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Abstract

Objective: To increase the thermal stability of sucrose isomerase from Erwinia rhapontici NX-5, we
designed a comprehensive strategy that combines different thermostabilizing elements.

Results: We identified 19 high B value amino acid residues for site-directed mutagenesis. An in
silicoevaluation of the influence of post-translational modifications on the thermostability was also
carried out. The sucrose isomerase variants were expressed in Pichia pastoris X33. Thus, for the first
time, we report the expression and characterization of glycosylated sucrose isomerases. The designed
mutants K174Q, L202E and K174Q/L202E, showed an increase in their optimal temperature of 5 °C, while
their half-lives increased 2.21, 1.73 and 2.89 times, respectively. The mutants showed an increase in
activity of 20.3% up to 25.3%. The Km values for the K174Q, L202E, and K174Q/L202E mutants
decreased by 5.1%, 7.9%, and 9.4%, respectively; furthermore, the catalytic efficiency increased by up to
16%.

Conclusions: With the comprehensive strategy followed, we successfully obtain engineered mutants more
suitable for industrial applications than their counterparts: native (this research) and wild-type from E.
rhapontici NX-5, without compromising the catalytic activity of the molecule.

Introduction

A diet rich in sugars is closely related to the appearance of insulin resistance (type Il diabetes) (Chicco et
al., 2003; Pagliassotti et al., 2002; Wylie-Rosett et al., 2004). An alternative to sucrose is one of its
isomers, isomaltulose. This molecule has the same total caloric value as sucrose but is slowly digested.
This feature leads to a low glycemic response and guarantees a prolonged supply of glucose. For this
reason, isomaltulose has become a promising nutrient for diabetics and athletes (de Groot et al., 2020;
Rubio-Arraez et al., 2017; Sokotowska et al., 2022).

Isomaltulose exists in extremely small quantities in nature and is difficult to synthesize chemically
(Kawaguti, 2007). As a consequence, the enzyme sucrose isomerase (EC 5.4.99.11) has been identified
as a commercially attractive way for isomaltulose production (Lee et al., 2011). In addition to
isomaltulose, the catalytic action of sucrose isomerases derives and cleaves the sucrose molecule into
trehalulose, glucose, and fructose (Huang et al., 1998; Véronése et al., 1999). In this process, the ratio of
products will depend on the bacterial strain producing the enzyme and the reaction conditions (Aroonnual
et al., 2007; Cha et al., 2009; Duan et al., 2016; Ravaud et al., 2009; Salvucci et al., 2003; Wu et al., 2005).

Among the microbial enzymes capable of producing isomaltulose that have been purified and
characterized so far are the native isoforms of Erwinia rhapontici NX-5 (Ren et al., 2011), Erwinia sp. D12
(Kawaguti et al., 2010), Serratia plymuthica ATCC15928 (Véronese et al., 1999), as well as the
recombinant forms of E. rhapontici DSM 4484 (Bornke et al., 2001), E. rhapontici NX-5 (Li et al., 2011),
Enterobacter sp. FMB-1 (Cha et al., 2009), Klebsiella planticola UQ14S (Wu et al., 2005), Erwinia
rhapontici WAC2928 (Wu et al., 2005), and Pantoea dispersa UQ68J (Li et al., 2011). Despite the variety
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of sucrose isomerases that have been identified, all their isoforms are mesophilic enzymes. The low
activity and stability of sucrose isomerases at temperatures above 40°C is the bottleneck for its industrial
application (Mu et al., 2014).

Biotechnological research to increase the thermostability of enzymes has become an important field in
industrial applications (Fagain, 1995). Numerous strategies have been developed to enhance the
thermostability of proteins (Eijsink et al., 2005; Pack et al., 2004). Nevertheless, there is no universal
procedure to achieve protein thermostabilization. Despite this, the success of the thermostabilization
process is usually associated with increasing the rigidity of the protein structure (Xu et al., 2020). Some
factors that can increase rigidity are: the appearance of new hydrogen interactions (Gong et al., 2018;
Han et al., 2019; You et al., 2019), disulfide bridges (Bashirova et al., 2019; He et al., 2019; Teng et al.,
2019), salt bridges (Vicente et al., 2020; Wang et al., 2020), shortening loops (Qiao et al., 2020),
electrostatic surfaces optimization (Dotsenko et al., 2020), greater solvation in specific regions of the
protein, better packaging of the molecule (Zheng et al., 2019) and glycosylation (Han et al., 2020; He et
al,, 2019).

A method designed for identifying hot spots, to strength rigidity is the B factor methodology (Han et al.,
2019; He et al., 2019; Parthasarathy et al., 2000). The B factor profile of a protein represents the diffusion
of atomic electron densities around its equilibrium positions due to thermal movement and positional
disorder (Yuan et al., 2003). As a result, the B values provide information on the flexibility of amino acid
residues and protein stability (Reetz et al., 2006). However, B factor profile analysis requires
crystallographic information of the target protein. However, this might seem a limitation; today, more than
700,000 proteins have a reported crystal structure in NCBI. In Protein Data Bank, there are 25 structures of
sucrose isomerase isoforms with or without interacted chemicals, including the enzymes from E.
rhapontici NX-5 (Xu et al., 2013).

In this study, a comprehensive strategy focused on combining different principles that contribute to
thermostability was followed. The residues to be mutated in the sucrose isomerase Pall NX-5 were
identified based on B factors analysis, the prediction of hydrogen bond formation, and molecular docking
at the active site. In addition, the potential presence of post-translational modifications influencing target
protein thermostability was evaluated in silico. Based on this, engineered variants of the sucrose
isomerase Pall NX-5 were expressed in Pichia pastoris X33, being this research the first report of
expression and characterization of glycosylated sucrose isomerases. The engineered mutants showed
enhanced thermostability and catalysis.

Materials And Methods

Design and construction of mutants

The sucrose isomerase Pall NX-5 structure was modeled using the Swiss-Model software
(https://swissmodel.expasy.org/) and the 4hox crystal structure (Xu et al., 2013). Using the B-FITTER

software, the B values of the 600 amino acid residues that make up the enzyme were obtained, from
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which the average B value of the molecule was calculated. Then, the amino acid residues whose B factor
was between 2.5 and 3.5 times the mean of the protein value were selected. The selection of more rigid
amino acids was carried out using the ROSETTA DESIGN server (http://rosettadesign.med.unc.edu). Each
selected residue was replaced by the remaining 19 biological amino acids. Using PyMOL software, the
appearance of potential interactions, involving mutant residues or their neighborhood, was analyzed. The
AutoDockTools-1.5.6 and AutoDock Vina softwares were used to verify the conservation of the enzyme-
substrate interaction, and thus the potential affinity of the mutant molecules towards the substrate.
Default docking parameters were used, and point charges were initially assigned according to the
AutoDock semi-empirical force field. The mutants with the most promising (in silico) properties were
obtained by site-directed mutagenesis using as a starting point the native protein. The possible presence
of post-translational modifications influencing target protein thermostability was evaluated using Prosite
(https://prosite.expasy.org/) (De Castro et al., 2006).

