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ABSTRACT: The activity of theâ-1,4-glycanase Cex (EC 3.2.1.91) fromCellulomonas fimiis investigated
in connection with its industrial application in cellulose hydrolysis and its potential use in cellosaccharide
synthesis. Catalytic activity measurements as a function of temperature, complemented with differential
scanning calorimetry (DSC) data, are used to characterize the thermostability of the protein and the influence
of interdomain interactions. The data suggest that the enzyme is irreversibly deactivated in one of two
possible ways: (1) through a low-temperature route characterized by first-order kinetics; or (2) through
a high-temperature route characterized by an initial reversible step followed by an irreversible step. Melting
temperatures (Tm) of Cex and p-33 (the isolated catalytic domain of Cex) as estimated by DSC are 64.2
and 64.0 °C, respectively, suggesting that the binding and catalytic domains of the protein fold
independently. Kinetic parameters (Km, kcat, andkcat/Km) of Cex for the hydrolysis ofp-nitrophenylâ-D-
cellobioside (pNPC) were determined at temperatures ranging from 15 to 80°C. As demanded by reversible
mass-action thermodynamics, theTm of Cex in the presence of excess ligand as determined from activity-
temperature data isca. 66.55°C, more than 2°C higher than theTm for Cex under ligand-free conditions.
The effect of temperature on the rate constant has been determined using Arrhenius plots. Combined
with irreversible deactivation half-life data and DSC data, the results are used to evaluate a model, based
on a theory developed by Heiet al. (1993), for predicting the time-dependent activity and active-state
stability of the protein under a range of potential operating conditions.

The â-1,4-glycanase (Cex)1 of Cellulomonas fimi(EC
3.2.1.91), a mixed xylanase/exoglucanase, is representative
of a class of polysaccharidases being investigated by the
textile industries and, particularly, the pulp and paper
industries, for applications ranging from fabric modification
(e.g., “stone-washed”), to dissolving, bleaching, and beating
of pulps, to production of biomass energy (Henrissat, 1994;
Miller, 1995; Jeffries, 1992). The potential of Cex for
synthesis of oligosaccharides by transglycosylation is also
being studied (Nikolovaet al., 1996). Economical incor-

poration of an enzymatic step in these industrial processes
requires retention of enzymatic activity in liquid environ-
ments far from ambient. For example, typical operating
conditions for biobleaching 5% consistency birchwood kraft
pulp using a xylanase are 65°C and pH 6.0 (Garget al.,
1996; Jeffries, 1992). Application of a xylanase such as Cex
to these processes therefore requires accurate knowledge of
enzyme activity as a function of exposure time and solution
conditions, particularly temperature, and an understanding
of enzyme thermostability in the presence of substrate. In
this work, a simple general model, based on the thermody-
namic and kinetic subprocesses driving enzyme inactivation,
is presented which accounts for the complex dependence of
enzyme deactivation on solution conditions and time.

Cex belongs to family X (formerly family F) glycosyl
hydrolases and has been subject to numerous investigations.
It is a modular protein comprised of 2 discrete structural
and functional units, namely, an N-terminal catalytic domain
(p-33) and a C-terminal cellulose-binding domain (CBDCex),
joined together by a linker polypeptide consisting of 20
proline and threonine alternating residues (O’Neillet al.,
1986). Although a structure for the intact enzyme is not
available, high-resolution structures of the isolated catalytic
and cellulose-binding domains (Bedarkaret al., 1992; White
et al., 1994; Xu et al., 1995) indicate that the linker
polypeptide may act to buffer direct interaction of the
catalytic domain (p-33) and the binding domain (CBDCex).
However, the extent to which interdomain interactions
stabilize or destabilize the active forms of the two domains
is not known. In this work, differential scanning calorimetry
is used to determine the influence of interdomain interactions
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on the stabilities of the binding and catalytic domains of Cex.
Some insights can be drawn from the limited data available
for organizationally related proteins, which include many
xylanases, cellulases, and hemicellulases (Blacket al., 1995;
Chenet al., 1995; Dominquezet al., 1995; Doolittle, 1995;
Gilkeset al., 1991a). Berlandet al. (1995) report that the
unfolding thermodynamics for the granulated starch-binding
domain of a two-domain glucoamylase fromAspergillus
nigerare influenced by the presence of the catalytic domain.
No native glycanase has been shown to undergo com-

