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Field: Biochemistry; Topic: Enzymology (protein structure)

Abbreviations: cel12B, cellulase-12B; cel8C, cellulase-8C; peh28, polygalacturonase-28; GH, glycoside
hydrolase; Pcc, Pectobacterium carotovorum subsp. Carotovorum; CBD, carbohydrate binding domain;
CMC, carboxymethyl cellulose; kd, inactivation rate constant; t1/2, half-life; D-value, decimal-reduction
time; Ed,, energy of inactivation; ΔS, change in entropy; ΔH, change in enthalpy; ΔG, change in Gibbs
free energy

Note: Nucleotide sequences from which the protein sequences were deduced have been deposited with
the European Nucleotide Archive under the following accession numbers: for peh28, PRJEB31526; for
cel8C, PRJEB31527; for cel12B, PRJEB31528. UniProt accession numbers will be assigned from these
in due course.
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Summary
Lignocellulosic biomass conversion using cellulases/polygalacturonases is a process that can be
progressively influenced by several determinants involved in cellulose microfibril degradation. The
current paper focuses on the kinetics and thermodynamics of thermal inactivation of recombinant E. coli
cellulases, cel12B, cel8C, and a polygalacturonase, peh 28, derived from Pectobacterium carotovorum
sub sp. carotovorum. Several consensus motifs conferring the enzymes’ thermal stability in both cel12B
and peh28 model structures have been detailed earlier, which were confirmed for the three enzymes
through the current study of their thermal inactivation profiles over the 20-80°C range using the
respective activities on carboxymethylcellulose and polygalacturonic acid. Kinetic constants and halflives of thermal inactivation, inactivation energy, plus inactivation entropies, enthalpies and Gibbs free
energies, revealed high stability, less conformational change and protein unfolding for cel12B and peh28
due to thermal denaturation compared to cel8C. The apparent thermal stability of peh28 and cel12B,
along with their hydrolytic efficiency on a lignocellulosic biomass conversion as reported previously,
makes these enzymes candidates for various industrial applications. Analysis of the Gibbs free energy
values suggests that the thermal stabilities of cel12B and peh28 are entropy-controlled over the tested
temperature range.