Strains, vectors, and materials

To eliminate unwanted restriction sites, the native and mutant sequences of the pall NX-5 gene were first
subjected to silent point mutations. These genes were synthesized and cloned in the yeast expression
vector pPICZa A (Invitrogen®), generating the plasmids pSINX5n, pSINX5-L202E, pSINX5-K174Q, and
pSINX5-L202E-K174Q. P, pastoris X33 strains (provided by CIAD, Cd. Cuauhtémoc, Chih. Mexico) were
used for the recombinant expression of native and mutant Pall NX-5. Escherichia coliDH5a was used for
the plasmids propagation.

Culture conditions and purification of sucrose isomerase variants

E. coliDH5a was cultured at 37°C in Luria—Bertani (LB) broth (10 mg tryptone I” 7, 5 mg yeast extract |7,
10 mg NaCl I" 1) and LB plates (15 mg agar |- ') supplemented with zeocin (25 pg-ml™") as the selective
marker. P pastoris X33 was cultured at 30°C and 250 rpm on YPD (1% yeast extract, 2% peptone, 2%
dextrose) broth and YPD plates (20 mg agar mI™ ') supplemented with zeocin (200 pg-ml~") as the
selective marker. Induction of expression of sucrose isomerase Pall NX-5 variants was performed as
proposed by Jiang et al. (2008) using BMMY media (PBS 100 mmolI"' pH 6.5, 1% yeast extract (Sigma-
Aldrich®), 2% peptone (Sigma-Aldrich®), 1.34% YNB (Sigma-Aldrich®), 400 pg biotin 1”1 (Sigma-
Aldrich®) and 0.5% methanol (Sigma-Aldrich®)).

Solid ammonium sulfate was added to the yeast culture supernatants to 60% saturation. The samples
were incubated with shaking (100 rpm) for 2 h at 4°C. The active precipitate was collected by
centrifugation at 10,000xg for 30 min and dissolved in 1X PBS (pH 7.4). The samples were dialyzed
against 1X PBS pH 7.4 for 24 h. After dialysis, protein extracts were purified using a high-affinity Ni-
Charged Resin (GenScript®) according to the manufacturer's instructions to obtain purified sucrose
isomerase Pall NX-5 variants.

SDS-PAGE and protein assay
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Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was performed using 12% (w/v)
acrylamide gel as described by Laemmli (1970). Protein bands were visualized by Coomassie brilliant
blue R-250 staining. For carbohydrate staining, the Glycoprotein Detection Kit (Sigma-Aldrich®) was
used. The molecular weight marker PageRuler™ Plus (ThermoFisher) (10—-250 kDa) was used to estimate
the molecular weight of the sucrose isomerase Pall NX-5 variants. Protein concentration was determined
by the Lowry method with bovine serum albumin (Sigma-Aldrich®) as the standard.

Characterization of sucrose isomerase Pall NX-5 variants

Sucrose isomerase activity assay

The activity of sucrose isomerase was measured at 30°C in 50 mM citric acid/sodium phosphate buffer
(pH 6.0) containing sucrose at a final concentration of 292 mM. Specifically, 100 pl diluted enzyme
solution was mixed with 400 pl of an assay solution and incubated for 15 min. The reaction was stopped
by boiling the mixture in a 100°C water bath for 5 minutes (Zhang et al., 2002). Afterward, the sucrose,
isomaltulose, trehalulose, glucose, and fructose contents of the assay mixture were quantified using a
HPLC system equipped with a refractive index detector, as described below. One unit of sucrose
isomerase activity was defined as the amount of enzyme that produced 1 pmol of isomaltulose or
trehalulose per min under the conditions described above.

Effects of pH and temperature on enzyme activity

To determine the optimal pH for enzyme activity, assays were carried out in 50 mM buffers containing
citric acid/sodium phosphate (pH 4.0 to 6.0), sodium phosphate (pH 6.0 to 8.0), or glycine/NaOH (pH 8.0
to 9.0). The optimal temperature was determined between 15°C and 70°C in 50 mM citric acid/sodium
phosphate buffer (pH 6.0), using 292 mM sucrose as the substrate.

To test enzyme stability, the purified enzyme was incubated at 40°C. Aliquots were removed at different
incubation times, and the residual activity was measured at 30°C in the same buffer using 292 mM
sucrose as substrate. The initial activity before incubation was taken as 100%. All enzymatic assays were
performed in triplicate, and the results are expressed as the mean + standard deviation.

Measurement of Kinetic Parameters

To determine the kinetic parameters, sucrose isomerase was measured by incubating the purified enzyme
with different sucrose concentrations (110, 120, 135, 146, 190, 234, 292, 438, 584, 730, 876 y 1010 mM)
under standard assay conditions. The Km and Vmax values were determined by Michaelis—Menten plots.
All kinetic parameters presented in this study were determined in triplicate, and the results are expressed
as the mean * standard deviation.

HPLC analysis

The analysis of the sucrose, isomaltulose, trehalulose and glucose contents of the reaction mixture was
carried out with an Agilent 1100 high-performance liquid chromatography (HPLC) system.
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Chromatographic separation was achieved at a flow rate of 0.8 ml min~, temperature: 25°C, mobile
phase: acetonitrile/water (71:29) using the Zorbax NH2 analytical 4.6 x 250 mm 5um Agilent® column. A
refractive index detector was used.

Results And Discussion

Design of sucrose isomerase Pall NX-5 mutants

Identification of potential residues to be substituted

There is no universal procedure for the thermostabilization of an enzyme. However, in this research, we
follow a comprehensive strategy that combines different principles contributing to thermostability. For
this, the B factor profile of the crystalline structures 4hox, 4how and 4hoz (Xu et al., 2013) of the sucrose
isomerase Pall NX-5 was analyzed. Thus, 19 amino acid residues with B values between 2.5 and 3.5
times the average of the molecule (average B factor: 16.5) were identified (Supplementary Table 1). Using
the ROSETTA DESIGN software, these residues were subjected to individual substitutions. It has been
observed that the prevalence of hydrogen bond networks in mesophilic enzymes is lower than in
thermophilic ones (Tompa et al., 2016). In addition, the hydrogen bond is the most referenced
physicochemical interaction to explain the increase in thermostability (Querol et al., 1996). For this
reason, the appearance of potential interactions involving the mutant residues, or their neighborhood, was
analyzed in silico. Only in the substitutions Leu202Glu, Lys174GIn, and Asp195GIu new interactions or
reinforcement of the existing ones were observed.

As shown in Fig. 1a, when Glu occupied position 202, a new interaction between Glu202 and Lys248 is
predicted. A restructuring of the hydrogen bond network is also observed in the vicinity of Asp211, which
now interacts with Ala190 instead of Tyr204. The readjustment observed in the hydrogen bonds network
could imply an increase in the thermal stability of the molecule since, in addition to the appearance of a
new interaction (Glu202-Lys248), the network now encompasses more distant residues belonging to
elements different from the side-chain. When comparing the neighborhood of the Lys174 and GIn174
residues (Fig. 1b), no changes were observed in the interaction distances with the His177 residue.
However, a new interaction between Asp175 and GIn174 was predicted. For the Asp195Glu substitution
(Fig. 1c), a repositioning of the Asp194-Ser197 hydrogen bond was observed, settling between Asp 194
and Lys 196. Associated with this restructuring, a reduction in the interaction distance was predicted,
going from 2.5 Ato 2.1 A. Precisely, Zheng et al. (2020) reported that for the occurrence of hydrogen
bonds, the distance between the proton acceptor and the hydrogen atom must be less than the sum of
the Van der Waals atomic radii of the two atoms in question; in the case of the oxygen-hydrogen
combination, this distance is 2.5 A (Pauling, 1960). Thus, the reduction in the distance of the hydrogen
bond would imply a strengthening of this interaction.

