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ABSTRACT: The constant rise in energy demands, costs, and
concerns about global warming has created a demand for new
renewable alternative fuels that can be produced sustainably.
Lignocellulose biomass can act as an excellent energy source and
various value-added compounds like xylitol. In this research study,
we have explored the xylose reductase that was obtained from the
genome of a thermophilic fungus Thermothelomyces thermophilus
while searching for an enzyme to convert xylose to xylitol at higher
temperatures. The recombinant thermostable TtXR histidine-
tagged fusion protein was expressed in Escherichia coli and
successfully purified for the first time. Further, it was characterized
for its function and novel structure at varying temperatures and pH.
The enzyme showed maximal activity at 7.0 pH and favored b-
xylose over other pentoses and hexoses. Biophysical approaches such as ultraviolet—visible (UV—visible), fluorescence spectrometry,
and far-UV circular dichroism (CD) spectroscopy were used to investigate the structural integrity of pure TtXR. This research
highlights the potential application of uncharacterized xylose reductase as an alternate source for the effective utilization of
lignocellulose in fermentation industries at elevated temperatures. Moreover, this research would give environment-friendly and
long-term value-added products, like xylitol, from lignocellulosic feedstock for both scientific and commercial purposes.
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1. INTRODUCTION

The depletion of fossil fuel reserves, the economic difficulties
connected with their usage, and rising environmental concerns
about greenhouse gas emissions have prompted a quest for

glucose and xylose at the same time.” Repression of carbon
catabolite leads to inefficient fermentation processes in which
glucose is used, and xylose remains unutilized. As a result, there

is a lot of interest in identifying or creating novel strains that

alternative energy sources that are renewable in nature.'
Because lignocellulosic biomass is globally considered one of
the most abundant renewable biomass sources,” and its use
does not compete with food production on land, it has
emerged as a viable alternative to fossil fuels for biofuel
production and value-added commodities.”* Lignocellulose
has a complex three-dimensional network model. It is
predominantly composed of a branched and amorphous
carbohydrate polymer of hemicellulose (~20—34%), a linear
and crystalline carbohydrate polymer of cellulose (~31—-51%),
and an aromatic polymer of lignin (~15-25%).”° Cellulose is
a monomer of glucose linked by f§ (1 — 4) glycosidic bonds,
while hemicellulose is a branched and complex polymer of
galactose, xylose, and arabinose.” Xylose, an aldopentose sugar,
can be metabolized or fermented by Archaebacteria, Clostridia,
Proteobacteria, yeasts, and some filamentous fungl, and is a
substantial component of lignocellulosic biomass.”” However,
because of carbon catabolite suppression, most organisms,
including Escherichia coli, are unable to successfully utilize both
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can use xylose sugar effectively enough to meet the rising
demands of bioethanol. Therefore, thermophilic organisms
such as Thermothelomyces thermophilus (Tt) provide additional
benefits in lignocellulosic carbon source fermentations.'® Tt
belongs to the category of ascomycetes, which prefer to grow
at higher temperatures (45—55 °C).'" These fungi possess
heat-loving characteristics and cannot thrive below 20 °C. Tt
fungi have been considered safe and cheap for large-scale
manufacturing methods and have been utilized effectively in
metabolic engineering.'?
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Recently, xylose reductase (XR) has attracted considerable
scientific attention from various researchers across the globe
because of its ability to catalyze pentose sugars, mainly xylose
to xylitol."® Effective utilization of xylose is important as D-
xylose accounts for about 35% of the whole sugar present in
lignocellulosic hemicellulose biomass.'* Conversion of ligno-
cellulosic xylose to xylitol is the very first and rate-limiting step
in xylose metabolism, with xylitol further being converted into
xylulose in the presence of enzyme xylitol dehydrogenase;
eventually, bioethanol is formed via the pentose phosphate
pathway.”> Xylitol is one of the low-calorie sugars used in
pharmaceuticals, beverages, and food industries.'° Xylitol
consists of approximately 400 million USD of market per
year, which is further expected to double in coming years (by
the end of 2025)."” Although various reasonable chemical
methods are available for xylitol production, enzymatic
catalysis is always preferred over any other artificial methods
available due to the eco-friendly origin of the final product and
long-term sustainability."®

