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Abstract Lignocellulolytic enzymes are among the most
costly part in production of bioethanol. Therefore, recy-
cling of enzymes is interesting as a concept for reduction of
process costs. However, stability of the enzymes during the
process is critical. In this work, focus has been on inves-
tigating the influence of temperature and ethanol on
enzyme activity and stability in the distillation step, where
most enzymes are inactivated due to high temperatures.
Two enzyme mixtures, a mesophilic and a thermostable
mixture, were exposed to typical process conditions [tem-
peratures from 55 to 65 °C and up to 5 % ethanol (W/v)]
followed by specific enzyme activity analyses and SDS-
PAGE. The thermostable and mesophilic mixture remained
active at up to 65 and 55 °C, respectively. When the
enzyme mixtures reached their maximum temperature
limit, ethanol had a remarkable influence on enzyme
activity, e.g., the more ethanol, the faster the inactivation.
The reason could be the hydrophobic interaction of ethanol
on the tertiary structure of the enzyme protein. The ther-
mostable mixture was more tolerant to temperature and
ethanol and could therefore be a potential candidate for
recycling after distillation.
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Introduction

Bioethanol produced from lignocellulosic residues and
other renewable sources has lesser CO, impact on envi-
ronment than gasoline. It is therefore predicted to be one of
the major substitutes for fossil fuels in the future energy
system. To accomplish this fuel replacement, bioethanol
has to be cost competitive with oil. So far, the bioethanol
process from lignocellulosic materials is costly and non-
competitive with gasoline, and therefore cost-reducing
initiatives are needed [23]. Due to price and amounts of
lignocellulolytic enzymes required, one of the major pro-
cess costs is the enzymatic hydrolysis [14]. Despite efforts
to reduce the costs of enzymes, they still represent up to
22 % of the total ethanol production costs and up to 50 %
of the running costs of simultaneous saccharification and
fermentation [8, 19].

Several strategies are used to reduce the price of
enzymes or the application costs. This includes reducing
enzyme production costs, improving enzyme cocktails,
increasing specific enzyme activities, improving enzyme
stability, and recycling enzymes within the process
[24, 28]. Much effort has been put into production and
optimization of enzymes, a process which has been
accelerated by a growing interest and investment in
research by the large enzyme-producing companies [41]. In
the beginning of 2012, the two leading producers of
lignocellulolytic enzyme mixtures, Novozymes (Denmark)
and Genencor (CA, USA), launched their latest generation
of products, Cellic CTec 3 and Accellerase Trio, respec-
tively. Both enzyme mixtures are claimed to reduce
enzyme loading up to twofold and thereby reduce enzyme
costs and overall process expenses [9, 25]. Moreover,
today’s commercial enzyme mixtures have better stability
and activity, which enhance the possibilities of recycling
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for numerous rounds of hydrolysis [34]. Another approach
to improve the financial feasibility is to operate the process
at high dry matter content (above 15-20 %) in order to get at
least4 % (w/w) ethanol in the final fermentation broth, which
is required for economical distillation of ethanol [16, 19].
From an operational point of view, enzyme recycling is
one of several strategies for reducing the overall enzyme
costs. The efficiency of enzyme recycling is highly
dependent on the design of the bioethanol process. Enzyme
recycling can be divided into two steps; recovery and
recycling. The major bottleneck in enzyme recovery is the
20-30 % lignin found in lignocellulosic biomass, which
has a strong binding affinity to many of the enzymes
[24, 36, 37]. Besides lignin, high temperatures and inhib-
itors can also affect the stability and recovery of enzymes.
Much applied research within recovery and recycling of
enzymes is performed at low dry matter loadings (<10 %)
during hydrolysis because unit operations become more
complicated at high dry matter loadings [21, 29, 31]. The
major part of bioethanol demonstration and pilot plants in
Europe uses simultaneous saccharification and fermenta-
tion (SSF) meaning that enzyme recovery should happen
after fermentation [12, 19]. However, separation of
enzymes from the slurry before distillation is critical due to
the potential loss of ethanol. After distillation, the enzymes
can be recovered and recycled back in the process. How-
ever, the ethanol stripping involves heating, which can be
harmful to the enzymes. Consequently, temperature and
retention time in the distillation unit are critical parameters
due to the heat sensitivity of most cellulolytic enzymes.
Two challenges should be solved before considering
recycling after distillation; ethanol concentrations and
temperature. During hydrolysis, it has been found that
ethanol is a non-competitive inhibitor binding to the allo-
steric site of the enzyme, e.g., cellulase, which results in
reversible denaturation because of the solvent properties of
ethanol [15]. At elevated temperatures, the destabilizing
effect of ethanol can accelerate denaturation of the enzyme
even when the temperature itself does not cause protein
denaturation [45]. Ethanol destroys the tertiary hydropho-
bic interactions in the enzyme, breaking or loosening the
compact structure of the enzyme [30, 46]. Ethanol con-
centrations above 4 % (w/w) are favorable, as the energy
consumption for distillation is markedly reduced and hence
the process costs are decreased [19]. However, ethanol
concentrations as low as 2 % (w/v) are enough to reduce
the overall activity of cellulases from Trichoderma reesei
[11, 32]. Podkaminer et al. illustrated the influence of
ethanol on T. reesei enzymes when increasing temperature.
Ethanol had a large effect on enzyme activity at 50 °C
compared to no effect at 37 °C, which indicated that eth-
anol combined with high temperature had a negative effect
on enzyme activity during hydrolysis [27]. Furthermore,
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raising the temperature will shorten the half-life for most
mesophilic lignocellulolytic enzymes dramatically [22].
The challenge of maintaining enzyme activity and stability
at high temperatures and increased ethanol concentration
could possibly be overcome by using thermostable ligno-
cellulolytic enzymes in the bioethanol process.