PLACE FIG. 1 HERE.
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Two elements that are interesting up to this point are: first that the substitutions for which interactions
were observed do not correspond to the residues that presented the highest values of B factor, such as
Asp175 and His177, confirming that the thermal stability is achieved through cooperative optimization of
several factors rather than predominant interaction. Second, of the three substitutions where new
interactions were observed in the neighborhood, one corresponds to GIn, a residue on which the protein
statistics of Khan et al. (2019) indicate a poor prevalence in thermophilic molecules, while Warren et al.
(1995) reported that the presence of GIn in helices of thermostable proteins is greater than in mesophilic
proteins. Given this ambiguity, the practical evaluation will be conclusive.

The conservation of the enzyme-substrate interaction was verified in silico in the mutants Leu202Glu,
Lys174GIn, Asp195Glu, and their combinations. In molecular docking analysis at the catalytic site,
glucose was used instead of sucrose. It was taken into account that Véronése et al. (1999) showed that
glucose is a competitive inhibitor of sucrose; and that Véronese et al. (1998) previously deduced the
glycosyl binding of sucrose to the active site, assuming that free glucose binds to the enzyme at the
same site and in the same way. The highest affinities (Viewed as |Energy < 0|) enzyme-glucose were
predicted for the L202E, L202E/K174Q, K174Q/D195E, and L202E/D195E variants (Table 1). These
variants presented interaction energies that were 6% higher than the native enzyme; the highest increase
observed among the 1440 configurations analyzed. Based on the in silico data shown in Table 1, the
mutants selected for recombinant expression and subsequent evaluation were the L202E, L202E/K174Q,
and K174Q variants. Figure 2 shows the predicted interactions between D-glucose and the three variants
L202E, L202E/K174Q, and K174Q, including the native enzyme. We were able to identify interactions
between glucose and residues R325, D241, E295, D369, and H368. Zhang et al. (2003) have previously
reported the catalytic function of these residues. These results suggest the potential conservation of the
enzyme-substrate interaction.
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Table 1

Interaction energies at the catalytic site of sucrose isomerase Pall
NX-5 variants and the D-glucose molecule. Default docking
parameters were used, and point charges were initially assigned
according to the AutoDock semi-empirical force field.

Variant Affinity (kcal/mol)  Condition

Native 6.3 Seed: 11, state: 1
L202E -6.7 Seed: 1, state: 1
K174Q -6.5 Seed: 7, state: 1
D195E -6.3 Seed: 11, state: 2
L202E/K174Q -6.7 Seed: 17, state: 1
K174Q/D195E 6.7 Seed: 10, state: 1
L202E/D195E -6.7 Seed: 10, state: 1
K174Q/L202E/D195E  -6.3 Seed: 1, state: 1

PLACE Table 1 HERE.

PLACE FIG. 2 HERE.
Potential N-glycosylation of sucrose isomerase variants

Through Prosite (https://prosite.expasy.org/) (De Castro et al., 2006), we evaluated the potential presence
of post-translational modifications that influence thermostability. Three potential sites to be N-
glycosylated were identified in the sucrose isomerase Pall NX-5 variants. The first of these sites is found
at position 144NHT 146, including the catalytic residue H145, just inside the catalytic pocket. Taking into
account that in the "endoplasmic reticulum — Golgi apparatus” pathway, the previously assembled
glycans are added to the growing polypeptide chain (Colley et al., 2015), it would be expected that the
glycosylation of residue N144 leads to obtaining of a glycoform with a non-functional tertiary structure.
However, if the recombinant expression of sucrose isomerase Pall NX-5 were mediated by the a factor
secretion signal from Saccharomyces cerevisiae, the translocation to the endoplasmic reticulum would be
post-translational (Barrero et al., 2018), so the protein it would fold in the cytosol, and residue N144 would
not be available to be glycosylated. The remaining two potential N-glycosylation sites (530NNS532 and
573NNS575) are located on the surface of the C-terminal domain of the molecule. Fortuitously, the
position of these consensus sequences for glycosylation is very close to hot spots of high B value.
Specifically, the potential site 530NNS532 is located in ten residues from the 541GAE543 hot spot, while
the site 573NNS575 is within the high B factor segment from residue E553 to residue R587.

Reports such as those by Colley et al. (2015), Katla et al. (2019), Benoit et al. (2006) and (Zou et al., 2013)
agree that the presence of glycosylation in a protein constitutes, in a general sense, a contribution to the
stability of the molecule, whether thermal, against pH, presence of proteases or stress physiological.
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Specifically, Benoit et al. (2006) isolated a feruloyl esterase A from Aspergillus niger (naturally
glycosylated), which is more thermostable than its non-glycosylated counterpart expressed in E. coli. On
the other hand, Zou et al. (2013) observed that the structural and functional stability of B-glucuronidase
from Penicillium purpurogenum was improved after its glycosylated expression in P pastoris GS115
compared to its wild-type counterpart. However, as evidenced in the works of Han et al. (2020) y Hu et al.
(2019), the effect of this post-translational modification is very complex and not always predictable or
beneficial.

It has been observed that the stabilization caused by glycosylation is closely associated with the entropy
and with the positions of the glycosylation sites in the protein (Helenius et al., 2004; Shental-Bechor et al.,
2008). Glycans bound to flexible regions, in general, would confine the conformational space and
stimulate protein entropy reduction, thus improving conformational stability at high temperatures (Adney
et al., 2009; Dotsenko et al., 2016). Taking this context into account, it is possible to hypothesize that,
since residues N530 and N573 are found in loop segments with high B factor, the addition of glycans to
these positions will have a positive effect on stability compared to what we would expect for the wild-type
variant of E. rhapontici NX-5 (not glycosylated), and even complement the substitutions made at
positions K174Q and L202E.

Site-directed mutagenesis and expression vectors

We started from the amino acid sequences of the four variants of sucrose isomerase Pall NX-5 (native,
L202E, K174Q, and L202E/K174Q) previously analyzed. Using the Sequence Manipulation Suite software
(Stothard, 2000), the reverse translation of each of these sequences was carried out, for which the usage
codons of P, pastoris were used. The variants of the pa/lNX-5 gene were inserted into the genomic
integration vector pPICZa A (INVITROGEN®), thus obtaining the constructions pSINX5n, pSINX5-L202E,
pSINX5-K174Q and pSINX5-L202E-K174Q (Supplementary Fig. 1). These constructions were used for the
transformation of P pastoris X33 and consequently enabling the glycosylation of the variants of the
sucrose isomerase Pall NX-5.

Expression analysis of sucrose isomerase Pall NX-5 variants

P, pastoris X33 colonies transformed with the pSINX5n, pSINX5-L202E, pSINX5-K174Q, and pSINX5-
L202E-K174Q constructs were cultured in a protein induction medium (see “Materials and methods”), the
supernatant was collected, dialyzed and purified using a high-affinity Ni-Charged Resin (GenScript®).
Aliquots of purified sucrose isomerase Pall NX-5 variants were analyzed by SDS-PAGE. After Coomassie
blue staining, the presence of bands at approximately 70 kDa was confirmed (Fig. 3a, lanes 3, 4, 5, and 6),
close to the molecular weight predicted by Protein Calculator v3.4 (http://protcalc.sourceforge.net/).
Interestingly, at least two bands were observed in the purified sucrose isomerase Pall NX-5 (Fig. 3a, lanes
3,4, 5,and 6). One hypothesis for this behavior could be the capacity of P pastoris to glycosylate
secreted proteins. Thus, the bands observed for each of the purified Pall NX-5 variants could correspond
to different levels of glycosylation reached during cell cultures.
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PLACE FIG. 3 HERE.

