the hydrolysis patterns were the same for both enzymes as
those at pH 4.0. Furthermore, if this shift was due to the
hydrolysis reaction, it would be expected to be dependent
on the concentration of the enzyme. The finding that the
shift was clearly dependent on the substrate concentration
and clearly not dependent on the enzyme concentration,
as shown inFig. 6, indicates that the heat is not related
to the enzyme-catalyzed reaction but the product-related

F -type
e (0.5
a dif-
f 60
o s
i
I ncen-
t owers
f
m

reaction. The probable cause of the shift at pH 7.0 was the
mutarotation reaction of hydrolysis products.

In general, mutarotation of sugars can be defined as the
interconversion of anomeric forms accompanied with the
change in optical rotation. Some previous studies have tried
to describe the mutarotation of hydrolysis products of cello-
oligosaccharides catalyzed by cellulases[30,36–38]. On the
other hand, attempts have been made to observe the mu-
tarotation heat of various types of sugars by calorimetry
[20–22,39–41]. However, to the best of our knowledge, our
present study is the first to apply ITC for continuous ob-
servation of both the cellulase-catalyzed hydrolysis of cello-
oligosaccharides and the mutarotation of products. In order
to observe the expected contribution of the mutarotation heat
of hydrolysis products and simultaneously evaluate the ki-
netic parameters fromFigs. 6 and 7, an extended program
was used as described in Section2.

The inverting-type and retaining-type endoglucanases
have different catalytic mechanisms, i.e., inversion and
retention of the configuration of the�-glycosidic bond of the
substrate, respectively. The anomeric form of the products
formed by an endoglucanase is specific to the enzyme con-
cerned, irrespective of the kind of substrate. The�-anomeric
form of products was produced from the substrate cel-
lohexaose by the hydrolysis of inverting-type endoglucanase,
and subsequent mutarotation of the products gave equilib-
r e
d her-
m med
p the
m ters
f he
h n of
p ables
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ig. 7. ITC observation of cellopentaose hydrolysis by the retaining
ndoglucanase at 30◦C at pH 7.0. Two concentrations of cellopentaose
nd 1.0 mM) were hydrolyzed by a fixed amount of the enzyme in two

erent ITC experiments. After thermal equilibrium, for both the cases,�l
f enzyme solution whose concentration was 5.0�M in the syringe wa

njected at 122 s giving a final enzyme concentration of 0.214�M in the
TC cell. Two curves were designated, a and b, for the substrate co
ration 0.5 and 1.0 mM, respectively. Dotted points were observed p

rom experimental data and solid lines represented the best-fitted theoretical
odel. l d val-
ium of the�- and�-anomeric forms. InFig. 6, the baselin
eviated downward after hydrolysis, indicating the exot
ic heat produced after hydrolysis of the substrate. It see
robable that this was exothermic heat generated from
utarotation. In order to evaluate the kinetic parame

rom the hydrolysis reactions inFig. 6, we must separate t
ydrolysis heat from the heat contributed by mutarotatio
roducts. The rough estimates of the calorimetric observ
ere found to be suitable to fit the experimental data. From

east-squares analysis of the data, we obtained the refine
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Table 2
Comparative analysis of the kinetic parameters of the inverting-type and the retaining-type endoglucanases and expected mutarotation contributions of hydrolysis
products at pH 7.0, as determined from the findings inFigs. 6 and 7

Enzymes Substrates Kinetic parameters Pmax
mut

a (�W)

kcat (s−1) KM (mM) kcat/KM (mM−1 s−1)

Inverting G6, 0.5 mM 7.92 0.110 72.0 −0.440
G6, 1.0 mM 8.58 0.130 66.0 −0.958

Retaining G5, 0.5 mM 11.9 0.250 47.6 +0.332
G5, 1.0 mM 13.7 0.491 27.8 +0.695

Because the concentrations of enzyme did not show any significant effect, the evaluated parameters for each enzyme are presented at two different substrate
concentrations (0.5 mM, 1.0 mM).

a Mutarotation contributions of products.

ues of�Q0 (the total hydrolysis heat),Pmax,QM and the con-
tribution of mutarotation heat of the hydrolysis products. The
molar enthalpy change,�H, accompanying the hydrolysis
reactions was calculated from�Q0, and the kinetic parameters
of the inverting-type endoglucanase-catalyzed cellohexaose
reactions at pH 7.0 were evaluated using the values ofPmax
andQM. The difference observed betweenFig. 6A and B
was the amount of deviation of the baseline after hydrolysis,
and this difference can be approximated to be proportional
to the initial substrate concentrations, as mentioned in
Section2.

