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Abstract

Industrial applications of xylanases in high-temperature settings are limited by enzyme
instability. This study evaluated glycerol and phenolic compounds as modulators of the cat-
alytic and structural properties of a recombinant Myceliophthora heterothallica endoxylanase
(rMhXyn) expressed in Komagataella phaffii. Glycerol (20% v/v) significantly improved
thermostability (5-fold increase in half-life at 55 °C), decreased the activation energy for
catalysis, and enhanced structural rigidity as evidenced by molecular dynamics simulations
(reduced RMSD and Rg). In contrast, phenolic acids provided only short-term stabilization
at moderate temperatures and did not confer structural benefits. Enzyme kinetics revealed
that glycerol enhanced catalytic turnover (1'Vmax), while phenolic compounds modified
both K’ and cooperativity (Hill coefficient). Thermodynamic analysis supported glycerol’s
stabilizing effect, with increased AHp) and a positive shift in ASp). These results suggest
glycerol as a superior stabilizer for rMhXyn in high-temperature bioprocesses such as ligno-
cellulosic biomass hydrolysis. These findings highlight the potential of targeted additives
to improve enzyme performance for biotechnological applications.

Keywords: rMhXyn; glycerol stabilization; enzyme kinetics; thermostability; biophysical
chemistry; Komagataella phaffii expression

Key Contribution: The manuscript highlights glycerol’s remarkable ability to improve
the thermostability and catalytic efficiency of recombinant Myceliophthora heterothallica
endoxylanase (rMhXyn), making it a promising candidate for high-temperature industrial
applications such as lignocellulosic biomass hydrolysis in second-generation biofuel pro-
duction. Molecular dynamics simulations, along with thermodynamic analysis, provided
further evidence of glycerol’s stabilizing effect on enzyme structure and activity. Phenolic
substances increased Vmax in the short term while also increasing cooperativity.
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1. Introduction

The degradation of xylan, the principal polysaccharide component of plant cell wall
hemicellulose, requires the coordinated action of a suite of enzymes collectively referred
to as the “xylanolytic complex.” Central to this complex are endo-1,4-3-xylanases (EC
3.2.1.8), which catalyze the hydrolysis of 3-1,4 glycosidic linkages within the xylan back-
bone, releasing xylooligosaccharides and monomeric sugars with broad biotechnological
applications [1]. These enzymes are produced by a diverse range of organisms, includ-
ing filamentous fungi, macrofungi, bacteria, seaweeds, and certain germinating plant
seeds. Structurally, they adopt a canonical (3-barrel fold and utilize conserved glutamate
residues as catalytic acid/base groups, underpinning their functionality and industrial
relevance [2,3]. The biotechnological potential of endoxylanases spans multiple industrial
processes. They enable the production of dietary sweeteners with low caloric value, as
well as xylooligosaccharides (XOS) with prebiotic properties that promote the growth of
Bifidobacterium spp. and Lactobacillus spp. in the gastrointestinal tract, thereby reducing
colon inflammation and the risk of colon cancer. These compounds are also used in the
pharmaceutical industry [4-7]. In paper manufacturing, their low molecular mass allows
penetration of cellulose fibers, removing the hemicellulose fraction from pulps, which
results in enhanced pulp bleaching and reduced chlorine use [8]. In animal feed supple-
mentation, they improve nutrient availability for poultry and enhance forage digestibility
for ruminants [9,10]. A promising application lies in second-generation biofuels production,
such as ethanol, through the fermentation of monosaccharides released by the hydrolytic
action of these enzymes on agro-industrial by-products [11,12].

Despite their industrial versatility, xylanase performance is often challenged by envi-
ronmental factors in industrial settings. Phenolic compounds, abundant in lignocellulosic
biomass, can modulate enzyme activity through covalent and non-covalent interactions
that are strongly influenced by the chemical structure of each phenolic compound [13].

Glycerol, a commonly used stabilizer in enzyme formulations, is well recognized
for its ability to enhance protein thermostability; however, its effects on the kinetics and
structural dynamics of xylanases remain insufficiently characterized [14,15]. Additionally,
the observation of cooperative behavior in monomeric enzymes, such as the Mycelioph-
thora heterothallica endoxylanase, offers a unique opportunity to uncover novel regulatory
mechanisms [16].

This study aims to address these knowledge gaps by investigating the influence of
glycerol and selected phenolic compounds (4-hydroxybenzoic, ferulic, vanillic, and sy-
ringic acids) on the kinetics, thermodynamics, and structural properties of a recombinant
Moyceliophthora heterothallica endoxylanase expressed in Komagataella phaffii. Employing
a multidisciplinary approach that integrates in silico analyses—including bioinformat-
ics sequence analysis, structural modeling, molecular docking, and molecular dynamics
simulations—with experimental assays, we seek to elucidate the modulatory effects of these
compounds on enzyme performance and stability. The findings are anticipated to provide
valuable insights for the optimization of xylanase applications in industrial processes.