To qualitatively verify the presence of glycoproteins in the purified samples, the Glycoprotein Detection Kit
(Sigma-Aldrich®) was used. In Fig. 3b, the protein bands with glycans attached to their surface can be
seen stained in purple. When comparing the migration profiles of the purified ones (Lanes 3, 4, 5, and 6)
shown in Fig. 3a and 3b, it is verified that the observed bands correspond to glycoproteins. Thus, at least
two main glycoforms of the sucrose isomerase Pall NX-5 variants would be obtained, this being the first
report of expression and characterization of glycosylated sucrose isomerases.

Influence of temperature on the activity and stability of recombinant sucrose isomerase Pall NX-5
variants

The influence of temperature on the isomerase activity of Pall NX-5 variants was studied in the range of
15 to 68°C (Fig. 4a). The native variant of Pall NX-5 showed its maximum activity at 30°C, coinciding with
its counterparts: wild-type (from E. rhapontici NX-5) (Ren et al., 2011) and recombinant (from E. coli
BL21(DE3)) (Li et al., 2011). Thus, the glycosylated expression of the native variant apparently had no
influence on the optimum temperature observed. In this sense, Hua et al. (2014), Han et al. (2014b) and
Petrescu et al. (2004) have documented that N-glycosylation of recombinant enzymes expressed in yeast
may not have significant effects on activity. Likewise, Han et al. (2014a) reported that some N-
glycosylation sites are not essential for folding or cannot affect enzymatic activity due to their distance
from the active site of the recombinant enzyme; thus, the presence (or absence) of the glycans has a
minimal effect on enzyme activity.

PLACE FIG. 4 HERE.

The K174Q, L202E, and K174Q/L202E mutants showed an increase in the optimal temperature of 5°C
(Optimal temperature: 35°C). Furthermore, its relative activity at 40°C was 96% of the observed optimum,
while that of the native variant was only 87% of its optimum. Thus, the simple effect of the mutations
made on the Pall NX-5 isoform, or its combination with the glycosylation of the molecule, resulted in the
improvement of this indicator parameter of thermostability. The improvements achieved in the activity
profile versus temperature (Fig. 4a) are not only important in the context of the Pall NX-5 isoform since
most sucrose isomerases have a temperature optimum between 30 and 35°C (Mu et al., 2014; Zhan et al.,
2020; Zhang et al., 2019; Zhang et al., 2018).

The thermostability of the Pall NX-5 variants was evaluated by incubating the enzymes in 50 mM sodium
phosphate/citric acid buffer (pH 6.0), at a temperature of 40°C. Their residual activities were then tested
at different incubation times. As shown in Fig. 4b, the thermostabilities of the mutants were higher than
that shown by the native enzyme, with the K174Q/L202E variant showing the best performance. At 40°C
and pH 6.0, the half-life of the native variant was 10.1 minutes. In comparison, the half-lives of the
K174Q, L202E, and K174Q/L202E variants were 22.3 min, 17.5 min, and 29.2 min, respectively, which are
2.21,1.73, and 2.89 times higher than those of the native variant. Both the increase observed in the
optimal temperature of the mutants (Fig. 4a) and half-life times (Fig. 4b) confirm that the comprehensive
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strategy outlined in this research to achieve thermostabilization of sucrose isomerase Pall NX-5 was
successful.

Two central factors that influence the thermal stability of a protein are the increase of hydrogen bonds (Bi
et al., 2020; Masakari et al., 2020; You et al., 2019) and salt bridges (Bian et al., 2015). For this reason, we
analyzed the possible appearance of these interactions and observed that associated with the K174Q
and L202E substitutions was a reinforcement of the bonds network. Probably, the optimization of the
bonds network and its combination with the rigidity provided by N-glycosylation are the keys to the
improvement achieved in the thermostability of sucrose isomerase Pall NX-5. Furthermore, with the
L202E substitution, we removed an apolar residue, replacing it with a polar/charged one. Khan et al.
(2019), when analyzing the relative abundance of amino acids in proteins, observed that charged
residues (Charged residues > Glu > Basic residues, abundance) had the highest abundance in thermophilic
proteins than in mesophilic ones. In this sense, Chakravorty et al. (2017) state that charged amino acids
are involved in the appearance of ionic interactions and the formation of salt bridges, hence their positive
contribution to thermostability. Also, Wang et al. (2020) confirmed the role of salt bridges in enhancing
the thermal stability of the r27RCL enzyme from Rhizopus chinensis; precisely, the appearance of a new
salt bridge between residues Glu292 and His171 of the mutant m31 was one of the factors that
conditioned the improvement of the parameters indicating thermostability. Likewise, Vicente et al. (2020),
afterimplementing the Ser264Lys substitution, refer to the appearance of a new salt bridge (with the
Asp205 residue) as a stabilizing interaction in a laccase variant with high redox potential from white rot
fungi.

Influence of pH on the activity of recombinant sucrose isomerase Pall NX-5 variants

The study of the influence of pH on the activity of recombinant sucrose isomerase Pall NX-5 variants was
carried out for pH between 4 and 9 (Fig. 4c). The native Pall NX-5 variant showed its maximum activity at
pH 6.0, which was consistent with its wild-type counterpart expressed in E. rhapontici NX-5 (Ren et al.,
2011). In general, the activity profiles vs. pH of native and wild-type Pall NX-5 were found to be very
similar. These results indicate that glycosylation of the molecule did not significantly affect the activity
profile against pH, which was also observed by Han et al. (2020) during the improvement of the thermal
stability of the endoglucanase CTendo45 from Chaetomium thermophilum.

The mutants and the native variant showed an optimal pH value of 6.0. In addition, the substitutions
made did not substantially affect the activity profile against pH. Analogous behavior was observed by
Duan et al. (2016) during the thermostabilization of sucrose isomerase Pall AS9. Similarly, Wang et al.
(2020) did not observe changes in the profile of enzymatic activity against pH after making the
substitutions ST142A, D217V, Q239F, and S250QY, in the lipase r27RCL from Rhizopus chinensis. However,
Wang et al. (2020) found differences when analyzing the stability of the r27RCL lipase variant against
pH. Also Khan et al. (2019), during the thermostabilization of the mesophilic lipase of Bacillus subtilis,
reported changes in the enzymatic activity profile against pH.
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Few research addresses mutagenesis directed at changing the optimal pH of enzymes. In general, the
proposed strategies focus on modifying the surface charges of the molecule (Yang et al., 1993), changing
the values of the acid dissociation constants of the catalytic residues (Dey et al., 2018; Li et al., 2019),
and cavity filling (Nielsen et al., 2000). In particular, Shi et al. (2022) replaced amino acids near catalytic
residues to modify the optimal pH of the B-galactosidase from Aspergillus oryzae. For this, it was taken
into account that in enzymes with acid-base catalysis, such as sucrose isomerases (Mu et al., 2014), the
residues of the active center are required to be in a catalytically adequate protonation state. Thus, a
possible explanation of the behavior observed in Fig. 4c is the fact that the substitutions made (K174Q
and L202E) are far from the catalytic residues (Glu277, proton donor, and Asp223, nucleophile) without
affecting their protonation state.