XR is mainly present in yeasts and filamentous fungi. So far,
the most reported and well-characterized fungus (having active
XR genes) is not promising enough in terms of efficient xylose
metabolism to xylitol and bioethanol production. This can be
attributed to a lack of enzyme efficiency in industrial
fermentation conditions like extreme pH and temperatures.'
There are several nonconventional fungal species present in
nature that are not yet studied,”””" although these fungi might
be proven as the source of stable enzymes.”'

Heat-stable XRs can be easily directed to utilize heat-treated
lignocellulosic biomass for xylitol formation from xylose,”” and
xylose, which is a type of reduction reaction and, at the same
time, one of the cofactors of XR that is either NADH or
NADPH, gets oxidized.” Because lignocellulosic waste is
plentiful and renewable, biological processes that use xylose-
rich lignocellulosic hydrolysates to act as a carbon source can
reduce significantly lower raw material costs while also
assisting with overall sustainability.

Therefore, in this study, the XR gene was identified from the
genome of T. thermophilus to find a novel XR protein having
high activity at elevated temperatures. After successful
expression and purification of XR from T. thermophilus
(TtXR), biochemical characterization at different temperatures
and pH was performed. The structural integrity of the purified
TtXR was also studied using biophysical methods, i.e.,
ultraviolet—visible (UV—visible), fluorescence, and far-UV
CD spectroscopies. This research has a potential application
in the fermentation industry as an alternate source of XR for
lignocellulose biomass usage at higher temperatures.

2. RESULTS AND DISCUSSION

2.1. Protein Expression and Purification. As recombi-
nant TtXR was histidine-tagged, therefore immobilized metal
affinity chromatography (IMAC) was employed for purifica-
tion. Various growth conditions were checked and fine-tuned,
and we found that at a temperature of 37 °C for 5 h, maximum
protein expression was obtained compared to the one obtained
at 20 °C for 12 h (Supporting Figure S1). The best induction
concentration of isopropyl A-p-1-thiogalactopyranoside
(IPTG) used for maximum expression was found to be 0.15
mM and this was taken as the final concentration. The total
amount of the protein obtained in each step of purification is
summarized in Table 1. The enzymatic activity of the xylose

reductase was measured throughout the purification process
for both specific activities and purification yield determination.

Table 1. TtXR Purification Using His-Tag"

fraction  total activity specific total protein

steps volume of protein activity recovered yield
involved (mL) (V) (Umg™) (mg) (%)
crude 53.7 25.6 0.8 52.8 100
soluble
fraction
purified 17.7 12.8 2.7 6.4 382
TtXR

“The activity of XR in crude and purified forms was measured in a
reaction mixture containing 150 mM xylose and 0.25 mM NADPH at
7.0 pH.

The purity of the protein was checked using sodium dodecyl
sulfate 2polyacrylamide agarose gel electrophoresis (SDS-
PAGE).”’ SDS-PAGE is considered a simple and effective
technique in biochemistry, employed to determine the purity
and the size of the protein molecule.”” Proteins eluted with 50,
100, and 150 mM imidazole concentrations showed a major
band of the protein of interest (Supporting Figure S2). It may
be noted that a faint additional protein band (few impurities),
was later removed using gel filtration chromatography (inset of
Figure 1). The apparent molecular weight of purified TtXR
with the histidine tag was 37.8 kDa, which was very close to
the theoretically predicted molecular weight of xylose
reductase.”® The molecular weight of the protein was
confirmed by running S uL of the known molecular weight
protein marker to the next well in the same 12% gel (Figure 1).