2. Materials and Methods

2.1. In Silico Analysis
2.1.1. Sequence Analysis

De Amo and colleagues [17] reported the amino acid sequence, which is publicly
available in GenBank under accession number MK204363. This sequence was subjected to
verification for identity and the identification of non-functional regions, including transit
and signal peptides, using the UniProt server. Subsequently, the region corresponding to
the xylanase domain (UniProt ID: G2QNI1) was analyzed with the NetNGlyc-1.0 server to
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predict potential N-glycosylation sites. To identify suitable structural templates, particularly
those of glycosylated xylanases, the sequence was further subjected to BLASTP (NCBI,
version 2.17.0) analysis against the Protein Data Bank (PDB) database.

2.1.2. Structural Modeling

The unique features of the sequence were analyzed, and the three-dimensional struc-
ture of the xylanase was modeled using AlphaFold 2 (Google DeepMind, London, UK)
and RoseTTAFold (Baker Lab, University of Washington, Seattle, WA, USA). The sequence
numbering was adjusted to correspond with the previously obtained UniProt entry, be-
ginning at S1 and terminating at A200. In the resulting three-dimensional model, the first
residue is V5.

N-glycosylation at N69, predicted using NetNGlyc-1.0, was modeled with Glycan.com
based on an oligomannose structure classified as a high-mannose-type glycan. The potential
interactions between the glycan atoms and the substrate were assessed within a 4 A distance
using PyMOL (Schrodinger Inc., New York, NY, USA).

2.1.3. Molecular Docking of Phenolic Compounds

The Myceliophthora heterothallica endoxylanase structure, modeled with glycosylated
oligosaccharides, was employed in blind docking simulations using Molegro Virtual Docker
v6.01. Prior to docking, all water molecules and salt ions were removed from the structure.
Cavities within the polypeptide chain were identified utilizing the expanded van der Waals
method, with cavity volumes ranging from 5 to 100,000 A3, a probe radius of 1.2 A, and
a grid resolution of 0.80 A. The docking search was centered at coordinates (4.50, -9.04,
-21.59) with a search radius of 35 A. The MolDock Simplex Evolution algorithm was selected
as the search function, and the MolDock Score [GRID] was used for ranking, both with
default parameters. The compounds’ three-dimensional structures were obtained from the
PubChem database in *.sdf format and were used as a library in five simulations to obtain
ten poses per simulation of each compound mentioned in Figure 5A of the article from
Massarente et al. [18], in addition to tannic acid. The scores of the five best poses in each
cavity, sorted by Rerank Score, were used to calculate the mean score.

2.1.4. Investigating the Rapid Onset of Glycerol’s Stabilizing Action via
Molecular Dynamics

Molecular dynamics (MD) simulations were performed in order to assess the immedi-
ate structural impact of glycerol on the enzyme’s structure. Although the 1 ns simulation
time restricts extensive sampling of the conformational landscape, it was considered suffi-
cient for the primary objective of detecting early-onset differences in structural integrity
and compactness. Potential structural perturbations induced by glycerol were assessed
by comparing the root mean square deviation (RMSD) of atomic positions and radius of
gyration (Rg) values obtained from molecular dynamics simulations of the enzyme both in
isolation and in the presence of glycerol. The structure of Neocallimastix patriciarum xylanase,
resolved by X-ray diffraction at 1.80 A resolution and available in the Protein Data Bank
(PDB ID: 2VGD) complexed with two repetitive substrate units in the active site [19], was
employed as a model for the closed (active) conformation. Molecular dynamics simulations
of the 2VGD complex, solvated with explicit SPC water molecules (10,265 molecules),
were performed for 1 nanosecond (ns) using the AMBER 99 force field [20] under periodic
boundary conditions. The cubic simulation cell volume was 360.546 nm?. Detailed infor-
mation regarding the simulation setup and parameters is provided in Part I [21]. Trajectory
analyses and molecular structure evaluations were conducted using the Visual Molecu-
lar Dynamics software VMD, version 1.9.3 (University of Illinois at Urbana-Champaign,
Urbana, IL, USA) [22]. Various geometric parameters indicated that the protein system
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reached equilibrium within less than 1 ns. Simulations were initiated from the 2VGD
crystallographic structure and subjected to steepest descent energy minimization until
no significant energy change could be detected (<0.01 k].mol). This was followed by a
5-picosecond (ps) initialization run, with initial velocities taken from a Maxwellian dis-
tribution and using a temperature coupling constant of 0.01 ps and a pressure coupling
constant of 0.05 ps [23]. The non-bonded pair list was updated every 10 femtoseconds
(fs), and non-bonded interactions were truncated at 8 and 10 A, respectively. The SHAKE
algorithm [24] was applied to constrain bond lengths to their equilibrium positions, and
the equations of motion were solved using the Verlet algorithm [25]. Simulations were
performed with a 2-fs time step, and coordinates were saved every 0.05 ps.