Figure 4c shows that only at pH higher than 8 or lower than 5 considerable activity losses occur. This
behavior, together with the observed improvement in thermostability, gives the Pall NX-5 mutants great
flexibility in industrial applications. Be it the case in the context of a sugar mill, where operating
fluctuations demand flexible biocatalysts, or in mitigating the risk of microbial contamination by
adjusting the operating pH of an enzymatic reactor.

Evaluation of the kinetic parameters of the recombinant sucrose isomerase Pall NX-5 variants

The kinetic parameters of the recombinant Pall NX-5 sucrose isomerase variants were measured at 30°C.
As shown in Table 2, compared to native Pall NX-5, the Km values of K174Q, L202E, and K174Q/L202E
mutants decreased by 5.2%, 7.9%, and 9.4%, respectively. This implies that, concerning the native variant,
the mutants present an increase in the affinity for the substrate. The Pall NX-5 variants analyzed in this
investigation showed Km values in the same order of magnitude as their counterparts: wild-type (Ren et
al., 2011) and recombinant (Li et al., 2011). Furthermore, regarding the report by Ren et al. (2011), the
native variant and the mutants K174Q, L202E, and K174Q/L202E increased their specific activity by
14.4%, 25.3%, 20.3%, and 20.4%, respectively. Finally, the mutants showed improved catalytic constants
(kcat) and catalytic efficiencies (kcat/Km). Remarkably, the catalytic efficiency of the mutants increased
by up to 16%.
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Table 2
Evaluation of the kinetic parameters of sucrose isomerase Pall NX-5 variants.

Variant Specific activity Km s Kcat /KM References
(U/mg) (mM) Kear (577) °
(s "'mM-
b
native Pall NX-5 483.8+6.9 255.1+ 564.5+ 221+ This
9.6 1.0 0.13 investigation
Pall NX-5 K174Q 529.9+84 2419+ 618.2+ 2.55¢+
6.8 0.9 0.15
Pall NX-5 L202E 509.1+9.9 2349+ 5940+ 252+
5.1 0.8 0.08
Pall NX-5 509.3+8.7 231.2+ 5043+ 257+
K174Q/L202E 7.8 1.1 0.21
wild-type Pall NX-5 423 222 NR NR (Ren et al.,
2011)
Recombinant Pall NR 257 NR NR (Lietal., 2011)
NX-5

PLACE Table 2 HERE.

The catalytic performance of the mutants was improved. Ren et al. (2020), Duan et al. (2016), Pang et al.
(2020), Teng et al. (2019), and Ban et al. (2020) have shown that enzyme activity can be increased when
thermostability is improved. Taking this into account, works such as that of Liu et al. (2021) have
focused their attention on increasing enzyme activity using optimization strategies for thermal stability.
In particular, Duan et al. (2016) justified the increase in activity of the sucrose isomerase Pall AS9 by
stating that the substitutions made (E175N and K576D) were far from the catalytic center and the
isomerization region. Thus, the mutations could have caused these regions to be more compact,
producing a positive effect on the kinetic parameters. The hypothesis that would be applicable in this
research since both the substitutions made in the Pall NX-5 (K174Q and L202E), and the potential sites
for N-glycosylation (530NNS532 and 573NNS575) are located on the periphery of the molecule, away
from the active site. As can be observed in Table 2 the designed mutants present an optimized catalysis
with respect to both the native Pall NX-5 variant and the wild-type expressed in E. rhapontici NX-5. These
results demonstrate that the outlined comprehensive approach can improve thermostability without
sacrificing catalytic activity.

The characteristics of the K174Q, L202E, and K174Q/L202E mutants, together with an adequate
immobilization and reaction strategy, would allow the reuse of the biocatalyst and, therefore, the
reduction of the costs associated with the operation (Choi et al., 2015; Cicerone et al., 2015; Kazlauskas,
2018), thus influencing the stigma of costs when working with enzymes (Wu et al., 2020). In addition, an
increase in the operating temperature would lead to a decrease in the viscosity of the reaction mixture,
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higher solubility of sucrose, and an increase in the mass transfer rate without drastically affecting the
activity of sucrose isomerase during the production of isomaltulose. Another positive consequence would
be reducing the risk of microbial contamination (Singh et al., 2015; Turner et al., 2007), elements that will
make the operation of an enzyme reactor more effective and efficient.

Conclusion

In this study, a comprehensive strategy that combines different thermostabilizing elements was designed.
Residues mutated in the sucrose isomerase Pall NX-5 were identified based on B factor analysis,
hydrogen bond prediction, and molecular docking. In addition, the possible presence of post-translational
modifications that influence the thermostability of the target protein was evaluated in silico. Based on
this, sucrose isomerase from Erwinia rhapontici NX-5 was expressed in Pichia pastoris X33. This research
constitutes the first report on expression and characterization of glycosylated sucrose isomerases. The
designed mutants K174Q, L202E, and K174Q/L202E, showed an increase in their optimal temperature of
5°C, while their half-lives increased 2.21, 1.73 and 2.89 times, respectively. The catalytic efficiency of the
mutants increased by up to 16%. From the point of view of thermostability, engineered mutants are more
suitable options for industrial applications than their counterparts: native (this research), wild-type (from
Erwinia rhapontici NX-5), and recombinant (from Escherichia coliBL21(DE3)). The integrative strategy
fallowed was successful and its execution did not compromise the catalytic activity of the molecule. In
addition, given the holistic nature of this strategy, it could be used in the thermostabilization of other
enzymes, with a positive impact in various industries and processes, such as: bakeries, beverage
production, detergents, food, pharmaceuticals, and textiles.

Declarations

Acknowledgements

AJSP thank the Consejo Nacional de Ciencia y Tecnologia (CONACyT) for the Ph.D. studies grant.

References

1. Adney WS, Jeoh T, Beckham GT, Chou Y-C, Baker JO, Michener W, Himmel ME (2009) Probing the role
of N-linked glycans in the stability and activity of fungal cellobiohydrolases by mutational analysis.
Cellulose 16(4):699-709

2. Aroonnual A, Nihira T, Seki T, Panbangred WJE, Technology M (2007) Role of several key residues in
the catalytic activity of sucrose isomerase from Klebsiella pneumoniae NK33-98-8.. 40:1221-12275

3. Ban X, Wu J, Kaustubh B, Lahiri P Dhoble AS, Gu Z, Tong Y (2020) Additional salt bridges improve
the thermostability of 1, 4-a-glucan branching enzyme. Food Chem 316:126348

4. Barrero JJ, Casler JC, Valero F, Ferrer P, Glick BS (2018) An improved secretion signal enhances the
secretion of model proteins from Pichia pastoris. Microb Cell Fact 17(1):1-13

Page 14/25



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. Bashirova A, Pramanik S, Volkov P, Rozhkova A, Nemashkalov V, Zorov |, Davari MD (2019) J. I. J. O.