pletely reversible thermal denaturation, making it difficult
(without additional information) to convert denaturation
enthalpy data obtained from direct thermal denaturation
probes such as differential scanning calorimetry (Privalov,
1989) into desired Gibbs energies of denaturation. However,
in irreversible denaturation systems which show no scan-
rate dependence, Sanchez-Ruizet al. (1988) and others
(Edgeet al., 1985; Ruiz-Arribaset al., 1994; Iwagamiet
al., 1995) have proven that kinetically-controlled sub-
processes make a negligible contribution to the melting curve
and, thus, DSC thermograms can be analyzed by reversible
two-state theory to obtain a description of protein stability
and unfolding thermodynamics.
Hei and Clark (1993) have shown that direct measurement

of enzymatic activity may also provide a potential route to
assessing native enzyme stability. Combining kinetic data
with two-state theory, they derived a model for predicting
initial enzyme activity as a function of solution conditions
and then, by implicitly invoking the theory of Sanchez-Ruiz
et al. (1988), applied it to zero-time kinetics data at elevated
temperatures forâ-galactosidase fromEscherichia coli,
which denatures irreversibly (Edwardset al., 1990; Heiet
al., 1993). This allowed high-temperature enzyme kinetics
data to be modeled as a reversible denaturation/inactivation
step followed by a first-order irreversible inactivation reac-
tion, although no attempt was made to verify that theTm
was, in fact, scan-rate independent.
Application of enzyme kinetics to thermostability analysis

offers several advantages. When present in excess, substrates
are known to enhance the thermostability of enzymes in
proportion to the Gibbs energy change driving formation of
the enzyme-substrate complex (Edgeet al., 1985). Thus,
the approach allows for direct determination of thermo-
stability in the true processing environment. As noted by
Hei et al. (1993), activity-temperature measurements can
also use cheaper, more readily available equipment, and less
pure enzyme than the conventional DSC approach.
The advantage of DSC, however, is that it provides a

direct, model-independent measure of the thermodynamic
parameters defining thermostability. The kinetic approach
is model dependent, and limited data are available with which
to evaluate the sensitivity of the model to each model
parameter. Thus, the inherent uncertainties associated with
using the model to regress these parameters from tempera-
ture-activity data are unknown. Moreover, at present, the
kinetic approach of Heiet al. (1993) has only been applied
to inactivation ofâ-galactosidase, a complex homotetrameric
enzyme, which brings the general utility of the approach into
question.
In this work, we establish that the theory proposed by Hei

and Clark is applicable to Cex inactivation by demonstrating
the scan-rate independence of DSC thermograms. The
validity and utility of the model are then assessed by

comparing, in a thermodynamically consistent manner,
regressed thermostability parameters with those directly
determined by DSC. Finally, the model is extended to allow
for the prediction of irreversible enzyme activity loss as a
function of time with the aim of providing a simple
methodology for predicting (1) thermostabilities in the
presence of substrate and (2) residual activities of enzymes
in harsh processing environments. We identify two modes
of enzyme inactivation, only one of which involves an initial
reversible denaturation step.

EXPERIMENTAL PROCEDURES

Protein Production and Purification.Cex was produced
as described by O’Neillet al. (1986). The culture was
induced for 3 h byaddition of isopropylâ-D-thiogalactoside
(IPTG) to 0.1 mM final concentration. The cells were
harvested by centrifugation, and the total yield amounted to
118 g wet weight of pellet. The cells were pressed with a
prechilled (4 °C) French press chamber; phenylmethane-
sulfonyl fluoride (PMSF), pepstatin A, and EDTA were
added to 0.5 mM, 1 mM, and 1 mM, respectively. The cell-
free crude extract was centrifuged at 4°C for 30 min at
15 000 rpm. The supernatant was subjected to further
purification according to the protocol of Gilkeset al. (1988,
1991b). The final protein fractions were eluted from a 1-L
column packed with CF-1 cellulose (Sigma) with distilled
water. The absorbance of the eluate was monitored continu-
ously at 280 nm. Desired protein fractions were pooled and
centrifuged at 40 000g for 30 min. The supernatant was
concentrated by diafiltration using an Amicon ultrifiltration
unit with a PM 10 membrane. The purity of Cex was
assessed by SDS-PAGE and silver staining, using the Fast
system and a Pharmacia control unit. The purified-to-
homogeneity protein was then subjected to lyophilization and
stored at 4°C for use during the course of these studies.
The isolated catalytic domain of Cex was obtained from the
wild-type enzyme (purified as described above) by digestion
using aC. fimi protease, followed by gel filtration chroma-
tography (Gilkeset al., 1988, 1991b).
Determination of the Protein Concentration.The con-