2.2. Enzyme Characterization

The cloning, expression, and purification of the rMhXyn were performed follow-
ing the methods outlined by de Amo et al. [16], adding two procedures. Purification
included ethanol precipitation and size-exclusion chromatography in Sephadex G-50 and
Superdex 75, resulting in a 13.7-fold purification and specific activity of 92.4 U mg~!. The
enzyme retained the His tag and the TEV protease cleavage site.

2.2.1. Reagents and Materials

The following materials were used in the experimental assays. Beechwood xylan
(substrate for enzymatic activity), 3,5-dinitrosalicylic acid (DNS), and ADA buffer com-
ponents were purchased from Sigma-Aldrich (St. Louis, MO, USA). The phenolic acids
(4-hydroxybenzoic, ferulic, vanillic, and syringic acids) and glycerol (>99.5%) were ac-
quired from Merck (Darmstadt, Germany). All solutions were prepared using ultrapure
water (ELGA LabWater, Lane End, UK), and pH adjustments were performed with NaOH
or HCl as needed.

2.2.2. Enzyme Assays

To measure the endoxylanolytic activity, the sample was mixed with 1% (w/v) beech-
wood xylan, which was diluted in 0.1 mol-L~! ADA buffer pH 6.0, and exposed to 65 °C
for 5 min. The resulting reducing sugars reacted with 3,5-dinitrosalicylic acid (DNS), and
the activity was quantified by measuring the change in product concentration over time
(d[P]/dt) [26] using spectrophotometry. The incubation time was defined based on ex-
periments to ensure linear product release over time. All experiments were conducted in
triplicate. The initial reaction rate (Vo) in pmol-min~! ~rng’l was calculated at different
substrate concentrations (ranging from 1 to 10 mg-mL™1).

To describe the kinetic behavior, nonlinear regression analysis was performed using
the QtiPlot program version 0.9.9.11 (©lon Vasilief 2004-2017) for Linux, applying the Hill
equation. This model was used after we attempted to fit the classical Michaelis—-Menten
model, which proved inadequate due to the sigmoidal behavior observed in the saturation
curve, suggestive of cooperative substrate binding. The values were determined through
nonlinear parameter fitting using the Hill equation derived from the Michaelis—-Menten
equation, where the semisaturation constant K’ and [S] are raised to the exponent “h”,
cooperativity [27]:

Vo = (Vimax x [SI")/ (K™ + [S]") M

The turnover number Kq,; was calculated from Vax and the enzyme concentration,
and, subsequently, k, the catalytic efficiency (kcat/K').
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2.2.3. Pre-Incubation of the Enzyme with Substances to Be Evaluated

To evaluate the effects of phenolic acids, namely 4-hydroxybenzoic acid, ferulic acid,
vanillic acid, and syringic acid, on the kinetics of rMhXyn, the enzyme was pre-incubated
with these compounds at a final concentration of 20 mmol-L~!. Additionally, to investigate
the effects of glycerol on kinetics and thermodynamics, the enzyme was exposed to a final
concentration of 20% (v/v) glycerol. Control treatments were also included, using ultrapure
water in the same proportion as the compounds and glycerol. After mixing, the samples
were allowed to rest at room temperature for 30 min before determining their kinetic and
thermodynamic parameters, which are described below.

2.2.4. Thermodynamic Parameters

The thermodynamic analysis of rMhXyn’s thermal denaturation was conducted using
Beechwood xylan at the optimal pH. The thermodynamic parameters, which included the
activation energy (E,), temperature coefficient (Qyp), half-life (T1 /), and other enzyme-
related parameters related to thermal denaturation such as activation energy E,p), AH(p),
AGp), and ASp), were determined using a method proposed in the literature [28,29] and
previously employed in studies on other enzymes [30,31]. The irreversible denatured
“]” state was evaluated using the N <+ D — I model, where “N” represents the native
conformation, and “D” represents the reversible denatured conformation.

To analyze the effect of phenolic compounds on the thermal stability of the enzyme,
xylanase was incubated with the studied compounds at different temperatures (50, 60, 70,
and 75 °C) for 30, 60, 90, and 120 min, for its residual activity to be determined [28,29,32].