Keywords: cellulase; polygalacturonase; catalysis; thermodynamics; kinetics.
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Study of lignocellulosic biomass composition and its enzymatic processing has led to progress in the
production of biofuels and of the biocatalysts themselves (1, 2). In nature, biomass decomposition takes
place through a group of glycosyl hydrolases, which have various tolerances to thermal, acid or alkaline
conditions (2). Endo- and exo-glucanases from various sources have been characterized in decomposition
of biomass cellulose in the presence or absence of β-glucosidase (3, 4). Pectin homogalacturonans from
various biomasses undergo hydrolysis via endo- and exo-polygalacturonases (5). Loss of enzymatic
activity as the hydrolysis progresses on cellulosic or lignocellulosic substrates has been attributed to
various inhibitory factors and enzyme thermal-instability (6). Kinetics of enzyme activity loss could
provide information on the complexities and the stages following denaturation comprising a set of
complex molecular events, i.e. the unfolding of enzymes’ tertiary structure (7). An enzyme’s capacity to
resist thermal unfolding in the absence and presence of the substrate can be elucidated by analysis of a
detailed thermostability profile (7, 8). Studies on polygalacturonase inactivation kinetics and
thermodynamics showed negative entropy changes of both crude and partially purified enzymes,
attributed to enzyme structural changes, i.e. enzyme unfolding, or to an effect of the surrounding medium
(9). Knowledge of phenomena influencing an enzyme’s thermal stability is crucial from a commercial
perspective (10). For example, the presence of a polymethylgalacturonate or potassium salts improved the
stability of certain polygalacturonases/pectinases (9) and cel7A cellulases showed enzyme-substrate
complex association to be entropy-controlled, whereas the intermediate enzyme-substrate dissociation
cycle was controlled by enthalpy (11). The presence of carbohydrate binding domains (CBDs) causing an
increase in the free energy barrier was reported for the enzyme-substrate dissociation cycle of cel7Acellulases and in these systems analyses of free energy barriers have provided details for enzyme
interfacial catalysis and mechanism (11).
Our previous work focused on the construction, expression, biochemical characterization, structural
modeling and potential industrial application to lignocellulosic biomass conversion of Escherichia coli
recombinant cellulases (cel8C and cel12B) and polygalacturonase (peh28) (12-14). Evaluation of
4
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conserved amino acids in catalytic and non-catalytic sites of cel12B and peh28 structures revealed the
presence of Pro170 and Arg96, respectively, that correlate with thermal stability and processivity functions
as modeled in related protein sequences (14). The recombinants, in combination with a related βglucosidase, efficiently released glucose, cellobiose and galacturonic acid hydrolysis products from
grapefruit processing waste, confirming their efficacy in production of biofuel precursors (12).
In this study, residual enzyme activities were determined in the 20-80°C range to construct thermal
profiles for the same semi-purified extracts of cel12B, cel8C and peh28 studied previously. The profiles
furnished rate constants (kd) for the enzymes’ thermal inactivation, as well as the respective half-lives (t1/2)
and decimal-reduction times (D-values). Molecular insight into the enzymes’ inactivation behavior was
provided from the thermodynamic parameters (derived from Arrhenius plots), inactivation energy (Ed)
plus changes in entropy (ΔS), enthalpy (ΔH) and Gibbs free energy (ΔG). Structural models designed
earlier for cel12B and peh28 were correlated with the current thermal stability results for these two
enzymes. An explanation is provided for apparent disparities in thermal inactivation shown among the
recombinants. In so doing, the study highlights the possible industrial applications for lignocellulosic
biomass conversion by cel12B and peh28, and the candidacy for additional genomic studies which might
beneficially modify the cel8C system for the same application.
Materials and methods
Enzyme preparations and activity determinations
Cel12B, cel8C and peh28 were individually expressed and purified from overnight-grown E. coli
transformed with Pcc-celB, -celC and -peh recombinant plasmids, respectively, at 37°C in 100 µg/mL
ampicillin containing Luria-Bertani broth, following the protocol previously published (14).
Polygalacturonase activity was determined for peh28 on polygalacturonic acid (sodium salt from citrus
fruit, ≥ 75% titration, cat. no. P3850, Sigma-Aldrich, St. Louis, MO), using the Nelson-Somogyi (NS)spectrophotometric assay protocol (15, 16), with copper and arsenomolybdate reagents, where the change
5
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in the absorbance for the reduced hydrolysate system was measured at 520 nm using an Odyssey
spectrophotometer, model DR/2500 (cat. no. 5900000, Hach, Loveland, CO) and equilibrated versus
Aspergillus niger pectinase (E.C.3.2.1.15) (cat. no. 17389, Sigma-Aldrich, St. Louis, MO) activity
standard reference on the same substrate as previously described (14). One unit of polygalacturonase
activity is defined as the amount of enzyme releasing 1 µmol of reducing sugars per minute from
polygalacturonic acid under the assay conditions. The cellulolytic activities of cel12B and cel8B, were
detected on carboxymethyl cellulose (CMC), following a protocol modified by Miller (17), using 3,5dinitrosalicylic acid (DNS). The absorbance of the hydrolysate reducing sugars, was determined at 540
nm using A. niger-1,4-(1,3:1,4)-β-D-Glucan 4-glucanohydrolase (E.C.3.2.1.4) (cat. no. 22178, SigmaAldrich, St. Louis, MO) activity calibration standard. One unit of cellulase activity is defined as the
amount of enzyme releasing 1µmol of reducing sugars per minute from CMC under the assay conditions.
Thermal stability profiles for cel8C, cel12B and peh28
Enzyme residual activities after one-hour thermal treatment at several temperatures within the 20-80°C
range were evaluated for cel8C, cel12B or peh28 using the respective optimum assay conditions at 45°C
and pH 5.4 on CMC (25 mg/mL) or polygalacturonic acid (4 mg/mL) and compared to thermally
untreated controls, using equation 1. Total reducing sugars accumulated at each temperature were
measured spectrophotometrically following the same assay method described for cellulase and
polygalacturonase.

