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Abstract: Bgl2p is a major, conservative, constitutive glucanosyltransglycosylase of the yeast cell
wall (CW) with amyloid amino acid sequences, strongly non-covalently anchored in CW, but is
able to leave it. In the environment, Bgl2p can form fibrils and/or participate in biofilm formation.
Despite a long study, the question of how Bgl2p is anchored in CW remains unclear. Earlier, it
was demonstrated that Bgl2p lost the ability to attach in CW and to fibrillate after the deletion of
nine amino acids in its C-terminal region (CTR). Here, we demonstrated that a Bgl2p anchoring is
weakened by substitution Glu-233/Ala in the active center. Using AlphaFold and molecular modeling
approach, we demonstrated the role of CTR on Bgl2p attachment and supposed the conformational
possibilities determined by the presence or absence of an intramolecular disulfide bond, forming by
Cys-310, leading to accessibility of amyloid sequence and β-turns localized in CTR of Bgl2p for protein
interactions. We hypothesized the mode of Bgl2p attachment in CW. Using atomic force microscopy,
we investigated fibrillar structures formed by peptide V187MANAFSYWQ196 and suggested that it
can serve as a factor leading to the induction of amyloid formation during interaction of Bgl2p with
other proteins and is of medical interest being located close to the surface of the molecule.

Keywords: cell wall; glucan remodeling proteins; glucanosyltransglycosylases; Bgl2p; AlphaFold;
amyloid proteins; mode of attachment

1. Introduction

Bioinformatic analysis of the yeast proteome revealed a high representation of β-
aggregation-prone proteins in the cell wall (CW) [1]. Many of them play an important role
in the development of candidiasis [2–4]. One of the widely investigated CW proteins with
amyloid properties is a conservative, major, non-covalently attached protein, Bgl2p [5–12].

Bgl2p is present in CW of many species of ascomycete fungi and yeasts, such as
Aspergillus fumigatus and Saccharomyces cerevisiae, and some species of pathogenic yeasts,
such as Candida albicans [13–16] and demonstrates a high degree of homology [5,8,9,16]. This
protein belongs to the glycosyl hydrolases of the GH17 family [17]. It plays an important
role as one of the main glucan remodeling enzymes of CW and also protects yeast cells
from drying and heating [18,19]. Bgl2p is significant in the formation of biofilm under
sherry fermentation [20]. It was demonstrated that Bgl2p plays an important role in the
virulence of pathogenic yeast species and has an adhesin-like role [3,8,9]. From the medical
perspective, Bgl2p is an important antigen; the production of anti-Bgl2p antibodies in
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patients during the development of systemic candidiasis may serve as a positive prognosis
for the disease progression [21].

In more than 30 years of studying this protein, there have been a lot of experiments
demonstrating possible amyloid properties of Bgl2p in CW. Being incorporated in CW,
it is resistant to treatment with 1% SDS at 37 ◦C for 1 h [10,11]. It was shown that in
Bgl2p-containing CW preparations partially hydrolyzed by glucanase when stained with
amyloid-specific Congo Red dye, zones with green birefringence are formed, while such
zones were not detected in the CW preparation of the bgl2∆ strain [10].

The mode of attachment of this protein in CW is still unclear. Bgl2p is strongly
attached in CW. However, covalent bonds are not involved in CW attachment of this
protein [10,11]. Strong amyloidogenic amino acid sequences F83TIFVGV89, N190AFS193 and
G268VNVIVFEA276 were predicted in the primary structure of Bgl2p by six computational
algorithms FoldAmyloid, AGGRESCAN, DHPRED, Waltz, PASTA, TANGO [11]. One
may think it is possible that amyloidogenic amino acid sequences within the molecule
of the protein play an important role in the formation of amyloid-like structures and are
responsible for its attachment. However, Bgl2p can be extracted from CW under heating
(70–100 ◦C), even in water, which is not specific for amyloid proteins. The above makes it
possible to suppose a potential ability of Bgl2p to form unusual, labile-to-heating amyloid-
like structures. Nevertheless, after extraction under heating, Bgl2p forms fibrils detected
with antibodies in the incubation medium [11]. Experiments using Thioflavin T (ThT) and
Congo Red dyes and circular dichroism spectrum investigation demonstrated the proneness
of this protein to β-aggregation after isolation from CW using heating [10,11,22,23]. This
protein can be almost completely extracted from CW by heating to 100 ◦C in Laemmli
buffer [10]. It should be noted that heating is an efficient way of quantitative extraction of
Bgl2p from CW, but part of its molecules can be extracted by Tris under alkaline conditions,
while the rest of the protein continues to be attached in CW and can be extracted by
incubation with guanidine hydrochloride (GHChl). After that, Bgl2p forms structures
morphologically resembling fibrils of glucagon [24]. Bgl2p molecules from Tris and GHChl
fractions demonstrated differences in their posttranslational modifications [25].