centrations of purified protein samples were determined by
UV spectroscopy at 280 nm. The extinction coefficient at
280 nm of a 1 mg‚mL-1 sample in a 1 cmcuvette was
previously estimated to be 1.61 (Gilkeset al., 1992) and used
in the calculations throughout this study.
Kinetic Studies.Kinetic studies were made by monitoring

the changes in absorbance using a Pye Unicam PU-8800
spectrophotometer equipped with a temperature-controlled
water bath. The hydrolysis ofp-nitrophenylâ-D-cellobioside
(Sigma Chemicals) was monitored as previously reported by
Kempton and Withers (1992). Initial reaction rates were
measured for 7-10 different substrate concentrations, rang-
ing from 0.2 to 10 timesKm in 50 mM potassium phosphate
buffer, pH 7.0, at constant temperature in 1 cm cuvettes,
which were thermally equilibrated within the heating block
of the spectrophotometer. The temperature of the reaction
mixture was monitored throughout the course of the assays
by inserting a temperature probe in the cuvettes. Reactions
were initiated by the addition of enzyme, and the release of
the product (p-nitrophenol) was monitored at 400 nm
continuously. The substrate pNPC was stable at all tem-
peratures. No background (spontaneous) hydrolysis was
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detected at any reaction condition under investigation.
Extinction coefficients for the product were determined from
standard curves prepared at each reaction temperature at
which kinetic parameters were determined. The extinction
coefficient, ε at 400 nm forp-nitrophenol, varied linearly
with temperature over the entire temperature range. Michae-
lis-Menten parameters were determined by nonlinear re-
gression analysis using the software GraFit (Leatherbarrow,
1990). All measurements were done in triplicate or higher.
Determination of Residual Enzyme ActiVity as a Function

of Temperature.Thermal effects on enzyme activity were
determined across the temperature range of 37-75 °C.
Ligand-free enzyme samples were incubated in a tempera-
ture-controlled water bath, and aliquots were taken during
different time intervals and cooled on ice to room temper-
ature. Residual enzyme activity data for the hydrolysis of
pNPC were determined at constant temperature (37°C) as
described above.
Differential Scanning Calorimetry (DSC).Calorimetric

measurements were performed using a Calorimetry Sciences
Corp. Model 7707 differential scanning calorimeter. Ther-
mograms were measured for 0.5 mL samples containing 2.0
mg/mL protein in 50 mM buffer, at a scan rate of 1°Cmin-1.
All samples were prepared by exchanging using an Amicon
ultrafiltration cell with a 10 kDa MW cutoff membrane the
50 mM KPi buffer in which protein sample was stored with
one of the following 50 mM buffers: acetate (pH 4.5), NaPi

(pH 6.03, 7.42, 7.75, 8.1, 8.7), and glycine-NaOH (pH 9.02).
The final buffer eluted from the ultrafiltration cell was used
as reference buffer in the DSC experiments. A background
scan with the reference buffer in both the sample and
reference cells was subtracted from the scans recorded for
the protein sample. The change in heat capacity upon
denaturation,∆Cp, was determined from DSC thermograms
at various pHs (Liu & Sturtevant, 1996; Wintrodeet al.,
1995). ∆H was found to vary linearly with temperature
between pH 6 and 9. Below pH 5.5, the protein precipitates
during denaturation, making it impossible to deconvolute the
denaturation thermogram. The reversibility of protein
unfolding was evaluated by rescanning the samples im-
mediately after cooling from the first heating cycle (Thello-
Solis & Hernandez-Arana, 1995). All experiments were
done in duplicate.
CurVe Fitting. Nonlinear regression analysis using a

Levenberg-Marquardt curve-fitting algorithm (Origin Soft-
ware Co.) was applied to the experimental data in conjunction
with eqs 1-3 describing the effect of temperature on the
equilibrium constant (Krd), and thusVo. The Arrhenius plot
(Figure 3) was used to calculate the activation energy,Ea,
and the Arrhenius constant, A, for catalysis according to eq
2. The values for∆Cp and∆H were determined from DSC
thermograms for Cex in a ligand-free environment. The
value ofTm in the presence of ligand was then regressed
from kinetic data as a function of temperature using the
nonlinear theory described under Results and Discussion with
∆H and∆Cp fixed at the values determined from calorimetry.