2.2. Enzyme Kinetics and Substrate Specificity. The
activity of the purified and crude soluble fractions of cell-free
lysate was checked using UV—visible spectroscopy. Specific
activity was measured with respect to different substrates, and
maximal specific activity was observed toward xylose. Also,
another C; sugar, adonitol, showed significant activity.
However, it showed significantly less activity for sucrose and
sorbitol, which confirmed the affinity of xylose reductase more
toward Cs sugars (Figure 2A). Further, the kinetics of the
purified protein were measured using different substrate
concentrations. It can be seen from Figure 2B that with
every increase in substrate (xylose) concentration, the
percentage saturation of the enzyme active site increased,
which was confirmed by changes in the absorbance at 340 nm.
Protein concentration in the purified XR sample was kept
constant at around 18—20 yM. The addition of xylose in the
reaction mixture was continued till the maximum velocity of
the enzyme or complete saturation of the enzyme binding site
for catalysis was attained (Figure 2B). From Figure 1, we may
say that we obtained the purified protein with structural
integrity, as it showed decent activity with different
concentrations of the substrate. The presence of activity
confirmed that the purified protein adopted final folded
conformation, as it performed its function. Xylose reductase
from T. thermophilus exhibits optimal activity at 45 °C, a rare
feature among XRs from other sources. This fact shall offer
potential advantages during enzyme processing and ethanol
production.

2.3. Characterization of Purified Recombinant TtXR.
Using the enzyme kinetics of XR at different temperatures
ranging from 25 to S5 °C, the optimal temperature was
determined (Figure 3A). The reaction mixture was incubated
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Figure 1. Size exclusion profile: chromatogram showing elution of the purified form of TtXR (inset showing the SDS-PAGE profile of the protein
obtained from the peak top, loaded in lanes 1, 2, 4, and S, and lane 3 contained S uL of the protein marker (10—180 kDa)).
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Figure 2. (A) Specific activities of TtXR toward different carbonyl substrates; (B) steady-state kinetic characterization of xylose reductase using

xylose as a substrate.
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Figure 3. (A) Kinetics of purified TtXR performed at different temperatures with xylose as a substrate; (B) effect of temperature on V,,, and k., of

purified TtXR.

for at least 10 min before taking all of the measurements at
different temperatures. On the basis of experiments of enzyme
kinetics at different temperatures, we observed an increase in
enzyme activity from 25 to 45 °C, possibly due to an increased
rate of collision with an increase in temperature. But after 50
°C or above, we observed a steep fall in the activity of xylose
reductase (Table 2). k,, (enzyme turnover number) increased
up to 45 °C, and then there was a sudden decrease in the value
of ke, K, was also calculated and compared against different
temperatures (Table 2).

The optimum temperature range for yeast fermentation
varies from 28 to 35 °C in industries.”> However, we obtained
the optimum activity at 45 °C (Figure 3B and Table 2). This
information is very useful for industry, as this protein is stable
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Table 2. Kinetic Parameters of TtXR at Different
Temperatures

temperature (°C) Voo Ky (xylose as substrate) (mM) ke, (min™")
25 93.4 6.4 + 0.86 5.27
35 101.5 18.0 + 3.14 5.6
45 110.8 47.0 + 8.94 6.11
5SS 78.84 55.0 + 8.51 4.38

and active in and above industrial fermentation conditions.* It
shall provide a high yield on mass production where a rise in
temperature during the process is the concern.”” There is a loss
in the activity at 55 °C, but the value of k., is 4.38, which
shows that the reaction will continue even at higher
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temperatures, implying that the enzyme is intact at higher
temperatures.

2.4. Effect of pH on Enzyme Activity. The impact of pH
on enzyme activity was investigated at pH levels ranging from
2.0 to 11.0 to see the effect of various pH environments on the
functional activity of TtXR. The overall charge that a protein
acquires depends on the buffer conditions, which eventually
affect the stability and activity of the enzyme. The pH of the
intracellular condition in which the protein is present is one of
the critical factors that govern the protein’s native
conformation and function. Thus, we performed a pH-based
study to determine the optimal pH condition for maximal
xylose-to-xylitol conversion. It was observed that as we go away
from pH 7, the enzyme activity decreased on either side, i.e.,
alkaline and acidic, with maximum activity found at pH 7.0
(Figure 4).