Despite the above, when yeast is growing in presence of alcohol, for example un-
der sherry fermentation conditions [20] or during cultivation of S. cerevisiae ssu21/mcd4
strain, where the pathway of the GPI anchor biosynthesis is disrupted whereby CW lacks
GPI-anchor proteins [26] and Bgl2p leaves CW [11,20,26] and can be detected in the cul-
ture medium in fibrillar form, but different than after heating [11]. These facts indicate
that the structure of a Bgl2p molecule provides for conformational changes that allow it
both to be strongly attached in CW and to leave CW for the environment in vivo under
physiological conditions.

An important fact for understanding the unusual Bgl2p CW incorporation is the loss of
this protein’s ability to attach in CW after the deletion of nine amino acids in the C-terminal
region (CTR) of its molecule. That region includes a potentially amyloidogenic sequence
that was identified as having amyloidogenic properties using only three algorithms [11],
also one of four cysteine residues of this protein—Cys-310 and left-handed polyproline-II
helices according to SwissModel [19]. A protein lacking CTR was identified in the culture
medium, but it is unable to form fibrils in culture fluid [19]. It remains unclear whether this
protein can form fibrils with amyloid structure, be incorporated into CW or after extraction,
or possibly fibrillate in both cases but in a different manner.

In addition to the data already listed, it is important to note that Bgl2p has no
carbohydrate-binding module but demonstrates glucan-binding properties [5].

It can be concluded that experimental data allowing us to understand the mode of
Bgl2p attachment in CW are currently insufficient. In this work, we made use of computer
modeling and experimental efforts to better understand the issue.

In recent years, the AlphaFold algorithm has become available, which outperforms
other algorithms in terms of the quality of protein structure prediction [27,28]. Here,
we have compared Bgl2p structural model predictions using various in silico prediction
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algorithms (I-Tasser, Robetta, SwissModel and AlphaFold). We compared Bgl2p models by
analyzing the potential energies of globules and entropies of torsion angles, which describe
conformations of peptide chains. We found that the AlphaFold model is characterized by
the lowest entropy and potential energy among all the considered Bgl2p models, so this
model was chosen for further consideration. Using this model, we performed extensive
molecular dynamics simulations of Bgl2p and revealed that, in contrast to SwissModel,
the C-terminal region of the protein in the AlphaFold model contains disulfide bond Cys-
262–Cys-310 and an unstructured region capable of β-turn conformation. The result of
molecular dynamics simulations of mutant form Bgl2p∆C305–313 suggested that the C-
terminal region may contribute to its amyloidogenic properties and, along with β-turns,
provide Bgl2p attachment to CW.

In an additional effort using molecular modeling and an experimental approach, we
investigated the ability of Bgl2p with a disrupted active center to anchor in the cell wall.
We showed that fibrillar structures can be formed by a peptide V187MANAFSYWQ196 with
amyloid properties. We critically analyzed the obtained experimental and modeling data
in the context of previously known results and proposed in this work a hypothesis for the
attachment of the studied protein in the cell wall and its ability to form fibrils. The ability
of the studied protein, whose molecule includes amyloid amino acid sequences, to form
fibrils outside the cell is important for medicine.

2. Results and Discussion
2.1. Prediction and Choosing of Bgl2p Structural Model for Further Analysis

The crystallographic structure of Bgl2p has not been solved yet. To build a structural
model of this protein, we applied molecular modeling using the most appropriate approach.