Normally, ethanol is distilled at 78.4 °C (boiling point),
which is well above the optimum for most enzymes pres-
ent. However, systems exist to strip off ethanol at lower
temperature, e.g., vacuum distillation. This work is part of
the EU FP7 funded project HYPE, which has also involved
work on novel systems that allow ethanol stripping at lower
temperatures by employing a diabatic Jensen distillation
system. Based on this work, realistic process conditions are
temperatures down to 60 °C and a residence time of
<15 min (pers. comm., Bgrge Holm Christensen, Biosys-
temer Aps., Alsgé’lrde, Denmark).

Another part of the HYPE project has been the devel-
opment of thermostable enzyme preparations. Thermosta-
bility of an enzyme is usually defined as the retention of
activity after heating the enzymes at a certain temperature
for a prolonged period [38]. Thermostable enzymes are
known for their higher specific activity, greater stability,
and reduced hydrolysis time; advantages that can lower the
process costs by reducing enzyme dosage [38, 39]. In
addition, due to their increased stability at temperatures
close to distillation temperatures, they are potentially
interesting with respect to recycling. Improvement of
thermostable enzymes is ongoing regarding development at
molecular scale and usage at large scale. Genetic engi-
neering used for improvement of thermostable cellulases
with higher optimum temperature or better activity are
addition of extra disulphide bonds in the protein [39],
covalent linking of chitosan to cellulase [6] and structure-
guided recombination with addition of stabilizing blocks in
the protein [13]. Besides demonstrating the effects of
genetic engineering, the advantage of using thermostable
enzymes in a bioethanol process has also been demon-
strated. For example, liquefaction of pre-treated biomass at
increased temperatures using thermostable cellulases was
shown to decrease viscosity efficiently [33], while ther-
mostable xylanases were shown to promote the hydrolysis
efficiency at raised temperatures [47]. In addition, ther-
mostable cellulases have been shown to be pH-tolerant at
increased temperatures, which eases the possibilities of
process design [3, 7]. Overall, thermostable cellulases and
xylanases are shown to be likely candidates for enzyme
recycling.

In this study, it was investigated whether a thermostable
lignocellulolytic enzyme mixture would have superior
performance compared to a mesophilic mixture with regard
to the combined effect of temperature and ethanol. The
experimental design was chosen to mimic the conditions to
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which enzymes will be exposed during distillation in
vacuum distillation or in a Jensen distillation system
an industrial scale. Enzyme activity and protein stability
were measured to understand how the enzymes are influ-
enced by thermal and chemical changes. In addition, the
possible additive effect of high temperature and high ethanol
concentration was considered during the measurements.