100

80

60

Residual Activity (%)

0 T T T T T T T
1.5 30 45 60 75 9.0 105 12.0

pH

Figure 4. Xylose reductase residual activity at different pH conditions.

2.5. Biophysical Characterization of Purified TtXR.
2.5.1. Effect of Temperature on the Tertiary Structure of
Xylose Reductase. To monitor the tertiary structure of the
protein, a near-UV absorbance spectrum was carried out,
which showed a peak at around 280 nm, which was the
signature of folded protein (Figure SA). Further, the effect of
temperature on the tertiary structure of the protein was
monitored using UV—visible spectroscopy. A thermal scan was
recorded at 280 nm from 20 to 85 °C. The heat-induced
denatured protein obtained after the experiment was allowed

to cool at room temperature and spectra showed a slight
increase in the absorbance value with the shift of 4, to a
shorter wavelength or a blue shift.”®* We observed almost no
change in absorbance at the temperature range from 20 to 50
°C. Beyond 60 °C, we clearly observed the initiation of melting
or perturbation of the tertiary structure. Absorbance kept on
changing up to 73 °C, and beyond that, the complete
denatured state of the protein was achieved (Figure 5B). From
the heat-induced transition curve, melting temperature (T,,)
was determined. We observed that the melting temperature of
TtXR was around 63 °C, which was very close (64 °C) to the
melting temperature value obtained from the bioinformatics
tool.”” It should be noted that T, is an index of the stability of
a protein.”’ The higher the T,,, the more stable the protein.”’

2.5.2. Effect of Temperature on the Secondary Structure
of TtXR. Far-UV CD is an excellent technique to monitor the
perturbation of the secondary structure of the purified protein
under the influence of different pH or heat stress (temper-
ature-based changes).”> The secondary structure of xylose
reductase was monitored using the best optimal pH condition
in SO mM sodium phosphate (at pH 7.0). The peak obtained
in the far-UV CD scan at wavelengths of 222 and 208 nm
indicated the dominance of the a-helix in the protein. The
spectral scan was measured again from 20 to 70 °C. Spectra
scan showed minimal fluctuation or loss of the secondary
structure up to 50 °C. But beyond 50 °C, a decrease in the CD
signal was observed, indicating the initiation of melting of the
a-helix above 50 °C. The complete loss of the secondary
structure was observed at 70 °C (Figure 6). It appears that
upon slight heating, there is a slight loss of the structure in the
protein, making it more dynamic and mobile. This slight loss in
the structure may increase the activity of the protein. Changes
in the environment of the residues in the active site could lead
to a change in the dynamics of conformation and enhancement
in its activity. This phenomenon supports the hypothesis of
structure—activity trade-off.”>** The protein structure and
enzyme activity are well-associated with each other. It seems
that the stability of the active site decreases at slightly higher
temperature, leading to more flexibility and hence more
activity, which can be related to the well-established stability—
activity trade-off.”* Our results are consistent with this
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Figure 5. (A) Near-UV absorbance spectra of native vs denatured TtXR; (B) thermal spectrum of purified TtXR using UV—visible spectroscopy.
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Figure 7. Comparison of fluorescence spectra of native xylose reductase vs denatured (heat-induced at 70 °C).

hypothesis. Further, an increase in temperature decreases the
structure drastically and thus the activity.

2.5.3. Fluorescence Measurements. Xylose reductase
contains seven Trp residues distributed all over the structure.
A large number of tryptophan residues have the benefit of
acting as structural integrity reporters for XR. As a result, we
employed intrinsic Trp fluorescence measurements as a
primary tool to investigate the structural integrity of XR. XR
undergoes denaturation upon increasing the temperature;
therefore, we observed a decrease in fluorescence intensity
(thermally denatured), and the A, of tryptophan residues
shifted toward the longer wavelength (red shift). The A, of
native protein spectra was at around 347 nm, whereas after
heat-induced denaturation, the A, of the protein shifted
towards a longer wavelength (366 nm; Figure 7). These
observations indicate that tryptophan residues are transferred
from a nonpolar environment to a polar milieu or that the
unfolding of the protein is observed.”**°