Based on the observation of mutarotation heat in ITC, con-
trasting result obtained when cellopentaose was hydrolyzed
by the retaining-type endoglucanase at pH 7.0. The hydrol-
ysis products are retained as a�-configuration, and then�
to � mutarotation occurs to attain equilibrium. InFig. 7, two
different experimental ITC curves were plotted (a and b),
and these experiments were designed and carried out under
the same ITC conditions and the same enzyme concentra-
tions. The only difference between them was the substrate
concentrations (0.5 mM for curve a and 1.0 mM for curve
b) in the ITC cell. In both the cases ofFig. 7, the baseline
deviated upwards indicating that heat was absorbed after hy-
drolysis, and this endothermic heat was predicted to be due
to the contribution of mutarotation of products. As expected,
in a comparative analysis of ITC observations with different
c rota-
t zyme
c
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o n con-
t om
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fi ing-
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t en-
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d t was
q pen-
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doubled when the substrate concentration is doubled for both
types of enzymes.

4. Discussion

It has been well established that calorimetry has numerous
advantages when compared with the traditional spectroscopic
method[4–6,12]. The direct and highly precise measurement
of the reaction rate by calorimetry has made it possible to
apply this method to evaluate the activities of enzymes from
different E.C classifications, and the simple and complex
kinetics and calorimetrically evaluated kinetic parameters
agree well with the published values in most cases[6]. In two
previous studies, we have successfully applied this method to
evaluate the protease[12] and cellulase kinetics[13] using the
usual data analysis method. The present method of ITC data
analysis was developed in view of a new concept: the time
dependence of enzyme concentration during the titration, as
shown inFig. 1. The new data analysis method was character-
ized by the point that it could evaluate hydrolysis heat during
titration (Fig. 2A), and thus that it could evaluate the kinet-
ics of enzyme-catalyzed reactions more precisely by using
a more complete set of data points, including the hydrolysis
data during enzyme titration. Furthermore, the efficacy and
acceptability of this method have been confirmed by means
o .

ata
a yzed
c
k ndi-
c d by
a om-
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t ob-
s tion
f

s in
F tion
w med
t t pH
4 this
oncentrations of enzyme (data not shown), this muta
ion heat was not found to be dependent on the final en
oncentrations in the ITC cell.

Table 2summarizes the kinetic parameters of the two ty
f endoglucanases as well as the estimated mutarotatio

ributions of hydrolysis products as evaluated by ITC fr
igs. 6 and 7. In addition to the kinetic parameters, two
aluable findings on the mutarotation heat were shown.
rst one was the fact that the inverting-type and retain
ype endoglucanases produced different signs of the mu
ation heat with each other. Namely the exothermic and
othermic heat produced from the mutarotation of hydro
roducts catalyzed by inverting-type and retaining-type
oglucanase, respectively. For both types of enzymes, i
uantitatively shown that the mutarotation heat was de
ent on the initial substrate concentrations, and henc
agnitude of the contribution of the mutarotation is alm
f the experimental results obtained in the current study
Figs. 1 and 2demonstrate the application of the new d

nalysis method of ITC to monitor endoglucanase-catal
ellohexaose hydrolysis, and the kinetic parameters,KM and
cat, obtained from the calorimetric observables, clearly i
ating that the hydrolysis reaction was well approximate
simple Michaelis–Menten equation. In addition, the c

arison between ITC observation and the HPLC anal
ellohexaose hydrolysis (Figs. 3 and 4) strongly sugges
hat the hydrolysis heat of a single glycosidic bond was
erved in ITC, and the time course of the hydrolysis reac
ollowed the Michaelis–Menten kinetics.