RESULTS AND DISCUSSION

DSC Thermograms and Domain Stability Analysis.Figure
1 shows the DSC thermogram for Cex (47 kDa) at pH 7.0
(50 mM phosphate buffer). The thermodynamic observables
in a single DSC thermogram are the denaturation temperature

Tm, the change in enthalpy∆H for thermal unfolding of the
protein atTm, and, for sufficiently precise data, the heat
capacity change∆Cp for denaturation. In general,∆Cp is
regressed from∆H(T) data rather than from a single DSC
thermogram. Cex denatures irreversibly without precipitation
between pH 6 and 9. Thermograms immediately following
the initial denaturation scan were essentially void of the
endothermic peak characteristic of the native to denatured
state transition, although partial reversibility could be
observed under certain conditions. TheTm for Cex at pH
7.0 is 64.2 ((0.2) at a scan-rate of 1°C min-1, and remains
at that value with changing scan-rate over the range 0.5-
1.3 °C min-1. Thus, the mechanistic arguments derived by
Sanchez-Ruizet al. (1988) are applicable to the description
of Cex inactivation at elevated temperatures.

Table 1 reports measured Michaelis-Menten catalytic
constants for hydrolysis of pNPC by Cex and p-33 at 37°C
and pH 7. Removal of the binding domain leads to a small
but significant enhancement in the catalytic activity, as
evidenced by the increase inkcat/Km, which suggests that
interdomain interactions may influence the catalytic activity
of Cex (Tommeet al., 1995). There are examples where
isolation of the catalytic region of a multidomain enzyme
does not significantly alter catalytic activity but does cause
a substantial reduction in domain stability (Tanakaet al.,
1995; Terashimaet al., 1994; Esen, 1993). For instance,
deletion of the N-terminal noncatalytic domain of endoxyl-
anase A (family X) fromT. saccharolyticumor that of
amylopullalanase fromThermoanaerobacter ethanolicus
results in active enzymes with substantially reduced stabilities
measured as decreases inTm (Leeet al., 1993).

FIGURE 1: Differential scanning calorimetry thermograms for Cex
(solid line), p-33 (dashed line), and CBDCex (dotted line) at pH 7.0
and a scan rate of 1°C min-1. Protein concentration: 1 mg mL-1

in 50 mM potassium phosphate buffer.

Table 1: Kinetic Parameters forâ-1,4-Exoglucanase Cex or
Catalytic Domain p-33 Catalyzed Hydrolysis of pNPC at 37°C in
50 mM Potassium Phosphate Buffer, pH 7.0a

Michaelis-Menten constants Cex p-33

Km (mM) 0.70 0.51
kcat (s-1) 5.60 11.81
kcat/Km (s-1 mM-1) 8.00 23.15

aCalculation of the kinetic constants for Cex and p-33 is based on
the experimental masses as determined by mass spectrometry. The
masses of Cex and p-33 are 47 107 and 35 488 Da, respectively.
CBDCex has a mass of 10 918 Da.
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When the thermal stabilities of distinct domains within a
protein differ significantly, DSC can be used to determine
the thermodynamic parameters defining the unfolding transi-
tion of each domain (Doolittle, 1995; Ruiz-Arribaset al.,
1994). However, the two-domain structure of Cex is not
clearly resolved in the DSC thermogram at pH 7 (Figure 1)
or at any other pH considered (pH 4.5-10.8; thermograms
not shown). The unimodal, Gaussian-type denaturation peak
for Cex indicates either that the two domains interact
sufficiently to cause cooperative unfolding or that both
domains of the intact enzyme denature independently at
approximately the same temperature. Combined with DSC
data for the two isolated domains, the unimodal denaturation
peak for Cex therefore provides a method for qualitatively
assessing the influence of interdomain interactions on the
stabilities of the catalytic and binding domains in Cex. If
interdomain interactions significantly increase or decrease
the stability of either domain, we would expect to see
differences between the melting temperatures of the indi-
vidual domains (p-33 and CBDCex) relative to that measured
for Cex.
Figure 1 shows DSC thermograms at pH 7.0 for the

isolated domains of Cex. The melting temperatures for p-33
and CBDCex are 64.0 ((0.2) °C and 64.7 ((0.2) °C,
respectively. Thus, bothTm values fall near the midpoint
of the denaturation peak for Cex, suggesting that neither
domain significantly influences the stability of the other and,
thus, that any interactions between the catalytic and binding
domains in Cex are weak if present.
Stronger verification of the lack of significant interdomain

interactions between p-33 and CBDCex is provided by the
additivity of the denaturation enthalpy∆H, which (along with
the denaturation entropy) is the thermodynamic state function
most sensitive to perturbations in stability caused by
environmental changes.∆H values in kJ/mol for p-33 and
CBDCexdenaturation at pH 7 are 1020 ((50) and 380 ((40),
respectively, which, within experimental error, sum to the
molar denaturation enthalpy for Cex (Table 2).
Molecular (relaxation) mechanics calculations using the