Materials and methods
Enzymes

Two enzyme mixtures were tested; a commercial and a
thermostable mixture. The commercial enzyme mixture
(CN mix) consisted of Celluclast, which contains enzymes
from T. reesei, and Novozym188 (NZ188), which contains
B-glucosidase from Aspergillus niger. They were both gifts
from Novozymes (Bagsvaerd, Denmark). Celluclast and
NZ188 were mixed at a ratio of 5:1 (w/w). The thermo-
stable enzyme mixture (Thermomix) contained 51 %
cellobiohydrolase 1 (CBHI) protein from Acremonium
thermophilum, 17 % CBHII from Chaetomium thermophi-
lum, and 13 % endoglucanase I (EGII), 14 % endo-xylanase
(XYL), and 5 % B-glucosidase (BG) from Thermoascus
aurantiacus. Thermomix was a kind gift from Roal Oy
(Rajamaki, Finland).

Protein content

The protein content of the enzyme mixtures was measured
by ninhydrin assay described by Tu [35]. In safe-lock
Eppendorf tubes, a 40 pl sample was mixed with 60 pl
13.5 M NaOH and autoclaved 121 °C, 20 min. NaOH was
neutralized by the addition of 100 pl glacial acetic acid
followed by addition of 200 pl 2 % ninhydrin reagent
(N7285, Sigma). Tubes were heated 20 min, 100 °C fol-
lowed by addition of 1,000 pl 50 % ethanol (v/v). Absor-
bance of the solutions was measured at 570 nm. Tubes
were vortexed between each step and samples were mea-
sured in triplicate. Bovine serum albumin was used as
standard (A2153, Sigma).

Ethanol and temperature tolerance in buffer

The influence of temperature and ethanol content on
enzyme activity were tested in 1.5-ml Eppendorf tubes. The
tubes were filled with 50 mM sodium citrate buffer, pH 4.8,
containing 0-5 % ethanol (w/v), and pre-heated to
55-65 °C in a heating block. The total concentration of CN
mix or Thermomix was 2 mg enzyme protein/ml. Enzyme
was added to the heated tubes, vortexed, and directly
returned to the heating block. Samples were taken by

moving tubes from the heating block to ice without opening
them. Afterwards, the tubes were stored at —18 °C until
further analysis. The ethanol content of the buffers was
measured by HPLC as described by Kristensen et al. [18].

Filter paper activity

Total cellulase activity was measured by filter paper
activity on a small scale following the procedure described
by Xiao et al. [44]. The only change was that the 50 °C
hydrolysis was run for 2 h instead of 1 h in order to min-
imize the background noise. Samples were measured in
triplicate.

B-glucosidase activity

Activity of B-glucosidase was measured at microtiter
scale. Substrate [5 mM p-nitrophenyl-B-p-glucopyranoside
(N-7006, Sigma)] and standard [5S mM p-nitrophenol
(6798, Merck)] were diluted in 50 mM sodium citrate
buffer, pH 4.8. In 96-well flat-bottom microtiter plates,
20 wl of diluted sample was mixed with 100 pl of substrate
and incubated for 15 min at 50 °C. The reaction was ter-
minated by the addition of 120 pl 0.4 M glycine buffer, pH
10.8, followed by absorbance measurement at 405 nm [42].
Samples were measured in triplicate.

Endoglucanase and endoxylanase activity using azo
dyes

Endoglucanase activity for the samples was measured
using azo-CM-cellulose (Megazyme, Ireland) as a sub-
strate. The substrate solution contained 1 g azo-CM-cel-
lulose mixed with 100 ml 50 mM sodium acetate buffer,
pH 4.8. Precipitation solution contained 40 g sodium ace-
tate trihydrate and 4 g zinc acetate diluted in 200 ml of
deionized water, which was mixed with 800 ml 96 %
ethanol (v/v) as described by Megazyme. The standard was
the respective enzyme mixture. A total of 100 pl of diluted
sample or standard was added to a 1.5-ml Eppendorf tube
and pre-equilibrated to 50 °C. Quickly, 100 pl of substrate
solution was added to the tubes and mixed well. After
10-min incubation, reaction was terminated by the addition
of 500 pl precipitation solution. Samples were cooled for
5 min before centrifugation for 10 min, 3,300 rpm,
1,000 x g. Absorbance was measured at 595 nm.

Endoglucanase activity for CN mix and Thermomix was
measured following the procedure described by Ghose
et al. [10].