Because no difference of initial and final baseline
ig. 1A, only the hydrolysis heat without the mutarota
as observed at pH 4.0. From this fact, it can be assu

hat the mutarotation rate of the hydrolysis products a
.0 was very slow, and the contribution of heat from
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source was expected to be negligible in the time range used
to analyze the enzymatic reaction in this study. This result
also agrees reasonably well with the previous observations
[22,42]that the mutarotation rate greatly depends on pH, and
in acidic pH this rate becomes very slow.

The hydrolysis reaction rate was slower at pH 7.0 than at
pH 4.0, as determined from the kinetic parameters measured
at the two pHs. Thekcat andKM were affected by pH very
much. The value ofkcat was found to be decreased and that
of KM to be increased at pH 7.0.

At the same time,Figs. 6 and 7clearly indicate that mu-
tarotation of the hydrolyzed products had a significant ef-
fect on the observed endoglucanase-catalyzed hydrolysis of
cello-oligosaccharides at pH 7.0. Therefore, it is likely that
the mutarotation rates become considerably high at neutral
pH as compared with pH 4.0. In this study, one of the note-
worthy findings was the successful separation of hydrolysis
heat from the heat contributed by mutarotation of the prod-
ucts at neutral pH, and the successful evaluation of kinetic
parameters of enzyme-catalyzed reactions even at the neutral
pH.

Moreover,Table 2clearly shows that the mutarotation heat
of the products depends on the initial substrate concentra-
tions. In addition, the opposite signs in the mutarotation for
the two types of enzymes can be explained in view of the dif-
ference in the anomeric forms of the hydrolysis products and
b ing-
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results are in satisfactory agreement with this published
report qualitatively, it can be predicted as a remarkable
finding that the inverting-type endoglucanase hydrolysis is
followed by exothermic mutarotation heat of the products
while for retaining-type endoglucanase, endothermic heat
observed from the hydrolysis products.

From Eq.(19), we can estimate the rate constant of the mu-
tarotation from the observed mutarotation power,Pmax

mut , if the
molar enthalpy of the mutarotation is known. Although the
enthalpy may depend on the hydrolyzed product and the exact
value is not clear at this stage, we may estimate the rate con-
stant using the enthalpy of cellobiose[21], −1.8 kJ mol−1.
With our substrate concentration and the cell volume, the
rate constants for the�-anomer and the�-anomer prod-
ucts in Table 2 were calculated to be 3.8× 10−4 s−1 and
2.8× 10−4 s−1, respectively, at pH 7.0 and 30◦C. These val-
ues are considered to be reasonable, since the apparent rate
constant of the mutarotation of cellobiose were previously
reported to be 8.8× 10−5 s−1 at pH 5.5 and 25◦C [21], and
the mutarotation rate increases by increasing pH and temper-
ature. The ratio of the observed rate constants of both anomers
is also consistent with the ratio of the fractions of the anomers
in equilibrium.

In summary, the experimental results obtained and de-
scribed in this study demonstrate that the capability of the
new data analysis method for precise evaluation of cellulase
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ulated values of equilibrium composition of two anom
orms of various sugars were compared with values thos
MR experiment in[43], where the fraction of�-d-glucose
as reported to be 36% for both the cases. Since, in our
mong the hydrolysis products, cellobiose was the pote
andidate, predicted to contribute mutarotation heat, th
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he hydrolysis products was 4/6 in the equilibrium mixt
ay not seem unreasonable. The most probable reas

he exothermic mutarotation produced by inverting-type
oglucanases was all products with�-forms underwent mu

arotation to�-forms to attain equilibrium, and as a result h
as released. The exactly opposite phenomenon was c
red to occur in the case of retaining-type endogluca
here the mutarotation heat was found to be absorbed.
The mutarotation of�- and �-d-glucose have bee

nvestigated more extensively than those of other sugars
eats of mutarotation of�- and�-d-glucose were precise
easured previously and found to be negative (exothe
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inetics has increased the potential use of ITC as a ge
nalysis tool for many kinds of enzymes. Furthermore
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