CHEM3Dmolecular modeling analysis software (Cambridge
Scientific) on the isolate proline-threonine linker region (PT
box) free in solution suggest that it folds into an extended
helix configuration with a linear fluid structure (Koska,
1996). This leads to a proposed Cex structure where the
catalytic and binding domains are separated by the PT box
by a linear distance of 4-6 cellobioside units, or about half
that predicted assuming the PT box is in a linear conforma-
tion (Miller, 1995). A similar structural organization has
been reported by Chenet al. (1995) for glucoamylase GAI
from Aspergillus awamori, which has an identical primary
sequence to that ofA. niger. The authors report that deletion

of 103 C-terminal residues from GAI, which gives GAII,
does not affect enzyme activity on soluble starch or the
thermostability of the enzyme, pointing toward the inde-
pendence of the catalytic from the starch-binding domain.
Time- and Temperature-Dependent InactiVation. Figure

2 reports the percent residual activity of Cex as a function
of exposure time to solutions (pH 7.0) at set temperatures
ranging from 37 to 75°C. The data represent measured Cex
activities at 37°C following incubation of the enzyme in
the substrate-free solution at the specified conditions. Thus,
the residual activities in Figure 2 are a measure of the native
enzyme and reversibly denatured enzyme which reverts to
the native state upon cooling to 37°C. Only that portion of
the enzyme pool which is irreversibly inactivated contributes
to the observed loss in activity.
At all temperatures, a simple first-order decay model

provides a good description of the irreversible enzyme
deactivation kinetics. Gradual inactivation over time is
observed at temperatures of 50°C and below. Between 50
and 66°C, the rate of inactivation increases rapidly with
increasing temperature. At 70°C and above, the inactivation
curves become essentially indistinguishable, all indicating
that Cex activity drops to near zero inca. 30 min. First-
order decay of enzyme activity is commonly observed
(Fonteset al., 1995; Kreimeret al., 1995; Yanget al., 1994;
Ray et al., 1994). Moreover, although little interpretation
has been provided, a number of studies have also observed
decay curves which depend on temperature in a strong,
nonlinear manner (Aguadoet al., 1995; Eijsinket al., 1995;
Wakarchuket al., 1994).
A first-order deactivation rate constantkd was regressed

at each temperature and plotted in Figure 3 as lnkd versus
reciprocal temperature. The temperatures obtained from the
DSC thermogram for Cex (Figure 1) which represent the
onset (>99.99% native Cex), midpoint (50% native Cex),
and completion of denaturation (<0.01% native Cex) are also
indicated in Figure 3 asN, Tm, andD, respectively. Three
regimes defined by (1)T < N, (2)N < T < D, and (3)T >
D are observed. In region 1, a gradual irreversible loss in
Cex activity is observed which, at any temperature within
the region, is significantly greater than the maximum rate

Table 2: Model Parameters Determined from Differential Scanning
Calorimetry Thermograms (Tm, ∆H, and∆Cp) or Regressed from
Activity-Temperature Data (T*m, ∆H*, andA andEa for kcat)

model parameter value

Tm (°C) 64.0 ((0.3)
∆H (kJ mol-1) 1380 ((50)
∆Cp (kJ mol-1 K-1) 24.6 ((2.8)

A (µmol min-1 mg-1) 1.36× 105 ((0.1× 105)
Ea (kJ mol-1) 25.9 ((0.1)
T*m (°C) 66.6 ((0.4)
∆H* (kJ mol-1) 1430 ((80)

FIGURE 2: Activity-temperature data for hydrolysis of pNPC by
â-1,4-exoglucanase/xylanase Cex fromC. fimi in 50 mM potassium
phosphate buffer, pH 7.0: (O) 37 °C; (0) 50 °C; (]) 55 °C; (4)
61 °C; (plus sign in open box) 66°C; (b) 70 °C; (2) 75 °C. Solid
curves show model calculations (eqs 2 through 6) at the following
temperatures (from top to bottom curve): 0°C, 20 °C, 40 °C, 50
°C, 60 °C, 61 °C, 63 °C, 65 °C. Model parameters are listed in
Tables 2 and 3.
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of deactivation calculated from the value of the equilibrium
constantKRD for the native to denatured state transition
assuming all reversibly denatured protein is converted to an
irreversibly denatured form. Thus, at low temperatures, there
is a slow reaction causing irreversible deactivation that does
not proceed through a reversibly denatured protein state.
In region 2, this slow reaction is quickly competed out by