Endoxylanase activity for the samples was measured
using azo-xylan (birchwood) (Megazyme, Ireland) as a
substrate. The endoxylanase assay followed the same pro-
cedure as for endoglucanase, except that the substrate
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solution was 100 ml 50 mM sodium acetate buffer, pH 4.8,
mixed with 0.5 g azo-xylan and precipitation solution was
96 % ethanol (v/v). Xylanase activity for CN mix and
Thermomix was measured following the procedure
described by Bailey et al. [1].

Cellobiohydrolase activity

Measurement of the activity of cellobiohydrolase I was
performed as described in [2, 5]. A 1 mM 4-methylum-
belliferyl-B-p-lactopyranoside solution diluted in 0.1 M
sodium acetate buffer, pH 4.8 was used as substrate, and
1 M sodium carbonate was used to terminate the reaction.
The standard was mixed from a 1 mM 4-methylumbellif-
erone sodium salt. Samples were diluted and 10 pl was
pipetted to a black-bottom 96-well UV fluorescence
microplate. One sample was mixed with 10 pl 1.0 M glu-
cose and another sample was mixed with 10 pl 1.0 M
glucose and 50 mM cellobiose in sodium acetate buffer to
inhibit B-glucosidase and cellobiohydrolase activity.
Another well only contained cellobiose and glucose
(blank). Samples were mixed with 80 pl substrate solution
and incubated 15 min at 50 °C. Reaction was terminated
by the addition of 100 pl 1 M sodium carbonate. To wells
containing only glucose and cellobiose, a 10-pl sample was
added and used as a blank. Sample fluorescence was
measured with excitation 360 nm and emission 460 nm.

SDS-PAGE

For protein detection, enzyme mixtures and buffer samples
were diluted in deionized water to obtain a protein concen-
tration of 0.5-1.0 mg/g. Diluted samples and Laemmli
Sample Buffer, containing 5 % 2-mercapthoethanol (v/v)
were mixed 1:1 in Eppendorf tubes. Samples were heated
5 min, 95 °C, cooled, and 25 pl loaded on a Criterion TGX
Stain-Free Precast Gel, 4-20 %. Precision Protein Plus
Unstained Standard was used as standard. The gel was run
for 45 min with Tris/Glycine/SDS buffer. The power con-
ditions were 200 V (constant), and a starting and final cur-
rent of 55-80 and 33-43 mA, respectively. Gel imaging was
done by transferring the gel to a stain-free tray and using Gel
Doc EZ System. Gel images were analyzed using the Image
Lab Software. Buffers, gels, and gel imaging hardware and
software were all from Bio-Rad (Hercules, CA, USA).

Results and discussion
Individual enzyme activity and protein content

Filter paper activity and individual enzyme activities were
measured together with the protein content of CN mix and
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Thermomix (Table 1). The enzyme loading used in the
experiments was based on protein content, hence the spe-
cific enzyme activities are also shown. Thermomix differs
from CN mix by its high B-glucosidase and very high
endoxylanase activity. The specific filter paper activity,
which only measure cellulase activity, was the same for
both mixtures.

Enzyme activity at high temperatures

The thermostability of mesophilic CN mix (Celluclast and
Novozym188 from Novozymes) and Thermomix (mixture
from Roal Oy) was tested in 50 mM sodium citrate buffer,
pH 4.8. Within the first 2 min of incubation at 55-65 °C,
no significant change in filter paper activity was seen for
any of the two mixtures (Fig. 1). For CN mix, a 50 %
reduction in filter paper activity was seen at 60 and 65 °C
after 15 and 5 min, respectively. For Thermomix, <50 %
filter paper activity was not observed before 10 min incu-
bation at 65 °C, while the activity was at least 90 % after
10 min at 55 and 60 °C (Fig. 1). Interestingly, the activity
of Thermomix fell to 90 % within the first 3 min of incu-
bation at 60 °C and hereafter remained stable. The reasons
may be that one of the enzymes in Thermomix was more
temperature sensitive than the others. However, the ther-
mostable enzymes are expressed in a Trichoderma strain
and a more likely reason is that the drop in activity reflects
inactivation of some of the background activity of native
cellulase present in Thermomix.