3. Results and Discussions
3.1. Sequence and Structural Analysis in Silico

Using BLAST against the UniProtKB database, the G2QNI1 entry was identified
with 100% identity, corresponding to the endo-1,4-beta-xylanase from Myceliophthora
heterothallica (strain ATCC 42464 /BCRC 31852/DSM 1799) (also known as Sporotrichum
thermophile). The full-length sequence includes a start codon (methionine), a signal
peptide, and the xylanase domain. Structural models generated by AlphaFold 2 (blue) and
RoseTTAFold (cyan) demonstrated excellent structural overlap (Figure 1), both exhibiting
the characteristic 3-barrel fold typical of GH11 xylanases [33]. The signal peptide spans
residues 2 to 18, while the xylanase domain spans residues 19 to 218.

Figure 1. Structural modeling of Myceliophthora heterothallica endoxylanase models obtained with
Alphafold 2 (in blue) and RoseTTaFold (in cyan), highlighting the 3-barrel fold.
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N-glycosylation at N69 was predicted using NetNGlyc-1.0 and modeled with Gly-
can.com, employing an oligomannose structure classified as a high-mannose-type glycan.
Structural analysis using PyMOL revealed no interactions between the glycan atoms and
the substrate within a 4 A radius (Figure 2). Only residues in proximity to the enzyme’s
active site exhibited potential interactions with the substrate. The residues identified were
Q7, T10, S19, W21, N47, V49, N74, Y78, Y80, W82, E89, Y99, T123, R125, P129, 5130, 1131,
G133, Y175, E181, and Y183. Among these, E89 and E181 were determined to function as
the catalytic residues at the enzyme’s cleavage site (Figure 2).

Figure 2. Representation of the glycosylated structural model of the endoxylanase from Myceliophthora
heterothallica, observing the catalytic residues E89 and E181 close to the substrate in the active site,
and the N69 glycosylation located opposite the active site of the enzyme.

3.2. Enzyme Kinetics
3.2.1. Effect of Phenolics on Enzymatic Kinetics

Although the enzyme is monomeric [16], the sigmoidal kinetic curves presented
in Figure 3 indicate cooperative behavior, even in the absence of phenolic compounds.
The presence of vanillic, syringic, and ferulic acids significantly reduced the K’ values
(p < 0.05), whereas 4-hydroxybenzoic acid did not produce a statistically significant effect
(p > 0.05) (Table 1). With the exception of 4-hydroxybenzoic acid (p > 0.05), all phenolic
compounds increased the Vimax. Additionally, cooperativity values (Hill coefficient, h)
increased significantly (p < 0.05) in the presence of syringic and ferulic acids.
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Figure 3. Kinetic parameters of Myceliophthora heterothallica endoxylanase expressed in Koma-
gataella phaffii, evaluated using beechwood xylan as a substrate at concentrations ranging from
1to 20 mg-mL_l, both with and without phenolic compounds. Assays were conducted at the en-
zyme’s optimum pH with an initial reaction time of 1 min. The lines represent the fitted curves based
on the Hill equation, and error bars indicate the standard deviation (S.D.) from triplicate experiments.
Table 1. Kinetic parameters of Myceliophthora heterothallica endoxylanase expressed in Komagataella
phaffii in the presence of 10 mmol-L~! of phenolic compounds (beechwood xylan, pH 6.0, 65 °C).
K Vmax h Kcat Kcat/K/
(mg-mL—1) (umol-min—1-mg—1) (s M-1s71)
Syringic acid 2.50 + 0.07 919.30 £ 16.29 2.57 £0.16 42.71 +0.83 17.08 £ 0.15
Ferulic acid 2.99 +0.19 903.44 + 43.44 2.07 +£0.15 41.94 £ 2.02 14.03 £ 0.22
Vanillic acid 2.54 +0.30 733.31 £ 52.00 2.204+0.30 34.03 £+ 2.40 13.44 £+ 0.63
4-hydroxybenzoic acid 3.18 £ 0.62 620.91 +£ 100.07 1.76 £ 0.50 28.81 + 4.64 9.10 £ 0.31
Control 3.72+0.34 583.60 £ 25.56 1.64 £0.20 27.08 £ 1.19 7.3+ 0.34

The rMhXyn displays cooperative kinetic behavior, as evidenced by sigmoidal activity
curves and Hill coefficients (h) greater than 1, despite its monomeric structure. This ho-
motropic allosteric behavior—where substrate binding enhances the affinity for subsequent
substrate molecules—resembles that observed in glucokinase (h ~ 1.7), and is attributed
to slow conformational transitions between high- and low-affinity states, as described by
the mnemonic model [34]. Such behavior implies that the enzyme transitions between
distinct conformational states, allowing for a finely regulated catalytic response to varying
substrate concentrations.