2.6. Isothermal Titration Calorimetry (ITC). Isothermal
titration calorimetry (ITC) measurements were performed to
know the binding affinity of xylose with the purified TtXR.
ITC is a widely used technique to deduce the interactions
between proteins and other molecules based on changes in
energy when the two moieties or molecules bind to one
another.” Figure 8 depicts the graphical outcomes of titrated
xylose with the protein, TtXR. Calorimetric responses owing to
consecutive injections of xylose in the sample cell with the
protein are shown in the upper section, while the lower section
depicts integrated heats of interactions as a function of the
[xylose]/[xylose reductase] molar ratio (Figure 8). The top
panel in the figure gives the raw data in power vs time (heat
per unit of time liberated from every injection of the ligand
with respect to the protein), while the lower panel in the figure
displays the raw data in power standardized to the amount of
the injectant (kcal mol™") vs its molar ratio of ligand injections
into the cell containing xylose reductase. From the data, the

44245 https://doi.org/10.1021/acsomega.2c05690

ACS Omega 2022, 7, 44241-44250


https://pubs.acs.org/doi/10.1021/acsomega.2c05690?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05690?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05690?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05690?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05690?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05690?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05690?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05690?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05690?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

http://pubs.acs.org/journal/acsodf

ACS Omega
Time, min
0 20 40 60 80 100 120
T T hd T A T Ad T T T b
0.00 - ( ( f ( ( ( '
-0.15 N
_.U
w
s
- -0.30 - -
[
<~
=2
-0.45 — B
-0.60

-1.61

—

=

S -1.84 .

2

° —

R

o =2.07 -

<

=

= -2.30 o B

=

<

= .53 .
T T v T v T hd T d T . T v T hd T
0.0 08 1.6 24 32 40 48 56 64

Molar Ratio
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thermodynamic binding parameters were calculated, showing
the change in enthalpy (AH), association constant (K,),
equilibrium dissociation constant, and change in free energy
(AG®), which was estimated using the equation given below.
From Table 3, it can be observed that AG® is negative,
signifying the spontaneity of the reaction, and negative
enthalpy change means the process is exothermic in nature.
It appears that the protein binds to xylose to show its activity,
and the activity increases as we increase the concentration of
the substrate. ITC helps us to understand the mechanism of
interaction and sheds light on the change in activity as the
substrate concentration and the system’s temperature change.

3. MATERIAL AND METHODS

3.1. Materials. The C41 (DE3) strain of E. coli was used to
express the protein. E. coli cells harboring recombinant
plasmids were grown aerobically at 20 °C in Luria—Bertani
(Merck, Darmstadt, Germany) broth with 50 ug mL™"
kanamycin (Sigma, Saint Louis, MO). Using standard
procedures, plasmid isolation and competent cell preparation
were carried out.>® The substrates, xylose, glucose, sucrose,
arabinose, etc., used in this study were purchased from Merck
India Pvt. Ltd. Reduced nicotinamide adenine dinucleotide
phosphate (NADPH), dimethyl sulfoxide (DMSO), and
NADH (nicotinamide adenine dinucleotide) were bought

from Sigma-Aldrich. All other reagents like phosphate buffer,
Tris buffer, sodium chloride, LB agar, LB broth, SDS, etc., of
analytical grades were purchased from Merck Ltd.

3.2. Expression and Purification of Xylose Reductase.
A full-length TtXR gene integrated into pET-28a was obtained
from Biomatics Ltd., India. The transformation of the plasmid
into E. coli BL21 (DE3) was done for expression. The
purification of xylose reductase present in the soluble fraction
was done by affinity chromatography (immobilized metal ion
chromatography). The column was first pre-equilibrated with
potassium phosphate buffer (50 mM, pH 7.0) and then washed
with equilibration buffer. During the process of binding at 4
°C, the flow rate of the column was kept as slow as possible
(02 mL min™") to ensure the proper exposure of Ni-NTA
column beads to the histidine-tagged protein of interest
(xylose reductase).