Where

is the residual enzyme activity as a percentage,

fractions and

is the enzymatic activity in thermally treated

is the enzymatic activity in a thermally-untreated control.
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Kinetic and thermodynamic study of thermal inactivation of cel12B, cel8C and peh28
Cel12B, cel8C and peh28 were characterized for their kinetics and thermodynamics of denaturation due
to thermal inactivation at 37, 50 or 60°C over 24 h in the appropriate buffer, 50 mM sodium citrate for
cel12B, cel8C and 50 mM sodium acetate for peh28, both at pH 5.4, where the enzymes’ residual
activities were periodically determined relative to thermally untreated controls, using the assays described
above for cellulases and polygalacturonase.
An enzyme thermal inactivation rate constant (

d

) was calculated at each temperature using equation 2,

based on fitting a first-order kinetic model to the data for enzyme activity losses with CMC, for cel12B
and cel8C, or with polygalacturonic acid, for peh28.
(At)

d

(A0)

Where, At is the residual enzyme activity at time

and A0 is the initial enzyme activity in the thermally

untreated control.
The times required for each enzyme to lose half of its activity (

1/2)

and 90% of its activity ( value) at a

specific temperature were calculated using equations 3 and 4, respectively.

1/2

d

d

Thermodynamic parameters of thermal inactivation determined on CMC, for cel12B and cel8C, or
polygalacturonic acid, for peh28, were: the energy of inactivation (Ed), change in enthalpy (ΔH), change
in Gibbs free energy (ΔG), change in entropy (ΔS), due to the denaturation at each defined temperature,
which were calculated following Bhatti et al. (18) and Batista et al. (19), following Arrhenius’ law that
was utilized for quantification of Ed for each enzyme as in equation 5.

7
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is the Arrhenius constant,
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d

is the inactivation rate constant at the studied temperature,

universal gas constant, 8.3145 J mol-1 K-1,

is the

is the absolute temperature. Therefore, the energy of

inactivation can be obtained from the slope of regression of inactivation rate constant (kd) versus the
reciprocal of absolute temp which is equal to Ed/R.
The variation in the ΔH and the change in ΔG values were calculated with equations 6 and 7,
respectively, using the respective

d

values at temperatures .

d

d

Where
The

is Planck’s constant, 6.6262 x 10-34 J s, and
and

values obtained at temperature

s Boltzmann’s constant, 1.3806 x 10-23 J K-1.

were used for the calculation of

, equation 8.

Statistical Analysis
GraphPad Prism 6.0 (GraphPad Software Inc., La Jolla, CA) was utilized throughout for corresponding
analysis of variance (ANOVA) for all measurements in triplicate, where the incorporated Tukey one-way
post-test was selected.

Results and discussion
8
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Thermal stability profiles for cel8C, cel12B and peh28
Residual enzyme activities were evaluated following one-hour incubation at several temperatures within
the 20-80°C range, compared to thermally untreated controls, given in Fig. 1. Cel8C showed progressive
activity loss at higher temperatures, a characteristic that has been seen with other GH-8 cellulases (14). In
contrast, the thermal stability profiles for cel12B and peh28 were shifted to higher temperatures (8-10°C
at the mid-point) (Fig. 1). Moderate thermal stability was also found in the 60-70°C range for cel12B and
peh28, which retained 70 and 57% of their maximal activities at 60°C and 65°C, respectively. Thermal
stabilities