Phenolic compounds enhance the enzyme’s catalytic performance, primarily by in-
creasing Vmax and, in some cases, reducing K’ (Table 1). These effects, consistent with
prior studies [35,36], arise from non-covalent interactions between phenolic hydroxyl or
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methoxyl groups and aromatic amino acid residues in the enzyme. The chemical structure
of phenolics, particularly the number and position of these groups, determines whether
they have enzyme affinity and conformational stability [13].

3.2.2. Molecular Docking of Phenolics

The search for cavities in the three-dimensional structure revealed only one large
cavity (195.0 A%) corresponding to the enzyme’s active site (Figure 4). No additional
cavities were identified as possible sites for allosteric ligands. The binding modes of four
ligands (4-hydroxybenzoic, ferulic, vanillic, and syringic acids) were investigated through
molecular docking with AutoDock Vina. Five simulations were run for each ligand, and the
top ten poses from each simulation were collected, leading to a total of 50 poses per ligand.

«S“ » 4»"_
‘b K,
i’ .

Figure 4. Identification of the active site cavity (195.0 A%) in the Myceliophthora heterothallica endoxy-
lanase structure with N-terminal His-tag, visualized using Molegro Virtual Docker.

Preliminary results (not shown) indicated weak interactions between the phenolic
compounds and the enzyme, suggesting that these molecules are unlikely to remain stably
bound within the identified cavity. Molecular docking simulations supported this obser-
vation, revealing weak and non-specific binding, thereby excluding allosteric modulation
as the primary mechanism of enzymatic enhancement. Instead, we propose that pheno-
lic compounds adsorb onto xylan fibers, thereby increasing substrate accessibility. This
adsorption process is likely rapid and pH-dependent, as phenolic compounds dissociate
in aqueous media, releasing protons and phenolate anions (PhO™) [37]. At the enzyme’s
optimal pH—above the pKa values of the phenolic acids evaluated—phenolate formation
enhances electrostatic attraction to xylan fibers, potentially facilitating enzyme-substrate
(ES) complex formation, as evidenced by the observed decreases in K’ and increases in
Vmax (Table 1).

Recent studies have demonstrated that the adsorption of ferulic acid onto xylan de-
creases with increasing pH, further supporting this proposed mechanism [38]. These
findings suggest that phenolic compounds may improve xylanase performance during
lignocellulosic biomass processing, which is of particular relevance for second-generation
biofuel production. Nonetheless, the adsorption-based mechanism remains hypothetical
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and warrants further validation through experimental techniques such as spectrofluorome-
try, Fourier-transform infrared (FT-IR) spectroscopy, circular dichroism spectroscopy, and
ultraviolet absorption analysis, to elucidate the nature of phenolic compound interactions
with the ES complex [39]. Molecular docking provides a preliminary framework to support
this hypothesis and may guide future efforts aimed at optimizing xylanase performance in
biotechnological applications.

3.2.3. Effect of Glycerol on Enzyme Kinetics

The effect of glycerol (20% v/v) on the rMhXyn’s kinetics was evaluated us-
ing enzymatic assays with beechwood xylan as the substrate. Glycerol significantly
increased the maximum reaction rate ((Vmax): 699.9 + 19.1 urnol-min’l-mg’1 VS.
526.6 + 1.20 umol~min’1-mg’1 in control, p < 0.05) and reduced the Hill coefficient ((k):
1.85 £ 0.18 vs. 2.79 £ 0.2, p < 0.05), with no significant change in the semisaturation constant
((K'): 2.36 = 0.11 mg-mL~! vs. 2.41 £ 0.07 mg-mL~!, p = 0.53), turnover number ((Ke):
32.48 4 0.89 vs. 24.44 + 0.05s~ !, p > 0.05) and catalytic efficiency ((Keat/K')): 13.77 £ 0.27
vs. 10.15 £ 0.26, p > 0.05) (Table 2). The unchanged K’ indicated that glycerol did not
enhance substrate affinity, while the elevated Vmax suggests improved catalytic turnover,
potentially due to stabilization of the active-site conformation. The reduced h implies
a slight decrease in cooperative behavior, contrasting with phenolic compounds, which
enhance cooperativity (Section 3.2.1).

Table 2. The kinetic parameters of Myceliophthora heterothallica endoxylanase, expressed in Koma-
gataella phaffii, were determined using beechwood xylan as a substrate. The assays were conducted at
pH 6.0 and 65 °C in the presence of 10 mmol-L~! of the substrate and 20% (v/v) glycerol.