There are many tools for predicting the spatial structure of a protein by homology
or by machine learning, some of which are presented in the Methods. It was necessary
to propose a way to compare the quality of models obtained by these methods, which
would allow us to compare models built by different tools. An obvious and natural way
would be to calculate the potential energy of a protein globule for different models using
the same tool, for example, the GROMACS package. However, it is also essential to
consider the ordering of the protein globule, as it may prove to be, that a molten or partially
unfolded molecule will have a lower potential energy compared to a folded molecule
upon molecular dynamics simulations, which may not be advantageous in terms of the
entropy (for example, due to the exposure of the hydrophobic core of the globule). The
predicted model should exhibit an ordered arrangement of the peptide backbone. As a
measure of order, it would be appropriate to use an estimation of the entropy associated
with the torsion angles describing the conformation of the peptide chain. For this purpose,
we decided to employ the entropy estimation method based on the compressibility of
the discrete representation [29] and take into account both the estimates of the entropy of
torsion angles and the potential energy of a protein globule excluding ions and water from
consideration. This approach enables one [29] to identify the conformations of the peptide
chain, which are observed in the data of X-ray diffraction analysis from conformations
obtained by molecular dynamic simulations. These conformations are characterized by
both low entropy and low potential energy.

We performed calculations of equilibrium molecular dynamics for Bgl2p models
generated by AlphaFold and SwissModel, Robetta, and Tasser servers and calculated the
average entropies of torsion angles of Stors and potential energies of Eglob globules from
the obtained trajectories (Figure 1). At the same time, we estimated the entropy of two
sets of torsion angles: Set I included only the angles φ, ψ and ω of amino acid residues of
proteins, which describe only the conformation of the polypeptide backbone, and Set II
also contained torsion angles χn, describing the conformations of the side chains, hence
the conformation of the entire protein molecule. We also performed molecular dynamics
simulations of homologous β-glycosidases (Table 1, Supplemental Data S1, Figure S1)
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and calculated appropriate estimates that could be used as a reference when comparing
Bgl2p models.
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Figure 1. Potential energies of globules and entropies of its torsion angles for models of Bgl2p from
Saccharomyces cerevisiae (red) and homologous glycosidases from the GH17 family (blue). Points
show average values and error bars show root mean square deviations. Labels represent instruments
applied to the generation of the Bgl2 model or PDB ID for structures of homologous glycosidases.

Table 1. Bgl2p homologs for which the structure has been determined experimentally.

PDB ID Organism Resolution, Å Reference

3URA Brevundimonas diminuta 1.88 [30]
6JMS Cryptomeria japonica 1.50 [31]
4WTP Rhizomucor miehei CAU432 1.30 [32]
1GHS Hordeum vulgare 2.30 [33]
2CYG Musa acuminata 1.45 [34]
4IIS

Hevea brasiliensis
2.67

[35]4HPG 2.54

The model from i-Tasser demonstrated the most non-optimal Eglob, as did the model
from Robetta. The SwissModel significantly outperformed them in this regard and showed
much smaller Stors. The differences in Stors and Eglob between the AlphaFold and SwissModel
models are comparable to the differences between homologous glycosidases (Figure 1).
The AlphaFold model is characterized by the lowest entropy of torsion angles from Set I
and the lowest potential energy among all the considered Bgl2p models.

We assumed that AlphaFold provides a reasonably accurate prediction of the confor-
mation of the peptide backbone of the protein but wondered how optimal the conformation
of the side groups of amino acid residues predicted by this tool was. Hence, we attempted
an in-depth relaxation of our chosen Bgl2p model by means of multi-stage molecular
dynamics simulations. In one stage of this relaxation, electrostatic interactions in a protein
globule were first smoothly tuned off and then smoothly switched on. During this simu-
lation, restraints were imposed on φ, ψ andω torsion angles of the peptide backbone to
prevent unfolding of the globule. We expected that in this process, suboptimal non-covalent
interactions with a pronounced electrostatic component, such as hydrogen bonds present
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in the predicted structure, would disappear. However, the trajectory obtained following
this process had worse potential energy and entropy value than the trajectory coming
directly from the AlphaFold model. Therefore, this model and its initial trajectories will be
analyzed below.