of

cel12B

and

peh28

have

been

reported

previously

with

several

GH-12

cellulases/endoglucanases (20-22) and GH-28 polygalacturonase/pectinases (23-25). Significant residual
activities were also found for cel12B and peh28 as high as 70-80°C (Fig. 1). The peh28 residual activity
at 80°C was 15%, which is three times higher than the exo-polygalacturonase (exo-PG) from Penicillium
notatum (26). However, these authors reported improved activity at 80°C for the immobilized exo-PG,
which was attributed to the polymeric Na-alginate matrix imposing protection from denaturation (26).
Insert Figure 1
As the temperature increases, enzymes may undergo conformational changes such as those reported for
cel12A from Rhodothermus marinus (27), which suggests that increased proline residue content and
decreased glycine residue content stabilized the molecule against denaturation. The role of GLU34 and
PRO35 residues located at the C-terminal for cel12A from R. marinus, were also reported as bridging the
enzyme central protein region through hydrogen bonds, thereby conferring stability (28). Analogous
proline and glutamine residues were detected in the cel12B model structure (Supplementary Fig. 1a),
which could similarly contribute to its relative thermal stability over 20-65°C. However, the enzyme’s
progressive loss of activity at 70-80°C is indicative of thermal unfolding (26, 29, 30).
On the other hand, the role of a CBD in facilitating enzyme thermal stability for cel7A from Clostridium
phytofermentans was associated with elevation in the enzyme’s melting point (31). The direct role of
9
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CBD-3 in the stability of an endoglucanase from C. phytofermentans has also been reported (32). A CBD
(CBD-II) was found in the cel12B model structure, residues 279-378 (but not in the model structure of
cel8C) (14) which could similarly provide a benefit to thermal stability. Analogous CBDs in pectinases
have been reported (33) but the previous study did not find one in peh28 (14). However, van Solingen et
al. (34) reported that the removal of a CBD from Streptomyces sp. 11AG8 Cel12A, did not influence the
enzyme activity and/or stability.
The focus of another study by Palomaki et al. (35) was to identify protein target motifs for a
polygalacturonase (PehA) from Pcc. A residue replacement, CYS99SER, in the protein peripheral loop
region of the enzyme’s three-dimensional structure was identified to be essential for enzyme stability
because loss of enzyme activity was observed upon its mutation. The indirect major role of TRP135 in the
same loop region, hydrophobic packing with adjacent residues, was also deduced by analogous
experiments. Studies on another motif target at the C-terminus revealed the roles of conserved ASN371
and non-conserved VAL372 and VAL374, in hydrophobicity; in addition, TRP367ARG and VAL342ALA
mutations allowed correlation of their functions in enzyme stability and/or protein conformation (35).
Likewise, valine, tryptophan and asparagine residues were found in the peh28 model structure
(Supplementary Fig. 1b) which predict their contribution to its thermal stability observed at temperatures
higher than 45°C.
With respect to the single-residue contributors to stability noted in the preceding paragraphs, cel12B,
cel8C and peh28 share no broad structural homology and thus the previous structural modeling study (14)
had no points of reference to search for potentially-stabilizing conserved residues. The putative roles of
these inferred target residues in the stability of cel12B and peh28 could be tested using site-directed
mutagenesis.
Kinetics of thermal inactivation of cel12B, cel8C and peh28

10
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Enzyme residual activities were evaluated for the cel12B, cel8C and peh28 following their thermal
treatments at 37, 50 and 60°C over 24 h at pH 5.4, as compared with thermally untreated controls and
results are shown in Fig. 3 a-c, respectively. Lower temperatures were not tested because it was only at
37oC and beyond that the profiles (Fig. 1) differed significantly. The remaining activities of cel8C were
much lower compared with the other two enzymes’ activities, for example, it had 65% activity remaining
after 8 h at 37°C, while no activities were observed after 6 h at 50°C and 3 h at 60°C (Fig. 2b). The rapid
decline in the activity of cel8C at the latter temperatures is quite evident. Such differences in thermal
stability, seen here for cel8C and cel12B, have been observed with other cellulases from similar sources
but for different modes of action such as those of cellobiohydrolase-, CBH1-, and endoglucanaseSpezyme-CP from Trichoderma reesei, reported by Ye et al. (36). The current thermal inactivation
findings are consistent with the enzyme thermal stability profiles shown in Fig. 1, above.
Insert Figure 2
The process of thermal inactivation has been described as an alteration in an enzyme’s secondary, tertiary
or quaternary structural non-covalent contacts while the corresponding covalent bonds remain intact (37).
The process of denaturation is very complex and involves many intermediates, making it difficult to
discern which changes result in the loss of activity. Therefore, a simple single-phase, first-order model
was chosen for giving functionally useful relative rate constants with which to make the Arrhenius
analysis of the three enzymes
The data in Fig. 2 were used in first-order plots of the enzyme activity losses over 24 h at the defined
temperatures for cel8C and cel12B, on CMC, and for peh28, on polygalacturonic acid (plots not shown),
from which the corresponding enzyme thermal inactivation rate constants (kd) were evaluated from the
slopes of linear regressions of ln (% remaining activity) vs. time. Table I summarizes the kd values as well
as half-lives (t1/2) and decimal-reduction times (D-values).
Insert Table I
11