M. S. Disulfide bond engineering of an endoglucanase from Penicillium verruculosum to improve its
thermostability. 20(7), 1602

. Benoit |, Asther M, Sulzenbacher G, Record E, Marmuse L, Parsiegla G, Bignon C (2006) Respective

importance of protein folding and glycosylation in the thermal stability of recombinant feruloyl
esterase A. FEBS Lett 580(25):5815-5821

.Bi J, Chen S, Zhao X, Nie Y, Xu YJ, a. M, Biotechnology (2020) Computation-aided engineering of

starch-debranching pullulanase from Bacillus thermoleovorans for enhanced thermostability..
104:7551-756217

.Bian F, Yue S, Peng Z, Zhang X, Chen G, Yu J, Bi YJPO (2015) A comprehensive alanine-scanning

mutagenesis study reveals roles for salt bridges in the structure and activity of Pseudomonas
aeruginosa elastase. 70(3), 0121108

. BoRnke F, Hajirezaei M, Sonnewald UJJOB (2001) Cloning and characterization of the gene cluster

for palatinose metabolism from the phytopathogenic bacterium Erwinia rhapontici.. 183:2425-
24308

Cha J, Jung J, Park S, Cho M, Seo D, Ha S, Park CJ (2009) J. O. a. M. Molecular cloning and
functional characterization of a sucrose isomerase (isomaltulose synthase) gene from Enterobacter
sp. FMB-1. 707(4), 1119-1130

Chakravorty D, Khan MF, Patra SJE (2017) Multifactorial level of extremostability of proteins: can
they be exploited for protein engineering? 21:419-4443

Chicco A, D'alessandro MaE, Karabatas L, Pastorale C, Basabe JC, Lombardo YB (2003) Muscle lipid
metabolism and insulin secretion are altered in insulin-resistant rats fed a high sucrose diet. J Nutr
133(1):127-133

Choi J-M, Han S-S, Kim H-SJBA (2015) Industrial applications of enzyme biocatalysis: Current status
and future aspects.. 33:1443-14547

Cicerone M, Giri J, Shaked ZE, Roberts CJ a. D. D. R. (2015). Protein stability-an underappreciated but
critical need for drug delivery systems. 931

Colley KJ, Varki A, Kinoshita T (2015) Cellular Organization of Glycosylation, 3rd edn. Cold Spring
Harbor Laboratory Press, Cold Spring Harbor (NY)

De Castro E, Sigrist CJ, Gattiker A, Bulliard V, Langendijk-Genevaux PS, Gasteiger E, Hulo N (2006)
ScanProsite: detection of PROSITE signature matches and ProRule-associated functional and
structural residues in proteins. Nucleic Acids Res 34(suppl2):W362-W365

De Groot E, Schweitzer L, Theis S (2020) Efficacy of isomaltulose compared to sucrose in
modulating endothelial function in overweight adults. Nutrients 12(1):141

Dey P Roy A (2018) Molecular structure and catalytic mechanism of fungal family G acidophilic
xylanases. 3 Biotech 8(2):1-13

Dotsenko AS, Gusakov AV, Volkov PV, Rozhkova AM, Sinitsyn AP (2016) N-linked glycosylation of

recombinant cellobiohydrolase | (Cel7A) from Penicillium verruculosum and its effect on the enzyme
Page 15/25



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

activity. Biotechnol Bioeng 113(2):283-291

Dotsenko AS, Rozhkova AM, Zorov IN, Sinitsyn APJBT (2020) Protein surface engineering of
endoglucanase Penicillium verruculosum for improvement in thermostability and stability in the
presence of 1-butyl-3-methylimidazolium chloride ionic liquid. 296,122370

Duan X, Cheng S, Ai Y, Wu JJPO (2016) Enhancing the thermostability of Serratia plymuthica sucrose
isomerase using B-factor-directed mutagenesis. 77(2), e0149208

Eijsink VG, Gaseidnes S, Borchert TV, Van Den Burg B (2005) Directed evolution of enzyme stability.
Biomol Eng 22(1-3):21-30

Fagain C (1995) Understanding and increasing protein stability. Biochim et Biophys Acta (BBA)-
Protein Struct Mol Enzymol 1252(1):1-14

Gong X-M, Qin Z, Li F-L, Zeng B-B, Zheng G-W, Xu J-H (2018) Development of an engineered
ketoreductase with simultaneously improved thermostability and activity for making a bulky
atorvastatin precursor. J a C 9(1):147-153

Han C, Wang Q, Sun Y, Yang R, Liu M, Wang S, Li D (2020) J. B. F. B. Improvement of the catalytic
activity and thermostability of a hyperthermostable endoglucanase by optimizing N-glycosylation
sites. 73(1), 1-11

Han M, Wang W, Jiang G, Wang X, Liu X, Cao H, Yu X (2014a) Enhanced expression of recombinant
elastase in Pichia pastoris through addition of N-glycosylation sites to the propeptide. Biotechnol
Lett 36(12):2467-2471

Han M, Wang X, Ding H, Jin M, Yu L, Wang J, Yu X (2014b) The role of N-glycosylation sites in the
activity, stability, and expression of the recombinant elastase expressed by Pichia pastoris. Enzym
Microb Technol 54:32-37

Han N, Ma Y, Mu Y, Tang X, Li J, Huang ZJE, Technology M (2019) Enhancing thermal tolerance of a
fungal GH11 xylanase guided by B-factor analysis and multiple sequence alignment. 737,109422
He J, Tang F, Chen D, Yu B, Luo Y, Zheng P, Yu F (2019)J. P. 0.Design, expression and functional
characterization of a thermostable xylanase from Trichoderma reesei. 14(1), €0210548

Helenius A, Aebi M (2004) Roles of N-linked glycans in the endoplasmic reticulum. Annu Rev
Biochem 73(1):1019-1049

Hu X, Yuan X, He N, Zhuang TZ, Wu P, Zhang G (2019) Expression of Bacillus licheniformis a-
amylase in Pichia pastoris without antibiotics-resistant gene and effects of glycosylation on the
enzymic thermostability. 3 Biotech 9(11):1-9

Hua L, Gao X, Yang X, Wan D, He C, Cao J, Song H (2014) Highly efficient production of peptides: N-
glycosidase F for N-glycomics analysis. Protein Exp Purif 97:17-22

Huang HL, Su YJ, J. O. I. M, Biotechnology (1998) Conversion of sucrose to isomaltulose by
Klebsiella planticola CCRC 19112.. 21:22-271-2

Jiang T, Chen L, Jia S, Chen L, Ma YJDS, Technology (2008) High-level expression and production of
human lactoferrin in ${Pichia ~ pastoris} S.. 88:173-1812

Page 16/25



35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Katla S, Yoganand K, Hingane S, Kumar CR, Anand B, Sivaprakasam S (2019) Novel glycosylated
human interferon alpha 2b expressed in glycoengineered Pichia pastoris and its biological activity:
N-linked glycoengineering approach. Enzym Microb Technol 128:49-58

Kawaguti (2007) Palatinose production by free and Ca-alginate gel immobilized cells of Erwinia sp.
Biochem Eng J 36(3):202-208

Kawaguti HY, Celestino EM, Moraes AL, Yim DK, Yamamoto LK, Sato HH (2010) Characterization of a
glucosyltransferase from Erwinia sp. D12 and the conversion of sucrose into isomaltulose by
immobilized cells. J B E J 48(2):211-217