Overall, CN mix was sensitive to temperatures above
60 °C, whereas Thermomix remained stable at 65 °C based
on filter paper activity.

Enzyme activity at high temperatures and high ethanol
concentrations

The influence of high temperature and ethanol concentra-
tions up to 5 % (w/v) on enzyme activity was measured for
CN mix and Thermomix. The ethanol concentrations tested
were chosen based on the concentrations that are likely
reached in an average lignocellulosic bioethanol plant [19].
Samples were taken after 2, 5, and 10 min to explore both
long- and short-term effects of temperature on enzyme
activity in relation to distillation. When adding ethanol to
the samples at 55 °C, no remarkable change was seen for
either of the enzyme mixtures, indicating that they were
still within their limits of functionality (Fig. 2). Increasing
the temperature to 60 °C resulted in a drop in enzyme
activity for CN mix, which was further accelerated by
addition of ethanol, i.e., the more ethanol the less filter
paper activity. This tendency was even more distinct at
65 °C for both CN mix and Thermomix. The filter paper
activity after 5 min at 65 °C with 0 and 5 % ethanol was
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Table 1 Enzyme activity per gram enzyme protein (EP) and protein content of CN mix and Thermomix

FPU B-glucosidase Endoglucanase Cellobiohydrolase Endoxylanase Protein

(FPU/mg EP) (nkat/mg EP) (nkat/mg EP) (nkat/mg EP) (nkat/mg EP) (mg EP/g)
CN mix 0.66 6.3 94.4 1,432 170 151 +£1
Thermomix 0.64 16.2 87.5 2,232 3,701 172 £ 2

100

80 1

60 1

40 1

20 1

100 §

80 1

% FPU activity of max

60 1

40 1

20 1

0 2 4 6 8 10 12 14 16
Time (min)

Fig. 1 FPU activity of CN mix (a) and Thermomix (b) in 50 mM
sodium citrate buffer, pH 4.8, with 0 % ethanol at 55-65 °C. The
activity at 0 min was set to 100 % FPU activity. Filled circle 55 °C,
open circle 60 °C, inverted filled triangle 65 °C

for CN mix 48 £ 0.2 and 6 + 1.9 %, respectively, and for
Thermomix 80 £ 0.9 and 43 £ 0.6 %, respectively. The
combined negative effect of increased temperature and
high ethanol concentration has also been observed during
hydrolysis at up to 5 % dry matter [26, 27, 43]. For
example, Podkaminer et al. tested the activity of a com-
mercial T. reesei-mixture at 37 and 50 °C in a 100 h
hydrolysis with up to 8 % ethanol (w/v) in the solution
[27]. At 37 °C, the relative residual activity of the ethanol
containing solutions were nearly equal after 100 h, while
an increase of temperature to 50 °C resulted in a larger
activity drop for solutions containing 6-8 % ethanol
compared to 0 % ethanol. For example, the enzyme
activity after 24-h incubation at 50 °C with 0 and 6 %
ethanol was 87 and 62 % of max, respectively, while the
activity in both cases was above 90 % when incubating
24 h at 37 °C [27]. In our study, samples were diluted at
least tenfold before measuring the enzyme activity to avoid
ethanol inhibition while running the activity assay.

Therefore, we are confident that the effect of ethanol on
loss of activity is not related to inhibition but rather
destabilization of the enzymes. The results indicate that
mixtures containing the well-studied T. reesei enzymes are
not suitable for recovery and recycling after distillation due
to inactivation. On the other hand, Thermomix has poten-
tial for recycling when tested in buffer. However, more
studies are required since the experimental setup was in
buffer and not slurry from a bioethanol plant. It is generally
known that cellulases are more stabilized when in a mix-
ture containing biomass compared to pure buffer. Hence,
Thermomix could be imagined to perform even better
when in a mixture containing substrate.

Influence of temperature and ethanol on specific
enzyme activities

Measurement of filter paper activity describes the overall
activity of cellulases, and not the activity of the individual
cellulases or the hemicellulases. Individual classes of
enzymes are presumably not equally stable. Therefore, the
activity of B-glucosidase, endoglucanase, and cellobiohy-
drolase was measured to identify which enzymes could be
the cause of reduced filter paper activity. In addition,
endoxylanase was measured because it was the only
hemicellulase present in Thermomix.