Manuscript Submitted to JB

Page 36 of 52

Two of the nine traces in Fig. 2 do not show >50% loss of activity in 24 h, itself a qualitative indicator of
relative thermal stability of those two enzymes compared to the third. First-order decay data out to 2-3
half-lives would have been better, but this was impractical for the systems being studied. Data in Table I
indicate the increases in kd with temperature were much smaller for cel12B and peh28 (6-fold over the
range), unlike cel8C (23-fold over the range). Small changes in kd over a similar temperature range are in
agreement with those of Naidu and Panda (37) for three pectinases from A. niger, and Saqib et al. (38) for
an endoglucanase from A. fumigatus. From this behavior, Naidu and Panda (37) deduced that little
conformational change in the enzyme’s three-dimensional structure occurred over the temperature range
studied.
Similar half-lives were calculated for cel12B and peh28, of approximately 28, 10 and 5 h, which were
higher than those of cel8C, 9, 0.8 and 0.4 h, at 37, 50 and 60°C, respectively (Table I). Lower half-lives
than those for peh28 were reported by Joshi et al. (39) Maisuria et al. (23) and Ortega et al. (25) for
polygalacturonases from different sources, at similar temperatures. Similar values were also calculated for
the thermally-stable endopolygalacturonase from Achaetomium sp., Strain Xz8, at 50°C (40), and for
immobilized exo-polygalacturonase (exo-PG) from P. notatum, at 60°C (26). Values lower than those of
cel12B and higher than those of cel8C were reported by Javed et al. (41) and Farinas et al. (42) for the
half-lives of other endoglucanases, at similar temperatures. Dutta et al. (43) calculated higher values, by as
much as 5- and 17-fold, than those of cel12B for the half-lives of an immobilized cellulase, supplemented
with magnesium, from Bacillus subtilis at 50°C and 60°C, respectively. This enzyme in free form,
however, had similar half-lives to those of cel12B at 50 and 60°C (43). These results, from a kinetic
perspective, demonstrate the relative thermal stability of cel12B and peh28, which is further clarified
dissected in the following thermodynamic discussion.

Thermodynamic analysis of thermal inactivation of cel12B, cel8C and peh28

12
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Determination of the thermodynamic parameters of inactivation was carried out for insight into the
behavior of the molecules as well as the complexity of the inactivation process across the 37-60°C
temperature range for cel12B, cel8C and peh28. Activation energy for thermal inactivation (inactivation
energy, Ed), change in entropy (ΔS), change in enthalpy (ΔH) and change in Gibbs free energy (ΔG) are
the enzyme parameters calculated (Table II) from Arrhenius plots, Fig. 3, based on the inactivation rate
constants (Table I). Linearity in the Arrhenius plots suggests a temperature-dependent mechanism for
enzyme inactivation as proposed previously (19).
Insert Figure 3
Ed is the energy that must be absorbed by the molecules to initiate enzyme inactivation, to get to the height
of the barrier, or transition state, for inactivation, as explained by Sant’Anna et al. (44). Ed values were
calculated as 67.4, 121 and 63.5 kJ mole−1 for cel12B, cel8C and peh28, respectively, Table II. Similar
values

have

been

previously

reported

for

cellulases/endoglucanases

(29,

38,

43)

and

polygalacturonases/pectate lyases (23, 26, 45), from different sources.
Insert Table II
The enzyme and solvent disorder as well as the degrees of solvation and compactness in the protein
molecular structure can be inferred through the quantitative analysis of ΔS values as reported by Dogan
and Tari (46) and Gouzi et al. (47). Table II indicates that the change and/or variation in ΔS was negligible
across the temperature range for each enzyme. Negative values and temperature-invariance of ΔS, have
been previously reported for several other polygalacturonases/endoglucanases from different sources (24,
38, 39, 43). That the enzymes became more ordered upon thermal inactivation has been suggested by
Batista et al. (19) as an increased compactness due to formation of ion-pairs (“salt-bridges”) as the
temperature increases, similar to a report by Naidu and Panda (37). Negative entropies of thermal
inactivation have also been attributed to more ordered water molecules at the protein interface (48-50).