The purification of the crude enzyme present in the soluble
fraction was subjected to chromatographic techniques, namely,
affinity chromatography and gel filtration, to obtain the protein
of interest in its highest purity. The prepared sample having
approximately 3 mL of aqueous protein (using a 3 mL loop)
was poured into a Ni-NTA column pre-equilibrated with 150
mM NaCl, 5% (v/v) glycerol, 0.5 mM f-mercaptoethanol, and
S mM imidazole. The elutions of the protein bound to the Ni-
NTA column were done at different concentrations of
imidazole (50—500 mM) in SO mM potassium phosphate
buffer, keeping the flow rate at 0.5 mL per min. The eluted
fractions of the protein, obtained from the Ni-NTA affinity
column, were concentrated to 5 mg mL™! using an Amicon
ultrafiltration device with a 10 kDa cutoff. After that, the
concentrated protein was applied to a Superdex 200 pg column
for gel filtration chromatography. The gel filtration column was
pre-equilibrated with the same 50 mM phosphate buffer of pH
7.0. The protein was eluted in the equilibration buffer at a flow
rate of 0.5 mL min~". The sample collection was done at 4 °C.
The active fractions were pooled, dialyzed against the 50 mM
phosphate buffer of pH 7.0, and concentrated.”” The fractions
(3 mL each) were collected for SDS-PAGE to check the purity
of the protein obtained in each fraction. SDS-PAGE of 12%
separating gel and 4% stacking gel was prepared using the
method given by Laemmli 1970.* The previously pooled
samples were prepared by adding 1% (w/v) SDS and then
boiling for 5 min at 100 °C in eppendorfs. To visualize the
purified protein, gel electrophoresis was run in Tris—HCI
buffer of pH 8.3 at 80—100 V for 3 h. After electrophoresis, the
protein bands on the gel were made detectable by staining with
standard Coomassie Brilliant Blue. Samples showing the
discrete band in SDS-PAGE were assayed for xylose reductase
activity.41

3.3. Xylose Reductase Activity Assay and Data
Analysis. TtXR activity was evaluated using a spectropho-
tometer to detect the change in A, following NAD(P)H
oxidation, as described in many reports of xylose reductase

Table 3. Calorimetric Binding Parameters Obtained by the Analysis of ITC Measurements on the Interaction of the Ligand
with Purified Xylose Reductase at 298 K (25 °C) and pH 7.0

thermodynamic parameters (units) step 1
K (M) 747 X 10° + 8.5 X 10°
AH® (cal mol™) -2.62 x 10°

AS° (cal mol™'deg™)
AG® (cal mol™?)

17.93
—7.048 X 10° + 90.0

44246

step 2 step 3
129 x 10* + 1.7 x 10° 2.52 X 10° + 2.28 X 107
—-6.599 x 10° —4.24 x 10*

—2.94
—5.58 X 10> + 7.73 x 107

—1239
42 x 10° + 88.0
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activity from other sources.”” Unless indicated otherwise, the
TtXR assay mixture (1.0 mL) for the reaction contained 100
mM phosphate buffer (pH 7.0), 200 uM NAD(P)H, 150—160
mM xylose, and enzyme solution (0.1 mL). This reaction
mixture was allowed to stand for 1 min to eliminate the
endogenous oxidation of NADPH, and the reaction was started
by adding 0.1 mL of the substrate. One unit of enzyme activity
is defined as the amount of enzyme required to oxidize 1 gmol
of NADPH per min under the specified conditions. Data
analysis was done using the below-mentioned equations

. .. AADbs X ‘/total
volumetric activity =

€ X ‘/enzyme xd (1)

) o volumetric activity
specific activity = ———
Cenzyme (2)

kcat = Vmax/[Et] (3)

k
catalytic efficiency = —2*

Ky (4)

specific activity, .

purification factor (PF) =

spec1f1c aCtlVltycrude extract (5)

total activityfracﬁmn

X 100
rude extract (6)

recovery (%) =
total activity_

where V. is the maximum enzyme activity; Ky is the
apparent affinity constant; AAbs is the change in absorption
(min™); Viou is the assay volume (mL); & is the extinction
coefficient of NAD(P)H at 340 nm (6.22 L-mmol :cm™);
[Et] is the enzyme concentration used in the reaction mixture;
Venzyme 18 the volume of enzyme solution (mL of XR), and d is
the path length (1 cm).