Generally, the measured individual activities remained
stable at 55 °C, except for the endoxylanase in CN mix,
which dropped after 10 min at 5 % ethanol (c, Fig. 3). At
65 °C, specific enzyme activities of Thermomix did not
change remarkably except for cellobiohydrolase (Fig. 3, e-h),
whereas several activities within the CN mix were quite
affected by temperature (Fig. 3, a—d). The B-glucosidase
activity in CN mix at 65 °C was unaffected the first 2 min
of incubation, but after 10 min incubation with 0 and 5 %
ethanol it was reduced to 75 £ 4.2 and 18 = 2.1 % of
max, respectively. Again, ethanol was shown to influence
enzyme activity during incubation at high temperature. The
same pattern was seen for endoglucanase, cellobiohydro-
lase, and endoxylanase activity in CN mix. The endoglu-
canase activity after 10-min incubation at 0 and 5 %
ethanol was 59 £+ 1.2 and 44 £+ 0.6 % of max, respec-
tively, cellobiohydrolase activity was 5.3 £ 1.1 and
0.6 = 0.1 at 0 and 5 % ethanol, respectively, while the
endoxylanase activity was 15 4+ 3.0 and 4 £ 0.6 %,
respectively. Ethanol has been shown to destabilize
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proteins at elevated temperatures, where the temperature
itself would not cause denaturation of the protein [45].
Previous results have indicated that xylanases from
T. reesei may be more sensitive to ethanol compared to the
cellulases (B-glucosidase and endoglucanase) even at low
temperatures [32]. By exposing CN mix to temperatures
above 65 °C for a few minutes, most of the enzyme activity
is lost. It is therefore not the optimal mixture if recycling
after distillation is planned unless the distillation temper-
ature is below 60 °C and the retention time is very short,
i.e., minutes.

For Thermomix, a decrease in specific enzyme activity
at 65 °C was expected according to the filter paper activity
data (Fig. 2). Interestingly, the B-glucosidase and endo-
glucanase activities for Thermomix remained mostly above
90 % of initial activity, while cellobiohydrolase activity
decreased markedly at 65 °C. Endoglucanase activity was
reduced to 81 £ 4.1 % of the maximum after 10 min
incubation in 5 % ethanol at 65 °C. The reduced activity is
probably due to the presence of ethanol and not because of
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% ethanol (w/V)

high temperature since this endoglucanase from 7. auran-
tiacus has been shown to be stable at temperatures up to
75 °C [33]. Recently, hydrolysis performance and tem-
perature stability were measured for the endoxylanase (also
from T. aurantiacus) in Thermomix. The results indicated
that even when incubating for 24 h at 65 °C the endoxy-
lanase remained active, which is similar to our results [47].
Concerning the specific activities for Thermomix, most
enzymes performed well at 65 °C except the cellobiohy-
drolases, which seemed to be the weak point. To improve
the performance of Thermomix, the cellobiohydrolases
should be replaced with a more thermostable version.

Enzyme protein stability at high temperatures

The major reason why the activity of an enzyme decreases
at higher temperatures is due to a change in the tertiary
structure of the protein causing denaturation and degrada-
tion. For an enzyme to function optimally, the conforma-
tion of the active site is obviously crucial, but in the case of
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cellulases, the surface conformation of the enzyme can also
be critical in order to ensure recognition and correct
binding/attachment to the solid substrate. In this respect,
the cellulose-binding domain and the conformation around
the active site plays an important role [4]. Changes in the
tertiary structure, which can lead to denaturation and sub-
sequent degradation, can be caused by thermal energy from
heat (increased temperature) and extreme pH as well as
strong chemicals that disrupt the weak non-covalent bonds
in the conformation of the native enzyme protein [20].
Measurement of filter paper activity (Fig. 2) and specific
enzyme activities (Fig. 3) indicated that CN mix and

Thermomix was affected by thermal energy. To figure out
whether the decreased enzyme activity was due to con-
formational changes or due to degradation of the enzyme,
samples taken at 55 and 65 °C incubated in up to 5 %
ethanol were analyzed by SDS-PAGE (Fig. 4).