K Vinax h Keat Kcat/K/
(mg-mL—1) (umol-min—1-mg~1) (s 1) M-1.s71)
Glycerol 2.36 £0.11 699.9 £ 19.1 1.85 +0.18 34.48 +0.89 13.77 £0.27
Control 241 £0.07 526.6 = 1.20 2.79 £0.20 24.43 + 0.05 10.15 £ 0.26

Glycerol was found to reduce the Hill coefficient, indicating the stabilization of a
specific catalytic conformation and a consequent narrowing of the enzyme’s conformational
ensemble. This effect is supported by an increase in the maximum reaction velocity
(Vmax) without significant changes in substrate affinity (K’), suggesting enhanced catalytic
efficiency. When compared to a recombinant endo-1,4-3-xylanase from Penicillium occitanis
expressed in Komagataella phaffii, which exhibited a Ky, of 8.33 & 0.7 mg~mL‘1 and a Vmnax
of 58.82 & 0.9 umol-min~!-mg~! using oat spelt xylan at pH 3.0 and 50 °C [40], tMhXyn
demonstrates superior substrate affinity and catalytic activity, highlighting its potential for
industrial applications. Notably, similar cooperative kinetics have been observed in other
GH11 xylanases, including those from Bacillus subtilis [41], further supporting the distinct
nature of this monomeric allosteric behavior.

3.3. Thermodynamics
3.3.1. Effect of Phenolic Compounds on Thermal Stability

The phenolic compounds previously employed in the kinetic assays were evaluated
for their effects on enzyme stability under thermal stress at 50, 60, 70, and 75 °C, with
incubation periods of 0, 30, 60, and 90 min. With the exception of 4-hydroxybenzoic acid,
all tested phenolic compounds maintained enzymatic activity above that of the control
up to the final time point at 50 °C. Notably, at the 30 min mark, enzyme activity was
consistently higher in the presence of the phenolic compounds; however, beyond 60 min,
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no significant differences were observed, and enzymatic activity was no longer detectable.
Figure 5 illustrates the representative thermal stability profile observed for vanillic acid.

200 —
i Vanillic acid
il —8— 50°C
4 —il— 60°C
150 —— 70°C
= . &— 75°C
< i Control
= A 50°C
S 100_-.';' —4— 60°C
o ] 5\,\,} »— 70 °C
2 1 \ —+—75°€
L _
o N
50 —
i —@
O_
I T T T T l T T T T I T T T T l T T T T I T T T T I
0 20 40 60 80 100

Time (min)

Figure 5. Residual activity of Myceliophthora heterothallica endoxylanase expressed in Komagataella
phaffii pre-incubated with 20 mM vanillic acid at 50-75 °C over 0-90 min.

3.3.2. Effect of Glycerol on Thermal Stability

The thermal stability of the rMhXyn was assessed under optimal pH conditions
(pH 6.0) at temperatures ranging from 55 to 70 °C, with and without 20% glycerol. The
estimated value was 66.0 & 0.5 °C in both conditions (Figure S1 in the Supplementary
Materials). The addition of 20% glycerol lowered the enzyme’s activation energy (E,)
from 50.9 to 36.2 kJ-mol ! (Equation (S2) in the Supplementary Materials). This 1.4-fold
reduction in the energy barrier indicates enhanced catalytic efficiency, a finding consistent
with the increased maximum velocity (Vmax) observed in kinetic assays (Section 3.2.3).

The Qq9p (Equation (S3) in the Supplementary Materials), reflecting the reaction rate
increase per 10 °C, was reduced with glycerol (Table 3), suggesting reduced sensitivity
of the protein structure to thermal fluctuations. Glycerol extended the enzyme’s half-life
(Equation (54) in the Supplementary Materials) approximately 2-fold at 60-75 °C and 5-fold
at 55 °C (Table 3).

Table 3. Temperature coefficients (Q19) and kinetic parameters of the irreversible denaturation terms
of Myceliophthora heterothallica endoxylanase expressed in Komagataella phaffii estimated based on the
first-order Arrhenius plot.

Temperatura Control 20% Glycerol
°C K Qo kg (min—1) T 1, (min) Q1o kg (min—1) T 1, (min)
55 313.15 1.77 0.00793 87.39 1.50 0.00156 444.22
60 323.15 1.74 0.0184 37.65 1.48 0.00859 80.67
65 333.15 1.71 0.0164 42.27 1.46 0.00919 75.41
70 343.15 1.67 0.0203 34.14 1.45 0.00395 74.12

Thermodynamic parameters further corroborate the stabilizing effect of glycerol on the
enzyme’s structure, as summarized in Table 4. The activation energy for denaturation (E,(4))
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(Equation (S5) in the Supplementary Materials) increased substantially in the presence of
glycerol, rising from 59.86 to 119.47 kJ-mol~!, effectively doubling the energy required
for denaturation. Similarly, the enthalpy (Equation (56) in the Supplementary Materials)
change for denaturation (AHp) at 55 °C increased from 57.13 kJ-mol~! in the control
condition to 116.75 kJ-mol~! in the presence of glycerol. At 70 °C, a slight decrease was
observed, with AHp values of 57.01 and 116.62 kJ-mol ! for the control and glycerol-treated
samples, respectively, reflecting a minimal reduction of approximately 0.1 kJ-mol~! per
15 °C.