2.2. Structure and Position of Strong Amyloidogenic Sites F83TIFVGV89, N190AFS193
and G268VNVIVFEA276

According to our proposed model, the Bgl2p globule is arranged as follows. Its core
consists of a distorted β-barrel, which is surrounded by α-alpha helices. Each sheet of the β-
barrel has its own α-helix connected to it by a loop. Previously, the presence of three strong
amyloidogenic sites in Bgl2p was predicted by computational approaches [11] (Figure 2A).
The analysis of elements of the secondary structure reveals that all three amyloidogenic
sites, to some extent, adopt conformations corresponding to the β-sheet (Figure 2B). It is,
therefore, necessary to consider the structural arrangement of these regions in more detail.

Site I makes up one of the clapboards of the central β-barrel—all its residues, with the
exception of disordered Phe-83, are stacked in a β-sheet. This observation is supported by
an analysis of the hydrogen bonds of this site (Table S1), most of which are formed by it
with neighboring elements of the β-barrel in a manner characteristic of the β-sheet. The
exceptions include the hydrogen bonds between the side chain of Thr-84 and the adjacent
loop I111KESTVA117, as well as the hydrogen bond of Phe-83 with the preceding α-helix
T70LQNLGPAAEA80.

Site II is the shortest. It is located on the boundary of one of the β-sheets of the core of
the Bgl2p globule and a long loop connecting it to the subsequent α-helix M200QNASYSFFD
DIMQALQVIQSTK222. Site II begins with the Asn-190 residue having a β-sheet confor-
mation, then continues with disordered residues Ala-191 and Phe-192 and ends with the
Ser-193 residue in the conformation corresponding to β- turn around. However, the hydro-
gen bonds of Ala-191 are similar to those formed in the β-sheet. The Ser-193 side group
forms a hydrogen bond with a subsequent α-helix (Table S1).

Site III, like Site I, participates in the central β-barrel, albeit with less order. Its residues
N270VIV273 are stacked in a β-sheet, the residues Val-269 and Glu-275 are disordered, Gly-
268 forms a turn, and the residues Phe-274 and Ala-276 have a β-turn conformation. As in
the case of Site I, the hydrogen bonds of Site III (Table S1) are characteristic of the β-sheet
spatial arrangement.

Site I is firmly embedded within the core of the Bgl2p structure and, therefore, is
unlikely to participate in the formation of amyloid. This statement will be valid for Site
III, although to a lesser extent (Figure 2C). Site II differs from Sites I and III as it has a less
ordered structure. As a result, it is more flexible and, therefore, more likely to adopt a
conformation that leads to amyloid formation. At the same time, Site II is placed more
closely on the surface of the Bgl2p globule than Site I or Site III, which makes it much more
accessible for participation in amyloid interactions, for example, when the conformation of
a protein, possibly changes as it leaves the cell wall during biofilm formation or during the
development of candidiasis in the mammalian body.

Thus, Site II is, in all probability, the only strong amyloidogenic site that, under phys-
iological conditions, but evidently not in CW, can participate in the process of protein
fibrillization. Nevertheless, the other two sites, I and III, as well as Site II, might partici-
pate in varying degrees in the formation of amyloid fibrils after protein extraction under
heating. The multiple sequence alignment of Bgl2p homologs demonstrates relatively low
conservation for amyloidogenic peptide I and relatively higher conservation for peptides II
and III (Supplemental Data S2, Figure S2).