3.4. Measurement of the Thermostability of the
Protein Using UV—vis Spectroscopy. Optimized temper-
ature studies were performed using TtXR activity measure-
ments. Further, thermal characterization of TtXR was stand-
ardized via incubation at multiple temperatures of 20—70 °C
for at least 10 min before measurements. Three-dimensional
structural changes were monitored over a broad range of
different temperature conditions. The absorption spectra of XR
protein samples preincubated with phosphate buffer 50 mM
pH 7.0 were measured using a Jasco UV/visible spectropho-
tometer (Jasco V-660, Model B 028661152) equipped with a
Peltier-type temperature controller (ETCS-761). All spectra
measurements were carried out in the wavelength range of
340—240 nm using a 1 cm path length cell. Baseline correction
was always done using a respective blank solution. For each
measurement, a protein concentration of 0.2 mg mL™' was
used. After denaturation, each protein sample was immediately
cooled to see the reversibility of TtXR. At least three
independent measurements were performed and averaged for
the analysis of each sample. The retained enzyme activity was
measured as described in the xylose reductase activity
assay.”T,, and thermal stability were measured by heating
the purified TtXR from 20 to 90 °C. Each heat-induced
transition curve was analyzed for T,, (midpoint of denatura-
tion) and AH,, (enthalpy change at T,,) using a nonlinear
least-squares analysis according to the following relation

(1) + yD(T)eXP[—AHm/R(% -7 ) ]

1+ exp[—AHm/R<% - %)]

m

y(T) =
(7)

where y(T) is the optical property at temperature T (K), yp
(T) and yy (T) are the optical properties of the denatured and
native molecules of protein at temperature T (K), respectively,
and R is the gas constant.

3.5. Substrate Specificity. The substrate specificity of
xylose reductase was measured by replacing 150 mM p-xylose
with 150 mM D-glucose, fructose, adonitol, sucrose, D-
galactose, or sorbitol as the substrate in the reaction mixture.
Apart from different substrates, the rest of the assay conditions
were kept the same as described in the TtXR activity assay.
Finally, the prepared reaction mixture was kept for S min for
incubation at room temperature before measurements. All of
the kinetics measurements were performed in triplicates to
minimize the possible error during pipetting and experimenta-
tion.

3.6. Sample Preparation for pH Measurements. pH is
one of the most important factor, which decides the
functionality of an enzyme to carry out a specific catalytic
reaction. Purified TtXR was subjected to different pH
environments to see the effect of pH on enzymatic activity.
Here, we covered a broad range of buffer conditions from
extremely acidic to extremely basic pH environments. Buffers
used in this study were glycine—HCl (2.0-3.0), sodium
acetate buffer (4.0—S5.5), phosphate buffer (6—7.5), Tris buffer
(7—8.5), sodium bicarbonate buffer, and glycine NaOH buffer
basic range. All of the samples with different pH buffers were
prepared in triplicates. The samples were incubated for 4—6 h
at room temperature (25 °C) before spectroscopic measure-
ments.

3.7. Circular Dichroism (Far-UV CD) Measurements.
The variations in secondary and tertiary structural signatures
were determined using a Jasco J-815 spectropolarimeter. The
enzyme was diluted to concentrations of 0.2 and 0.50 mg mL™"
in 20 mM sodium phosphate buffer (pH 7.0) for far-UV
(200—250 nm) CD spectra. A cuvette with a 1 mm path length
was used for far-UV measurements. The scanning speed was
maintained at 10 nm min™" for far-UV and 50 nm min™" for
near-UV measurement, and the spectrum was obtained by
baseline correction with buffer. The variations in CD spectra
were recorded at all temperatures at which deactivation profiles
had been previously checked.