Table 4. Thermodynamic parameters of irreversible thermal denaturation of Myceliophthora heterothallica
endoxylanase expressed in Komagataella phaffii with and without 20% (v/v) glycerol at 55-70 °C.

Temperature Control 20% Glycerol
oc K AHp AGp ASp AHp AGp ASp
(kJ-mol—1) (kJ-mol—1) (J K-1.mol1) (kJ-mol—1) (kJ-mol—1) (J K-1.mol-1)
55 328.15 57.13 93.78 —111.72 116.75 98.21 56.50
60 333.15 57.09 92.92 —107.59 116.70 95.03 65.09
65 338.15 57.05 94.68 —111.34 116.66 96.31 60.22
70 343.15 57.01 95.52 —112.26 116.62 97.73 55.09

The AGp (Equation (57) in the Supplementary Materials) exhibited a modest increase in
the presence of glycerol, rising by approximately 5% from 93.78 to 98.21 k]-mol ! at 55 °C,
and by 2% from 95.52 to 97.73 kJ-mol~! at 70 °C. In contrast, ASp (Equation (S8) in the
Supplementary Materials) demonstrated a pronounced shift, transitioning from negative
values under control conditions (—110.72 J-mol 'K~ ! at 55 °C and —112.26 J-mol~1-K~! at
70 °C) to positive values in the presence of glycerol (56.50 ]-mol~!-K~! and 55.09 J-mol ~1.K~1,
respectively). These changes further support the role of glycerol in stabilizing protein fold-
ing and maintaining structural integrity.

Glycerol markedly enhances both the catalytic turnover and structural stability of
rMhXyn. This enhancement may result from a narrowing of the enzyme’s conformational
ensemble, thereby reducing the Hill coefficient () by limiting transitions between distinct
conformational states (e.g., E; and E;), as described in models of monomeric cooperativ-
ity [42]. The increase in Vmax without a corresponding change in K’ indicates that glycerol
improves catalytic efficiency without affecting substrate affinity. This enhancement trans-
lates into improved xylanase performance under conditions relevant to lignocellulosic
biomass processing, a critical step in second-generation biofuel production [12].

The observed effects are likely attributable to glycerol’s interaction with the enzyme’s
hydration shell, promoting the retention and structuring of water molecules around the
protein. This interaction contributes to the stabilization of the enzyme’s native conformation
(Section 3.1) and improved catalytic activity [14,15,43], as further supported by molecular
dynamics (MD) simulations (Section 3.3.3).

Thermodynamic analyses further substantiated glycerol’s stabilizing role. The activa-
tion energy for denaturation (E,p)) and enthalpy of denaturation (AHp) were significantly
higher in the glycerol condition, indicating that more energy is required to unfold the
enzyme. The higher AHp and AGp with glycerol reflect increased energy barriers to denat-
uration, preserving hydrogen bonds and van der Waals interactions [44]. The positive ASp
shift suggests greater disorder in the unfolded state, likely due to reduced water structuring
around exposed hydrophobic residues [45-47], contrasting with the control’s negative en-
tropy, which may result from solvent reorganization in clathrates. These changes align with
glycerol’s known osmolyte properties. The pronounced shift in ASp suggests an entropic
stabilization mechanism, possibly due to disruption of organized water structures and
reduced configurational entropy in the folded state. This aligns with glycerol’s osmolyte
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effect, enhancing stability without altering substrate affinity. Unlike phenolic compounds,
which enhance short-term stability at 50 °C (Section 3.3.1), glycerol provides sustained
thermostability, critical for high-temperature bioprocessing such as lignocellulosic biomass
hydrolysis for second-generation biofuel production [48].

3.3.3. Molecular Dynamics and Glycerol Effect

MD simulations of the Myceliophthora heterothallica endoxylanase were performed
using the AMBER99 force field. To assess the immediate structural impact of glycerol
across various temperatures, we conducted 1 ns simulations at 24, 50, 60, 65, 70, and
80 °C. The simulations were compared in the presence and absence of a 20% (v/v) glycerol
concentration. The results corroborate the thermostability profile described in Section 3.3.2,
demonstrating glycerol’s stabilizing effect. This was evidenced by reduced structural
fluctuations (lower RMSD) and enhanced compactness (lower Rg values) observed in
the simulations containing glycerol compared to those without it. For the free enzyme
(Figure 6A), the RMSD value increased rapidly during the first 0.1 ns, reaching 0.1 nm at 24,
50, 60, and 65 °C, fluctuating consistently throughout the simulation. Only at 70 and 80 °C
did the RMSD values increase further, showing considerable fluctuation after 0.1 ns, with
values nearing 0.15 nm. In the presence of glycerol (Figure 6B), the RMSD values reduced
at all evaluated temperatures, reaching stability at 0.2 ns and fluctuating around 0.075 nm,
while the free enzyme fluctuated around 0.1 nm (Figure 6A).