13

Manuscript Submitted to JB

Page 38 of 52

Gibbs free energy is the energy required for the enzyme molecules to undergo the endergonic process of
inactivation as defined by Gouzi et al. (47). Table II indicates the differences in ΔGs across the
temperature range were minimal for each enzyme. Similar observations were found with several heatstable structures (24, 30, 37, 39), which may indicate a decrease in the enzyme lability to unfolding as the
temperature increased in the current investigation. The data also show similar ΔG values, within
experimental error, for the three current enzymes. This finding is in agreement with Dutta et al. (43) who
reported similar ΔGs with nano-magnesium-supplemented and non-supplemented immobilized cellulases
from B. subtilis, which also showed dissimilar thermal stabilities (manifested in half-lives and/or
inactivation energies) across a similar temperature range. This indicates the process of thermal inactivation
for cel12B, cel8C, peh28, in the temperature range studied here, must be under kinetic control, i.e.dominated by kd/Ed considerations. Although the ΔGs for the three enzymes are similar, it is instructive to
consider their relative enthalpic and entropic contributions: for cel12B and peh28, the entropic
contribution accounts for two-thirds of ΔG, whereas for cel8C, it is the enthalpic contribution which
accounts for two-thirds of ΔG. It is the enthalpic contribution which is directly affected by the kineticallyderived parameter Ed.
The degree and/or intensity of the thermal disruption of the noncovalent linkages in enzymes can be
predicted through analysis of an enthalpy parameter, ΔH, a characteristic that is derived from the kinetic
parameter Ed. Data in Table II indicate constant ΔH across the temperature range for each enzyme. A
similar finding was reported for other polygalacturonases/pectate lyases (45, 51) as well as
endoglucanases/cellulases (38, 43). Lower ΔHs were calculated for cel12B and peh28, 64.3 and 61.3 kJ
mol-1, respectively, than for cel8C, 118 kJ mol-1. A similar ΔH to that of peh28 was reported by Maisuria
and Nerurkar (45), for pectate lyase from Pcc, while a higher value was reported by Dogan and Tari (46),
149 kJ mol-1, for exo-polygalacturonase from A. sojae. Similar ΔHs to that of cel12B were calculated by
Dutta et al. (43) and Subhedar and Gogate (29), for cel7A from T. reesei and immobilized cellulase from
B. subtilis, while Saqib et al. (38) reported a much higher value, 254 kJ mol-1, for an endoglucanase from
14
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A. fumigatus. Small and constant ΔHs with increasing temperature are indicative of an enzyme undergoing
relatively less noncovalent bond breakage upon thermal inactivation than for enzymes with large ΔHs,
according to Batista et al. (19), D'Amico et al. (52) and Vieille and Zeikus (53).
The lower ΔH values calculated for cel12B and peh28, relative to cel8C, follow the lower Eds calculated
for them. Thus, the rapid inactivation observed for the cel8C at temperatures beyond 37°C indicates the
dominant role of enthalpic connections in accelerating the noncovalent disruptions and, therefore, enzyme
inactivation. The dominance of enthalpy in the process of inactivation is evident with some enzymes in
aqueous solution (44). In other cases, large positive entropy changes compensate for a high inactivation
barrier, thus, lowering the ΔG to facilitate the process of inactivation (54, 55). Since the degree of enzyme
unfolding and the associated non-covalent bond breakage as well as enzyme/solvent disordering at the
transition state are directly proportional with the increase in the ΔH and ΔS values, respectively (25),
variation in the kd-values and the corresponding relative changes in ΔS and ΔH could be used to infer their
contributions to the inactivation processes for the current enzymes (Sant’Anna et al. (44)). In this regard,
it is noted firstly that the ΔS values for the three current enzymes are substantially negative, with those for
the two more kinetically stable enzymes, cel12B and peh28, twice that of cel8C. Secondly, for the two
more stable enzymes, the makeup of ΔG is two-thirds entropic, one-third enthalpic, whereas the converse
contributions obtain for cel8C. Although the three enzymes have the same ΔGs for inactivation, cel12B
and peh28 are stabilized entropically, thus, their denaturation requires a substantial amount of free energy
extraction from the surroundings in order to achieve the ordering/compaction implicit in the large negative
ΔS, based on Christ and van Gunsteren (54) and Jayachandran et al. (55).
To sum up, the inferior thermal stability of cel8C was evident from its inactivation in the 40-80°C range,
unlike cel12B and peh28. The contribution of a carbohydrate binding domain in cel12B and the
involvement of other amino acid residues are thought to account for its enhanced thermal stability,
relative to cel8C. Analogous investigation into a molecular attribution for the thermal stability of peh28
was sought through structural modeling to better understand its survival of elevated thermal high
15
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exposure at or above 60°C. The thermal instability of cel8C parallels those of other GH-8 cellulases.
Since the makeup of the Gibbs free energy for the inactivation is two-thirds entropic and one-third
enthalpic for cel12B and peh28, stabilities of the two enzymes are entropy-controlled over the
temperature range. The substantial survival seen for cel12B and peh28 over 24 h exposure to 50 and
60°C is industrially relevant for such hydrolysis catalysts.
Thus, cel12B and peh28 from the current investigation are suggested for integration with the current
competitive market for enhanced production of biofuels. On the other hand, the inferior thermal stability
of cel8C would suggest it as a candidate for future genomic/genetic modification for increasing the
efficiency towards process optimization for biofuels and other value-added products. The feasibility of
using these three enzymes, in concert with a related β-glucosidase, to generate industrially useful
amounts of biofuel precursors, glucose, cellobiose and galacturonic acid from a waste biomass has been
shown (12).
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Legends to the figures
Fig. 1 Residual activities for cel12B, cel8C on CMC and peh28 on polygalacturonic acid. Residual
activities were determined following one-hour incubation of each enzyme at each presented temperature,
compared to thermally untreated controls held at 0oC. One unit of enzyme activity was defined as the
amount of enzyme releasing 1 µmol of reducing sugars per minute from the substrate under the assay
conditions. Values presented are given as a mean of triplicates ± SE. Reaction mixtures (1.0 ml incubated
1 h) contained, for peh28: polygalacturonic acid, 4 mg; 50 mM acetate buffer at pH 5.4; enzyme protein,
1.604 mg; temperature, 45°C; and for cel12B and cel8C: CMC, 25 mg; 50 mM citrate buffer at pH 5.4;
temperature, 45°C, with respective enzyme proteins of 0.742 and 0.914 mg.
Fig. 2 Thermal inactivation profiles of cel12B (a), cel8C (b) and peh28 (c) at 37, 50 and 60°C.
Enzyme residual activities were determined on their respective substrate CMC or polygalacturonic acid
under the enzyme optimum assay conditions described below, compared with the same activities using
thermally untreated controls. Values presented are given as a mean of triplicates ± SE. Reaction mixtures
(1.0 ml incubated 1 h at pH 5.4 and 45°C) contained, for peh28: polygalacturonic acid, 4 mg; 50 mM
acetate buffer; enzyme protein, 1.48 mg; and for cel12B and cel8C: CMC, 25 mg; 50 mM citrate buffer,
with respective enzyme proteins of 0.706 and 0.881 mg.
Fig. 3 Arrhenius plots for cel12B (a), cel8C (b) and peh28 (c) activity losses over 24 h at various
temperatures (K). The kd is the enzyme thermal inactivation rate constant at each respective temperature,
taken from Table I. The enzyme activation energy for thermal inactivation (Ed) was calculated from the
slope of the Arrhenius plot; values are presented in Table II, below.
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Figure 3
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Table I. Kinetic parameters for thermal inactivation of cel12B, cel12B and peh28
Enzyme