irreversibly inactivated protein formed from reversibly
denatured protein. Finally, at very high temperatures (region
3), essentially all inactive protein is formed from reversibly
denatured protein.
IrreVersible InactiVation Model DeVelopment.The inac-

tivation regimes identified in Figure 3 suggest that the total
rate of irreversible inactivation of Cex can be represented
by the following reaction scheme:

where N is the native (active) state, D is the reversibly
denatured state, and I1 and I3 are irreversibly inactivated
states. The reaction leading to I1 represents the low-
temperature (regime 1) inactivation of Cex and is character-
ized by a first-order rate constantkd1 (min-1). Formation of
I3 follows a two-step mechanism involving an initial revers-
ible denaturation reaction described by an equilibrium
formation constantKRD, whereKRD ) [D]/[N], followed by
an irreversible conversion of D to I characterized by the first-
order rate constantkd3.
The total rate of irreversible inactivation can therefore be

defined as follows:

where [Pa] is the total enzyme concentration which can be
converted to N upon cooling to 37°C. Assuming the
reversible denaturation of N to D is much faster than the
conversion of D to I3, we can use eq 2 to define a global
psuedo-first-order rate constantkd in terms ofKRD and the
individual rate constantskd1 andkd3:

The validity of this assumption is based on two observations.
First, DSC thermograms for Cex denaturation are scan-rate
independent. Second, half-lifes,t1/2 (min), of native Cex
calculated from the data in Figure 2 are between 305.3 min
(37 °C) and 2.4 min (75°C), and are therefore far slower
than forward rate constants for reversible protein unfolding,
where typical values range from 1µs to 10 ms (Shortleet
al., 1996).
Comparison of eq 3 with Figure 3 shows thatkd(T) has

the correct high- and low-temperature limits. Within region
1, KRD is near zero, andkd(T) reduces tokd1, while at very
high temperatures (region 3)kd(T) is equal tokd3 sinceKRD

is near infinite. The solution of eq 2 for the time dependence
of [Pa], where 100× ([Pa]/[Pa]o) represents the percent
residual activity of the enzyme, assumingkd is given by eq
3 is

wheret is time and [Pa]o is the active enzyme concentration
at t equals zero.
The global rate constantkd(T) shows a linear dependence

on temperature at the high- and low-temperature limits,
indicating that the temperature dependencies ofkd1 andkd3
are well described by the Arrhenius equation:

where bothA andEa are temperature independent; values of
the Arrhenius constant and activation energy forkd1 andkd3
are given in Table 3.
The variation inKRD within the van’t Hoff envelope

accounts for the strong nonlinear temperature dependence
of kd(T) seen in region 2 of Figure 3. Based on the reversible
two-state unfolding theories of Privalov (1979), the functional
dependence ofKRD on temperature is given by (Heiet al.,
1993):

where, the superscript asterisk indicates that the equilibrium
applies to the condition where excess substrate is present.
Application of eq 6 to irreversible protein inactivation
systems is strictly valid for only those systems in which the
reversible exchange between N and D is fast compared to
the irreversible turnover of D to I3.
Substrate-Enhanced Thermostability Analysis.The tem-

perature dependencies of the Michaelis-Menten kinetic
parameterskcat andKm were determined with the aim both
of better understanding thermal effects on Cex stability and
function and of providing an appropriate data set for testing
the model proposed by Heiet al. (1993). No variation in

FIGURE 3: Global rate constant of deactivationkd (s-1) data for
Cex as a function of inverse temperature. The temperatures obtained
from Figure 1 which represent the onset (>99.99% native Cex),
midpoint (50% native Cex), and completion of denaturation
(<0.01% native Cex) are also indicated asN, Tm, and D,
respectively.

I1 79
kd1

N 798
KRD

D98
kd3

I3 (1)

-
d[Pa]

dt
) -

d([N] + [D])
dt

)
d[I1]

dt
+
d[I3]

dt
(2)

kd(T) )
kd3KRD + kd1
1+ KRD

(3)

Table 3: Arrhenius Parameters for Inactivation Rate Constantskd1
andkd3

rate constant Ea (kJ mol-1) A (min-1)

kd1 7.6 ((0.3) 3.9 ((0.3)
kd2 5.3 8.3× 10-3

[Pa] ) [Pa]o exp{-kd(T)t} (4)

ki(T) ) Ai exp(- Eai
RT) (5)

K*RD(T) ) exp(∆H*RT*m
-

∆Cp*

R
(1+ ln T*m) +

(∆Cp*T*m
R

- ∆H*
R )1T+

∆Cp*

R
ln T] (6)
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Km with temperature was observed. Figures 4 and 5 show
initial activity data for hydrolysis of pNPC by Cex in
linearized form according to the Arrhenius equation and as
a function of temperature, respectively, over the range 15-
79 °C. The logarithmic form of eq 5 was used to regress
the values ofA andEa for kcat from the linear low-temperature
portion (T e 50 °C) of Figure 4;A andEa are 1.36× 105

s-1 and 25.9 kJ mol-1, respectively, with a linear correlation
coefficient r2 of greater than 0.99.