The raw CD data (#,, T) were reduced to a concentration-
independent parameter, the mean residue ellipticity, [0], (deg
cm?® dmol™"), using the following relation

Moel
10l (8)

where 6, is the observed ellipticity in millidegrees at
wavelength 4; M, is the mean residue weight of the protein;
¢ is the concentration of TtXR in mg mL™'; and ! is the path
length of the cell in centimeters.

3.8. Isothermal Titration Calorimetry (ITC). To evaluate
the thermodynamic parameters and binding interaction of
xylose reductase with ligand molecule (xylose) in the buffer
solution, ITC was used. ITC is an excellent method to
elucidate binding interaction, for which a VP-ITC calorimeter
(MicroCal, 22 Industrial Drive East, Northampton, MA 01060,
United States) apparatus was utilized.** The experiments were

[9]/1 =
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carried out at 25 °C at pH 7.0 using 25 mM phosphate buffer,
and the calorimeter cell was injected with a 30 M protein
solution (TtXR). The ligand (900 yM) was filled in a syringe
and titrated in the cell containing the protein of interest with
each injection of 10 uL except for the first injection of 5 uL,
which was considered a false one, with 260 s interval with
constant stirring at 316 rpm. The spacing was set and the data
were normalized against the results of titration of ligand to
TtXR and were evaluated by the MicroCal Origin ITC
software, by a three-step sequential binding model as reported
earlier” which could fit the data to generate the change in
binding enthalpy (AH), change in entropy (AS) and the
association constant (K,). By these primary measurements, the
secondary parameter change in Gibbs free energy (AG®) can
be calculated by the following relation:

AG®° = —RT InK, = AH — TAS 9)

where R is the gas constant and T is the absolute temperature.

The heat of dilution of the ligand in phosphate buffer was
subtracted from the titration data. MicroCal Origin 8.0 was
used to calculate the stoichiometry of the association constant

(K,), enthalpy change (AH), and binding (n).

4. CONCLUSIONS

The pentose sugar D-xylose is the predominant hemicellulosic
compound, which comprises about one-third (25—35%) of the
total carbohydrates present in the lignocellulosic biomass,
which remains unutilized due to a lack of an optimized
enzymatic method of xylose metabolism. Lignocellulose is
renewable, and this low-cost carbohydrate is potentially
attractive for producing useful chemicals (xylitol) and biofuel
(bioethanol). The large-scale manufacturing of ethanol
necessitates the efficient conversion of xylose from lignocellu-
losic feedstock. Thermostable organisms can be a potential
source of thermostable enzymes for commercial and scientific
interests. Therefore, T. thermophilus (a thermophile fungus) is
explored as the alternative source of the thermostable enzyme
xylose reductase. After heterologous expression in E. coli,
purification of the native form of xylose reductase, which is
thermostable, was done for the first time. Finally, the
biochemical characterization of xylose reductase at different
pH and temperature conditions was enumerated using various
biophysical techniques. This study summarizes current
information regarding yeast xylose reductases and the many
ways used to provide an environmentally benign and long-term
alternative source of XR for lignocellulose biomass con-
sumption at higher temperatures in the fermentation sector.
This study concludes that as far as its activity is concerned,
xylose reductase works best around pH 7 and 45 °C. This
information is very useful for industry as the temperature of
fermenters containing heat-treated lignocellulose biomass is
usually high and frequently affects the percentage yield of the
final product.
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Expression pattern at two different temperatures: SDS-
PAGE profile of cell lysates obtained after incubation for
S h at 37 °C temperature (lanes 1—4: crude cell lysate
TtXR, lane S: protein marker 10—180 kDa, and lanes 6—

8: crude cell Iysate (cells grown at 20 °C for 12 h))
(Figure S1); and SDS-PAGE profile (12%) showing the
protein marker in lane 1 and imidazole elusions 50, 100,
150 mM in lanes 2, 3, and 4, respectively, and the last
lane contains cell lysate with the protein of interest
(Figure S2) (PDF)
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