(B)

RMSD RMSD

bone after Isq fit to Backbone Backbone after Isq fit to Backbone

0.15

RMSD (nm)
o

0.05~

‘ : 0.2 s : ‘ : . : . :
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04 0.6 0.8 ' 1 0 ’ 0.2 0.4 ’ 0.6 ' 0.8 * 1
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Figure 6. Root mean square deviation (RMSD) of Myceliophthora heterothallica endoxylanase during
1 ns molecular dynamics simulations at 24-80 °C. (A) Free enzyme. (B) With 20% (v/v) glycerol.

The radius of gyration (Rg) values were slightly lower in the presence of glycerol
(Figure 7B), averaging 1.56 nm, compared to the free enzyme (Figure 7A), which averaged
approximately 1.58 nm. At temperatures of 60, 65, and 70 °C, similar fluctuations in Rg
were observed over the simulation period for the free enzyme. Comparable trends were
observed for the enzyme in the presence of glycerol at 60 and 70 °C. In both conditions, Rg
values at 24 °C remained relatively stable throughout the simulation, whereas at 50 °C, a
notable increase occurred during the final 200 ps. Of particular interest is the maximum Rg
value recorded at 70 °C, where the free enzyme reached 1.60 nm, compared to a slightly
lower maximum of 1.58 nm in the presence of glycerol.
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Figure 7. Radius of gyration (Rg) of Myceliophthora heterothallica endoxylanase during 1 ns
molecular dynamics simulations at 24-80 °C. (A) Free enzyme. (B) With 20% (v/v) glycerol.

The MD data demonstrated reduced root mean square deviation (RMSD 0.075 nm)
and radius of gyration (Rg 1.56 nm) in the presence of glycerol, suggesting a more com-
pact, stable enzyme structure. These findings align with RMSD values reported for other
GH11 xylanases from Bacillus subtilis (0.15 nm at 25 °C) [43] and the GH10 xylanase from
Thermotoga maritima (0.1-0.15 nm at 90 °C) [49], indicating enhanced resistance to thermal
denaturation. The RMSD variability at higher temperatures may stem from increased
atomic fluctuations as the enzyme approaches thermal denaturation. In control simulations,
the absence of glycerol likely permits greater conformational flexibility, explaining the
elevated RMSD noise. Glycerol, acting as a crowding agent, dampens these fluctuations.
These structural observations are consistent with the biochemical data, which showed
increased enzymatic stability and activity in the presence of glycerol, highlighting a strong
correlation between molecular dynamics and functional behavior.

4. Conclusions

The recombinant Myceliophthora heterothallica endoxylanase (rMhXyn) demonstrates
strong potential as a biotechnological tool for high-temperature industrial processes, with
optimal activity at pH 6.0 and 66 °C. While phenolic compounds provided only limited
short-term stabilization, glycerol (20% v/v) significantly enhanced enzyme thermostability—
prolonging half-life, decreasing activation energy for catalysis, and increasing both the
enthalpy and entropy of denaturation. Molecular dynamics simulations revealed reduced
structural fluctuations and a more compact conformation, consistent with the osmoprotec-
tive role of glycerol. These findings highlight glycerol as a superior stabilizer, improving
rMhXyn’s catalytic efficiency and structural resilience. Overall, the enzyme’s robust ther-
mal profile and responsiveness to biocompatible additives reinforce its applicability in
biotechnological processes, particularly in lignocellulosic biomass hydrolysis for second-
generation biofuel production and other bio-based industrial platforms.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /biotech14030062/s1, Figure S1: First-order Arrhenius plots showing
the effect of temperature on the activity of Myceliophthora heterothallica endoxylanase expressed in
Komagataella phaffii, during beechwood xylan hydrolysis assays. Vertical bars represent standard
deviations (n = 3). (A) Free enzyme. (B) With 20% glycerol. Figure S2: First-order plots showing
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MD Molecular dynamics

XO0Ss Xylooligosaccharides

K Semisaturation constant

Vmax Maximum reaction rate or velocity

keat Turnover number

Ea Activation energy

Q1o Temperature coefficient

T1/2 Half-life time

E.p) Activation energy for thermal denaturation

AH ) Enthalpy of denaturation

AGp) Gibbs free energy of denaturation
AS(p) Entropy of denaturation

ES Enzyme-substrate complex
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