cel12B

cel8C

peh28

a Rate

Temperature

k da

t1/2b

Dc

(°C)

(h−1)

(h)

(h)

37

0.025±0.002

28

92

50

0.068±0.001

10

34

60

0.15±0.02

4.9

15

37

0.081±0.001

8.6

28

50

0.89±0.02

0.8

2.6

60

1.9±0.1

0.4

1.2

37

0.024±0.001

29

96

50

0.058±0.005

12

40

60

0.13±0.01

5.3

18

constants for the thermal inactivation±SE

b Enzyme

half-life; time required for the enzyme to lose half of its activity

c Enzyme

decimal-reduction time; time required for the enzyme to lose 90% of its activity
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Table II. Thermodynamic parameters for thermal inactivation of cel12B, cel12B and peh28
Enzyme

Temperature

Eda

ΔHb

ΔGc

ΔStd

(°C)

(kJ mole−1)

(kJ mol-1)

(kJ mol-1)

(J mol-1K-1)

37

67.4±0.4

64.4

192

-412

50

64.3

197

-412

60

64.2

202

-413

118

189

-228

50

118

191

-224

60

118

194

-229

61.2

192

-422

50

61.4

198

-423

60

61.3

202

-422

cel12B

cel8C

37

peh28

37

a Activation
b Change
c

63.5±1.8

energy for thermal inactivation±SE

in enthalpy

Change in Gibbs free energy

d Change

121±5

in entropy