It was demonstrated earlier [11] that the peptide V187MANAFSYWQ196 containing
Site II can fibrillate with the formation of amyloid structures binding ThT. In this study,
the morphology of fibrils formed by this peptide was characterized using atomic force
microscopy. In a bulk liquid, no fibrils were found (Figure 3A). Instead, the image contains
small globular objects with an apparent height of 2.2–2.4 nm, which can be attributed to
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nonfibrillar peptide oligomers. On the other hand, a Langmuir-Schaefer transfer from the
liquid-air interface resulted in a complete monolayer consisting of short fibrils (Figure 3B).
On top of this monolayer, bunches of longer fibrils of various morphology (straight and
spiral ones) were found (Figure 3C). The absence of these long fibrils on samples from
the bulk liquid infers that the interfacial monolayer of short fibrils acts as a seed for
long fibrils formation (Figure 3D). To conclude, these data are direct evidence of the
amyloidogenic nature of this peptide. Moreover, it is capable of forming multiple types of
fibrillar structures.
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Figure 2. The structure of Bgl2p and position of strong amyloidogenic sites F83TIFVGV89 (Site I)
are highlighted in coral, N190AFS193 (Site II)—in purple and G268VNVIVFEA276 (Site III)—in olive.
Primary structure of Bgl2p with designations of the secondary structure elements (A): α-helices
underlined as helices, β-strands underlined as arrows. Tertiary Bgl2p structure (B) and the part
of a molecule with sites I, II and III (C). The black dashed lines show hydrogen bonds between
amyloidogenic sites and the rest of the Bgl2p globule, shown by green tubes and ribbons. Oxygen,
nitrogen and hydrogen atoms are shown as red, blue and grey sticks, correspondingly.
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Figure 3. Representative AFM images of V187MANAFSYWQ196 peptide on Ultraflat polystyrene
support. (A) Sample from the bulk liquid. (B,C) The sample was prepared by Langmuir–Schaefer and
transferred from the liquid-air interface. Panel B illustrates the complete monolayer of short fibrils
present on the liquid-air interface with rare fibrils on top (white). The inset contains 2× enlarged
fragment of short fibrils monolayer for visual clarity. Panel C hows bundles of longer fibrils of various
morphology on top of this monolayer. (D) The scheme of prepared samples revealed the localization
of fibrils.

Due to the localization of amyloidogenic sites I, II and III in the Bgl2p globule, its
participation in its attachment in the CW is doubtful. However, Site II can probably play a
role in the amyloidization of Bgl2p when it enters the body of higher eukaryotes or during
the formation of biofilms—that is, in case of changing of the native Bgl2p fold in one way
or another. The amyloidogenic potential of Site II demonstrated here and its significance
for medicine should be studied separately.

2.3. Conformation of the C-Terminal Region

As the modeling did not reveal an obvious role of strong amyloid sequences of Bgl2p
in the attachment in CW by forming amyloid structures, we investigated the C-terminal
region of this protein. This structure has not been sufficiently studied to date. However,



Int. J. Mol. Sci. 2024, 25, 13703 8 of 18

the deletion of this region caused this protein to completely lose both the ability to attach
in CW and to form fibrils in the environment [19].

The Bgl2p structure contains a disordered C-terminal region G296VFTSSDNLKYSLDC
DFS313. In the proposed model, this part of the peptide chain is in contact with an α-helix
formed by residues from Val-250 to Trp-267. In this position, it is stabilized by a fairly
strong stacking interaction between the Phe-298 residue belonging to the C-terminal site
and the Phe-277 residue. Also, the residues of Phe-298 and Lys-305 of CTR form stable
hydrogen bonds with the rest of the protein (Table S2). The analysis of the secondary
structure of CTR revealed that Ser-300 and Ser-301 residues form a turn, followed by the
residues of Asp-302, Lys-305 and Tyr-306, which have conformations consistent with a
β-turn, and the residues of Phe-298 and Leu-304 form a β-bridge. The remaining amino
acid residues of CTR do not form elements of the secondary structure. Overall, the stability
of CTR is supported by five strong hydrogen bonds (Table S2), as well as a disulfide bridge
between residues Cys-262 and Cys-310, which was predicted by the AlphaFold program
and is probably the main factor supporting CTR structure described above. At the same
time, these amino acid residues are quite conservative for a number of Bgl2p homologs in
representatives of the Ascomycota group (Supplemental Data S2, Figure S2).

Three algorithms predicted the disordered C-terminal region of Bgl2p as potentially
amyloidogenic [11]. The ability of the C-terminal region to participate in amyloid formation
is supported by the following considerations. Firstly, it is located on the surface of the
globule. Secondly, the residues of these sequences do not form hydrogen bonds or stacking
interactions with the rest of the globule, which simplifies their reorientation to another
peptide chain. However, the amyloidogenic potential of these sequences is counteracted by
the presence of a disulfide bridge between Cys-262 and Cys-310, which helps to anchor
the C-terminal region to the Bgl2p globule. However, experimental data often reveal the
absence of this disulfide bridge. More detailed data on disulfide bridges are provided in
Supplemental Data S3.

Using the CORDAX server [36] to predict the ability of proteins to form amyloid
fibrils and predict the structure of such fibrils, the C-terminal region is not identified as
amyloidogenic. However, for sites 304–309, the so-called Cordax Score (a measure of the
site’s ability to form amyloid-type fibrils) has a value of ~0.52 (when an amyloidogenic site
is considered to have a value of 0.61 or higher) (Supplemental Data S4, Figure S3).