Kazlauskas RJCSR (2018) Engineering more stable proteins.. 47:9026-904524

Khan MF, Kundu D, Hazra C, Patra S, J. I. J. 0. BM (2019) A strategic approach of enzyme
engineering by attribute ranking and enzyme immobilization on zinc oxide nanoparticles to attain
thermostability in mesophilic Bacillus subtilis lipase for detergent formulation.. 136:66—82
Laemmli UKJN (1970) Cleavage of structural proteins during the assembly of the head of
bacteriophage T4.. 227:680-6855259

Lee G-Y, Jung J-H, Seo D-H, Hansin J, Ha S-J, Cha J, Park C-S (2011) Isomaltulose production via
yeast surface display of sucrose isomerase from Enterobacter sp. FMB-1 on Saccharomyces
cerevisiae. Bioresour Technol 102(19):9179-9184

Li Q, Jiang T, Liu R, Feng X, Li C (2019) Tuning the pH profile of B-glucuronidase by rational site-
directed mutagenesis for efficient transformation of glycyrrhizin. Appl Microbiol Biotechnol
103(12):4813-4823

Li S, Cai H, Qing Y, Ren B, Xu H, Zhu H (2011).. . Biotechnology. Cloning and characterization of a
sucrose isomerase from Erwinia rhapontici NX-5 for isomaltulose hyperproduction. 763(1), 52-63
Liu L, YuS,Zhao W (2021) A Novel Sucrose Isomerase Producing Isomaltulose from Raoultella
terrigena. Appl Sci 11(12):5521

Masakari Y, Hara C, Araki Y, Gomi K, Ito KJE, Technology M (2020) Improvement in the thermal
stability of Mucor prainii-derived FAD-dependent glucose dehydrogenase via protein chimerization.
132:109387

Mu W, Li W, Wang X, Zhang T, Jiang B (2014) Current studies on sucrose isomerase and biological
isomaltulose production using sucrose isomerase. Appl Microbiol Biotechnol 98(15):6569-6582
Nielsen JE, Borchert TV (2000) Protein engineering of bacterial a-amylases. Biochim et Biophys Acta
(BBA)-Protein Struct Mol Enzymol 1543(2):253-274

Pack SP, Yoo YJ (2004) Protein thermostability: structure-based difference of amino acid between
thermophilic and mesophilic proteins. J Biotechnol 111(3):269-277

Pagliassotti MJ, Kang J, Thresher JS, Sung CK, Bizeau ME (2002) Elevated basal Pl 3-kinase activity
and reduced insulin signaling in sucrose-induced hepatic insulin resistance. Am J Physiology-
Endocrinology Metabolism 282(1):E170-E176

Page 17/25



50.

51.

52.

53.

54.

59.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Pang B, Zhou L, Cui W, Liu Z, Zhou Z (2020) Improvement of the Thermostability and Activity of
Pullulanase from Anoxybacillus sp. WB42. Appl Biochem Biotechnol 191(3):942-954
Parthasarathy S, Murthy M (2000) Protein thermal stability: insights from atomic displacement
parameters (B values). Protein Eng 13(1):9-13

Pauling L (1960) The Nature of the Chemical Bond, vol 260. Cornell university press Ithaca, NY
Petrescu A-J, Milac A-L, Petrescu SM, Dwek RA, Wormald MR (2004) Statistical analysis of the
protein environment of N-glycosylation sites: implications for occupancy, structure, and folding.
Glycobiology 14(2):103-114

Qiao Z, Xu M, Shao M, Zhao Y, Long M, Yang T, Rao ZJ (2020) E. I. L. S. Engineered disulfide bonds
improve thermostability and activity of L-isoleucine hydroxylase for efficient 4-HIL production in
Bacillus subtilis 168. 20(1-2), 7-16

Querol E, Perez-Pons JA, Mozo-Villarias AJPE, Design (1996) Selection. Analysis of protein
conformational characteristics related to thermostability. 9(3), 265-271

Ravaud S, Robert X, Watzlawick H, Haser R, Mattes R, Aghajari NJFL (2009) Structural determinants
of product specificity of sucrose isomerases.. 583:1964-196812

Reetz MT, Carballeira JD, Vogel AJ, a. C (2006) Iterative saturation mutagenesis on the basis of B
factors as a strategy for increasing protein thermostability.. 118:7909-791546

Ren B, Li S, Xu H, Feng X-H, Cai H, Ye QJB, Engineering B (2011) Purification and characterization of
a highly selective sucrose isomerase from Erwinia rhapontici NX-5.. 34:629-6375

Ren Y, Luo H, Huang H, Hakulinen N, Wang Y, Wang Y, Yao B (2020) Improving the catalytic
performance of Proteinase K from Parengyodontium album for use in feather degradation. Int J Biol
Macromol 154:1586—-1595

Rubio-Arraez S, Ferrer C, Capella JV, Ortold MD, Castellé ML (2017) Development of lemon
marmalade formulated with new sweeteners (isomaltulose and tagatose): Effect on antioxidant,
rheological and optical properties. J Food Process Eng 40(2):e12371

Salvucci MEJCB, Biochemistry PPB, Biology M (2003) Distinct sucrose isomerases catalyze
trehalulose synthesis in whiteflies, Bemisia argentifolii, and Erwinia rhapontici.. 135:385-3952
Shental-Bechor D, Levy Y (2008) Effect of glycosylation on protein folding: a close look at
thermodynamic stabilization. Proceedings of the National Academy of Sciences, 105(24), 8256—
8261

Shi X, Wu D, Xu Y, Yu X (2022) Engineering the optimum pH of B-galactosidase from Aspergillus
oryzae for efficient hydrolysis of lactose. J Dairy Sci 105(6):4772-4782

Singh S, Bajaj BKJCEC (2015) Medium optimization for enhanced production of protease with
industrially desirable attributes from Bacillus subtilis K-1.. 202:1051-10608

Sokotowska E, Sadowska A, Sawicka D, Kotulska-Bgblinska I, Car H (2022) A head-to-head
comparison review of biological and toxicological studies of isomaltulose, d-tagatose, and trehalose
on glycemic control. Crit Rev Food Sci Nutr 62(21):5679-5704

Page 18/25



66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76

77.

78.

79.

80.
.You S, Xie C, Ma R, Huang H-Q, Herman RA, Su X-Y, Wang JJ (2019) B. F. B. Improvement in catalytic

81

82.

83.

Stothard PJB (2000) The sequence manipulation suite: JavaScript programs for analyzing and
formatting protein and DNA sequences.. 28:1102-11046

Teng C, Jiang Y, Xu Y, Li Q, Li X, Fan G, Ma R (2019) J. I. J. O. B. M. Improving the thermostability and
catalytic efficiency of GH11 xylanase PjxA by adding disulfide bridges. 728, 354-362

Tompa DR, Gromiha MM, Saraboji KJIJOMG, Modelling (2016) Contribution of main chain and side
chain atoms and their locations to the stability of thermophilic proteins.. 64:85-93

Turner B Mamo G, Karlsson ENJMCF (2007) Potential and utilization of thermophiles and
thermostable enzymes in biorefining.. 6:91

Véroneése T, Perlot P (1998) Proposition for the biochemical mechanism occurring in the sucrose
isomerase active site. FEBS Lett 441(3):348-352

Véronese T, Perlot P (1999) Mechanism of sucrose conversion by the sucrose isomerase of Serratia
plymuthica ATCC 15928. Microb Technol 24(5-6):263-269