The interpretation of bands from CN mix was based on
the MW (kDa) given by [28], while the data for Thermo-
mix was given by SDS-PAGEs run of the individual
enzymes in the mixture (data not shown) and by [33, 40].
The intensity of the bands for CN mix and Thermomix was
not equal because the ratio of lignocellulolytic enzymes
differs in the two mixtures.
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Fig. 4 SDS-PAGE of CN mix (a) and Thermomix (b). Lane 1
10 min, 55 °C, 0 % ethanol; Lane 2 10 min, 55 °C, 5 % eth.; Lane 3
65 °C, 0 % eth., 2 min; Lane 4 65 °C, 0 % eth., 10 min; Lane 5
65 °C, 5 % eth., 2 min; Lane 6 65 °C, 5 % eth., 10 min; Lane 7
control (enzyme mixture not exposed to heat or ethanol). BG
B-glucosidase, CBH cellobiohydrolase, EG endoglucanase, XYL
endoxylanase

For both CN mix and Thermomix, the 55 °C samples in
lanes 2 and 3 were equal to the control in lane 7 (Fig. 4a,
b), which confirmed the results illustrated in Fig. 2. For CN
mix (Fig. 4a), P-glucosidase (~98 kDa) and CBH
(~66-70 kDa) bands had less intensity after 10-min
incubation (lanes 4 and 6) compared to the bands seen after
2 min (lanes 3 and 5). The band for EG II (~51 kDa) in
CN mix remained unchanged at all conditions, which is
contradictory to the measured endoglucanase activities
(Fig. 3). However, T. reesei is reported to secrete at least
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five endoglucanases and it is not known which of the
T. reesei endoglucanases that accounts for the reduced
activity shown in Fig. 3. According to Karlsson et al., the
optimal temperature after 30 min incubation for EG II
(Cel5A) and EG II (Cell2A) was 70 and 50 °C respec-
tively [17]. These results indicate that EGIII is more sen-
sible than EGII when operating at high temperatures and
hence confirm the strong EG II band observed on the SDS-
PAGE gel even after 10 min incubation at 65 °C. Com-
bining the SDS-PAGE data for the control (lane 7) with the
kDa-weight given in [28], it was not possible to quantify
the EG 111 to confirm the results of Karlsson et al., since the
quantities of the remaining EGs in CN mix was low and
some proteins cannot be separated by SDS-PAGE. The
reduced endoglucanase activity at 65 °C in CN mix could
therefore be due to the other endoglucanases present in the
mixture. On the other hand, the EG II band shows that
the protein size is intact, but does not describe how active
the enzyme is. As a consequence, the low endoglucanase
activity could also be due to a moderated active site in EG
II (or the other endoglucanases).

The individual activities of B-glucosidase, endoglucan-
ase, and endoxylanase remained stable at 65 °C when
testing Thermomix. However, filter paper activity
decreased at this temperature, which indicated that one or
more cellulases were inactivated during heat treatment. In
Fig. 4b, the CBH band (~68 kDa) was fainting after
10 min incubation at 65 °C (lanes 4 and 6), indicating that
the enzyme was degrading. Furthermore, the bands around
10, 24, and 37 kDa became stronger, which could be due to
fragments from the degraded enzyme proteins.

Overall, the SDS-PAGE analysis revealed that in certain
conditions, the loss of activity could indeed be correlated
directly to the degradation of enzymes. The CBHs repre-
sented in both enzyme mixtures turned out to be markedly
degraded after 10 min treatment at 65 °C, which relates to
the specific activity of CBHI as well as reduced filter paper
activities. For the other enzymes, the conformation
remained intact for both CN mix and Thermomix.

Conclusions

When increasing temperature, the activity of both CN mix
and Thermomix decreased. The decrease was more pro-
nounced when ethanol was added. High temperature and
increased ethanol concentrations were thus shown to have a
combined negative effect on enzyme activity. Where loss
in activity was observed at 60 °C for CN mix an effect of
temperature and ethanol was not seen for Thermomix until
at 65 °C. According to SDS-PAGE results, the activity of
cellobiohydrolase was caused by degradation of the
enzyme protein, while the loss in activity of B-glucosidase,
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endoglucanase, and endoxylanase was primarily due to
structural changes within the enzymes.

In this study it was shown that using thermostable

enzyme in a bioethanol process would be an advantage if
recovery and recycling after distillation is planned. How-
ever, increased temperature and high ethanol content
should both be taken into consideration due to the com-
bined negative effect on activity and stability.
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