As shown in Figure 4, Cex activity reaches a maximum
at ca. 65 °C and then quickly falls to undetectable levels
with increasing temperature. The solid line in Figure 4
represents the Arrhenius equation fit to the kinetic data at
lower temperatures where the concentration of denatured
protein is near zero. The difference between the Arrhenius
line extrapolated to high temperatures and the experimental
data therefore provides a method for determining the fraction
of native enzyme as a function of temperature, from which

we can determineT*m andK*RD(T), the denaturation temper-
ature and native-denatured equilibrium constant, respectively,
in the presence of substrate at a concentration 10 timesKm.
The resulting denaturation curve [K) (100- % native)/%
native] and melting temperature are shown in Figure 5, which
presents analogous data for the ligand-free system for
comparison. For our mechanistic argument that high-
temperature enzyme inactivation proceeds through a revers-
ibly denatured state in which conversion between N and D
is fast compared to the turnover to I3 to be valid, theTm of
the enzyme must increase in the presence of excess substrate
(under otherwise constant conditions) due to the chemical
potential gradient driving formation of the enzyme-substrate
complex (Fukadaet al., 1983; Edgeet al., 1985; Creaghet
al., 1996a). As shown in Figure 5,T*m is 2.6( 0.4°C higher
thanTm when [S]/Km equals 10. Increases inTm of 5-10
°C have been observed at similar [S]/Km values in systems
where the substrate binds tightly to the enzyme (Edgeet al.,
1985; Fukadaet al., 1983). The relatively modest increase
of 2.6 °C seen here suggests that pNPC does not bind with
high affinity, which is consistent with the measuredKm of
0.7 mM.
Under excess substrate S conditions such that [S]. Km,

the initial rate Vo for a single enzyme-single substrate
reaction is given by

where the temperature dependencies ofkcatandKRD are given
by eqs 5 and 6, respectively. The solid curve in the inset of
Figure 4 is calculated using eq 7 which assumes that the
concentrations of I1 and I3 are zero. The correlation between
model and experiment is good (A andEa for kcat andT*m are
regressed to the data;∆H and∆Cp are independent data taken
from the DSC analysis).
Direct regression of the enthalpy change (denoted as∆H*)

to the activity-temperature curve in the inset of Figure 4
gives a value of 1430( 80 kJ mol-1. Thermodynamic
analysis of ligand binding shows that∆H* is equal to∆H
(in the absence of ligand) plus the additional enthalpy
(-∆Hb) required to dissociate the ligand-enzyme complex
(Creaghet al., 1996b; Edgeet al., 1985). Binding of sugars
and sugar analogues to enzymes or to sugar-binding proteins
is an exothermic process in which∆Hb generally lies between
-10 and-100 kJ mol-1 (Tommeet al., 1996; Sigurskjold
et al., 1992). Thus, ligand dissociation should increase∆H
by 10-100 kJ mol-1. In our system,∆H* is on averageca.
50 kJ mol-1 higher than∆H, although the errors associated
with both the measured (∆H) and regressed values make it
difficult to draw any firm quantitative conclusions.
The similarity of∆H and∆H* and their relative magni-

tudes does, however, validate the potential use of eqs 5-7
and temperature-activity data as a reasonably accurate and
inexpensive probe of protein stability in the presence of
substrate. As shown in Figure 5, the analysis correctly
predicts that the denaturation temperature will increase in
the presence of substrate. Theory indicates that the magni-
tude of this increase is proportional to the logarithm of the
substrate-binding constant. As a result, an excess of tight-
binding substrate can shift the temperature where maximum
activity is observed (i.e., the maximum in Figure 4) to values
equal to or greater than the denaturation temperature of the

FIGURE 4: Temperature dependence in Arrhenius form ofVmax/Eo
for hydrolysis of pNPC byâ-1,4-exoglucanase/xylanase Cex from
C. fimi in 50 mM potassium phosphate buffer, pH 7.0. Temperature
range: 15-78 °C. The regressed Arrhenius parameters and melting
temperatureT*m are given in Table 2. Inset: Activity-temperature
plot of the above data. Solid curve calculated by eq 7 withT*m and
the Arrhenius kinetic parameters regressed to the experimental data
(∆H and∆Cp taken from independent DSC data).