Vicente Al, Vifa-Gonzalez J, Mateljak |, Monza E, Lucas F, Guallar V, Alcalde M (2020)J. a.
J.Enhancing thermostability by modifying flexible surface loops in an evolved high-redox potential
laccase. 66(3), e16747

Wang R,Wang S, Xu Y, Yu X, J. I. J. 0. BM (2020) Enhancing the thermostability of Rhizopus
chinensis lipase by rational design and MD simulations.. 160:1189-1200

Warren GL, Petsko GA (1995) Composition analysis of a-helices in thermophilic organisms. Protein
Eng Des Selection 8(9):905-913

Wu L, Birch RGJA, Microbiology E (2005) Characterization of the highly efficient sucrose isomerase
from Pantoea dispersa UQ68J and cloning of the sucrose isomerase gene.. 71:1581-15903

. Wu S, Snajdrova R, Moore JC, Baldenius K (2020) Bornscheuer U. T. J. a. C. |. Enzymatic Synthesis

for Industrial Applications, Biocatalysis

Wylie-Rosett J, Segal-Isaacson C, Segal-Isaacson A (2004) Carbohydrates and increases in obesity:
does the type of carbohydrate make a difference? Obes Res 12(S11):124S-129S

XuZ,LiS, LiJ, LiY,Feng X, Wang R, Zhou (2013)J. J. P. 0.The structural basis of Erwinia rhapontici
isomaltulose synthase. 8(9), 74788

Xu Z, Xue Y-P, Zou S-P, Zheng Y-GJB, Biofuels (2020) Biochemicals. Enzyme engineering strategies to
confer thermostability. 67-89

Yang A-S, Honig B (1993) On the pH dependence of protein stability. J Mol Biol 231(2):459-474

activity and thermostability of a GH10 xylanase and its synergistic degradation of biomass with
cellulase. 72(1),1-15

Yuan Z, Zhao J, Wang Z-XJPE (2003) Flexibility analysis of enzyme active sites by crystallographic
temperature factors.. 16:109-1142

Zhan Y, Zhu P, Liang J, Xu Z, Feng X, Liu Y, Li S (2020) Economical production of isomaltulose from
agricultural residues in a system with sucrose isomerase displayed on Bacillus subtilis spores.

Page 19/25



Bioprocess Biosyst Eng 43(1):75-84

84. Zhang D, Li N, Lok S-M, Zhang L-H, Swaminathan K (2003) Isomaltulose synthase (Pall) of Klebsiella
sp. LX3 crystal structure and implication of mechanism. J Biol Chem 278(37):35428-35434

85. Zhang D, Li X, Zhang L-H (2002) Isomaltulose synthase from Klebsiella sp. strain LX3: gene cloning
and characterization and engineering of thermostability. Appl Environ Microbiol 68(6):2676—2682

86. Zhang P Wang Z-P, Liu S, Wang Y-L, Zhang Z-F, Liu X-M, Yuan X-L (2019) Overexpression of secreted
sucrose isomerase in Yarrowia lipolytica and its application in isomaltulose production after
immobilization. Int J Biol Macromol 121:97-103

87. Zhang P Wang Z-R, Sheng J, Zheng Y, Ji X-F, Zhou H-X, Chi Z-M (2018) High and efficient
isomaltulose production using an engineered Yarrowia lipolytica strain. Bioresour Technol 265:577-
580

88. Zheng F, Vermaas JV, Zheng J, Wang Y, Tu T, Wang X, Microbiology E (2019) Activity and
thermostability of GH5 endoglucanase chimeras from mesophilic and thermophilic parents..
85:e02079-e020185

89. Zheng Y-Z, Zhou Y, Deng G, Guo R, Chen D-F (2020) J. S. a. P. a. M., Spectroscopy B. A combination
of FTIR and DFT to study the microscopic structure and hydrogen-bonding interaction properties of
the [BMIM][BF4] and water. 226, 117624

90. Zou S, Huang S, Kaleem |, Li C (2013) N-Glycosylation enhances functional and structural stability of
recombinant B-glucuronidase expressed in Pichia pastoris. J Biotechnol 164(1):75-81

Figures

Page 20/25



Figure 1

Appearance of potential interactions involving mutant residues or their neighborhood. a Residue
arrangement and possible interactions in the vicinity of the Leu202 (native) and the Glu202 (mutant). b
Residue arrangement and possible interactions in the vicinity of the Lys174 (native) and residue GIn174
(mutant). ¢ Residue arrangement and possible interactions in the vicinity of the Asp195 (native) and
residue Glu195 (mutant).
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Figure 2

Arrangement of amino acid residues in the active site of Pall NX-5 sucrose isomerase variants and their
predicted interactions with the D-glucose molecule (competitive inhibitor of sucrose). aGlucose-native
enzyme interaction, seed: 11, state: 1, interaction energy -6.3 kcal/mol. b Glucose-NX-5 Pall L202E
interaction, seed: 1, state: 1, interaction energy -6.7 kcal/mol. ¢ Glucose-NX-5 Pall K174Q interaction, seed:
7, state: 1, interaction energy -6.5 kcal/mol. d Glucose-NX-5 Pall K174Q/L202E interaction, seed: 17, state:
1, interaction energy -6.7 kcal/mol. We identify interactions between glucose and residues R325, D241,
E295, D369 and H368. Zhang et al. (2003) reported the catalytic role of His145, Asp241, Glu295, Asp369
and His368 residues, and the 325RLDRD 329 motif in the sucrose isomerase from Klebsiella sp. LX3.
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Figure 3

Identification of the variants of the sucrose isomerase Pall NX5 produced in Pichia pastoris X33 by SDS-
PAGE. a Coomassie blue staining of purified proteins, lane 1: PageRuler™Plus molecular weight marker
(ThermoFisher), lane 2: commercial laccase from Trametes versicolor (Sigma-Aldrich®) (glycosylation
positive control), lane 3: sucrose isomerase Pall NX-5 native, lane 4: sucrose isomerase Pall NX-5 K174Q,
lane 5: sucrose isomerase Pall NX-5 L202E, lane 6: sucrose isomerase Pall NX-5 K174Q/L202E, lane 7:
dialysis of total proteins excreted by non-transformed Pichia pastoris X33 (negative control), lane 8:
lyticase from Arthrobacter luteus (Sigma-Aldrich®) (glycosylation negative control). b Glycoprotein
staining of purified proteins, lane 1: PageRuler™Plus molecular weight marker (ThermoFisher), lane 2:
commercial laccase from Trametes versicolor (Sigma-Aldrich®) (glycosylation positive control), lane 3:
sucrose isomerase Pall NX-5 native, lane 4: sucrose isomerase Pall NX-5 K174Q, lane 5: sucrose
isomerase Pall NX-5 L202E, lane 6: sucrose isomerase Pall NX-5 K174Q/L202E, lane 7: dialysis of total
proteins excreted by non-transformed Pichia pastoris X33 (negative control), lane 8: lyticase from
Arthrobacter luteus (Sigma-Aldrich®) (glycosylation negative control).
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Figure 4

Characterization of sucrose isomerase Pall NX-5 variants. 1a Influence of temperature on the activity of
native and mutant variants of the recombinant sucrose isomerase Pall NX-5. b Progression of residual

isomerase activity of Pall NX-5 variants incubated at 40 °C. ¢ Influence of pH on the activity of native and
mutant variants of the recombinant sucrose isomerase Pall NX-5.
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