FIGURE 5: Melting curves at pH 7.0 forâ-1,4-exoglucanase/
xylanase Cex fromC. fimi in 50 mM potassium phosphate buffer
(solid curve) as calculated from the DSC thermogram in Figure 1,
and in 50 mM potassium phosphate buffer containing excess pNPC
(dashed curve) as calculated from activity-temperature data. Solid
and dashed vertical lines indicate the melting temperaturesTm and
T*m, respectively.

Vo ) kcat(T)[N] )
kcat(T)[Pa]o
1+ KRD(T)

(7)
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enzyme in the absence of substrate. DSC is not in general
applicable to such studies since the time required to complete
a thermogram (usuallyca.75 min) far exceeds that required
to complete the reaction.
What remains is to establish the accuracy of the kinetic

data required to regress meaningful values ofT*m, ∆H*, and
∆Cp

*, which together define the themostability of the enzyme
in the presence of substrate. The covariance matrix for
equilibrium constants calculated with eq 6 indicates that
K*RD(T) is, within model uncertainty, insensitive to∆Cp

* over
the range of possible∆Cp* values (0 toca. 40 kJ mol-1 K-1)
as determined from the extrema of heat capacity data reported
in the literature (Wintrodeet al., 1995; Liu & Sturtevant,
1996; Privalov, 1979); that is, a(40 kJ mol-1 K-1 change
in ∆Cp* does not produce a statistically meaningful change
in K*RD(T). Thus, a single temperature-activity curve cannot
be used to regress a true value of∆Cp*. In principal,
however, an accurate value of∆Cp* could be determined
from activity-temperature data as a function of pH, from
which a plot of∆H* versusT*m could be constructed. This
approach is analogous to that used to regress∆Cp from
calorimetry data.
Both T*m and∆H* can be regressed with inherent uncer-

tainties derived from covariance analysis of 0.07°C and 40
kJ mol-1. However, analogous to DSC analysis, their values,
particularly∆H*, can be in error if any model assumption
is violated or the activity-temperature data at the specified
pH are inaccurate or of insufficient quantity, particularly in
the nonlinear region of the Arrhenius-type plot. Privalov
(1979) and Pace (1990) have measured and compiled∆H(Tm)
data for a large number of reversibly unfolded proteins;
values range from 4 to 12 cal g-1, with the vast majority of
proteins having a specific∆H* between 7 and 9 cal g-1.
The∆H* regressed in this study equates to a specific value
of 7.3 cal g-1, indicating that the basic model proposed by
Hei and Clark and extended in this work can yield accurate
results under appropriate conditions.
InactiVation Model Calculations. The utility of this

methodology can now be demonstrated by applying eqs 3
through 6 and the thermostability model of Heiet al. (1993)
to the prediction of time-dependent percent residual activities
of Cex as a function of temperature such as those shown in
Figure 2. In principal, the calculation requires values for
the three thermostability parametersT*m,∆H*, and∆Cp*. The
first two parameters are given by our temperature-activity
analysis.∆Cp* is not known, but we have shown thatK*RD(T)
is insensitive to the value of∆Cp*. Thus, ∆Cp* was set
equal to∆Cp for all model calculations.
Isothermal inactivation curves calculated with the model

equations are shown as a function of time in Figure 2. The
model calculations at low (0-50 °C) and high (66-75 °C)
temperatures are, in a strict sense, correlations, sincekd1 and
kd3 are regressed to those data sets, respectively. However,
model calculations between 50 and 66°C are pure predic-
tions. The model calculations are in good agreement with
experiment at all temperatures. Most importantly, the model
correctly captures the very strong temperature dependence
of the inactivation curves within the reversible denaturation
envelope.

CONCLUSIONS

Incorporation of the novel approach of determining
enzyme thermostability in the presence of substrate devel-

oped by Hei and Clark (1993) into the Cex inactivation
model developed here therefore provides an accurate method
for predicting the thermostabality and inactivation kinetics
of Cex. Given the generality of the approach, it seems
reasonable to assume that it could be applied to a wide
number of industrially relevant enzymes and processing
conditions. However, it will not be appropriate for all
systems, only those where one can establish that the
reversible denaturation of protein is fast compared with the
rate of the subsequent irreversible inactivation step.
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