Therefore, although it was not directly demonstrated that the C-terminal region of
Bgl2p plays a direct role in the formation of amyloid fibrils from its molecules, the potential
involvement of the C-terminal region in such interactions cannot be excluded (though not
to the same extent as in typical amyloidogenic proteins).

The data from our molecular dynamics simulations regarding the conformation of
the C-terminal region are not inconsistent with the previously published Bgl2p model
created using the SwissModel tool [19]. Amino acid residues Asp-302, Lys-305, Tyr-306
and L308DCD311 in the AlphaFold model form β-turns, stable and unstable, consequently
(Figure 4).

Since the key role of the C-terminal region in the anchoring of Bgl2p [19] and its
ability to fibrillate in the environment [11,19] has been experimentally demonstrated, we
supposed that the conformational changes occur in the Bgl2p molecule after deletion of the
C-terminal region.
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Figure 4. Conformation of the C-terminal region of the Bgl2p structure model. The L308DCD311

residues of the C-terminal region, forming unstable β-turn, are shown by a yellow tube. Phe-298 and
Leu-304 residues, forming a stable β-bridge, are shown by violet rods, while Asp-302, Lys-305 and
Tyr-306, forming stable β-turn, are shown by deepteal rods. The black dashed lines show hydrogen
bonds. The laying of the rest of the globule is shown by green tubes and ribbons. Oxygen, nitrogen
and hydrogen atoms are shown as red, blue and grey sticks, correspondingly.

2.4. The Effect of C-Terminal Region Deletion on the Conformational Dynamics of Bgl2p

To investigate how the deletion of this region may affect the protein’s conformation and
provide a possible explanation for the observed experimental findings, we have conducted
comparative molecular dynamic modeling (see methods) for wild-type protein (Bgl2p) and
a protein with nine amino acids deletion of the C-terminal region (Bgl2p∆C305–313).

The analysis of the mobility and changes in the mobility of individual protein regions
was performed by calculating the root mean square deviation profiles of C alpha atoms
(RMSF). Figure 5 presents the RMSF profiles along the amino acid sequence of the C-
terminal region of Bgl2p for all calculations. Using these profiles, regions of the protein that
increased their degree of dynamic mobility during the removal of the C-terminal region
were identified.

It has been demonstrated that the deletion of nine amino acid residues from the C-
terminal region of Bgl2p results in increased mobility of several sites: region 192–211,
which includes a portion of a large peripheral α-helix; region 238–248, a loop that is
involved in the formation of the substrate-binding region; and region 255–260, π-helix;
region 299–304, the C-terminal region, is also affected (Figure 5). The comparative images
of the dynamic behavior of the two modeled systems are presented in Figure 6A,B. The
molecular mechanism of changing the RMSF of these sites is described in Supplemental
Data S5, Figure S4.

Region 238–248, which increases its mobility during C-terminal region deletion, forms
a loop that connects the penultimate α-helix with the penultimate β-strand (Figure 6).

Analysis of the protein’s surface in various conformational states reveals (Figure 7)
that this loop is located near the catalytic cleft and may influence its geometry and, con-
sequently, the protein’s interaction with the substrate. Figure 7A,B illustrates the various
conformations of the loop and its effect on the accessibility of the active site. More detailed
data on conformations of loops and active sites is in Supplemental Data S6 (Figure S5,
Table S3) and S7 (Figure S6, Table S4).
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Figure 5. The impact of deletion of nine amino acid residues of Bgl2p from the C-terminus on the
conformational stability of certain regions of the Bgl2p molecule. RMSF profiles in the C-terminal
region along the sequence for Bgl2p and Bgl2p∆C305–313 are shown with designations of the secondary
structure elements: α-helices underlined as helices, β-strands underlined as arrows. Three curves
for each system correspond to three independent calculations. The protein sites with mobility
changes reproducibly are highlighted in color: region 192–211—orange, region 238–248—blue, region
255–260—purple, region 299–304—yellow.
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Figure 6. An illustration of the conformational mobility obtained during the MD calculations of
(A) Bgl2p and (B) Bgl2p∆C305–313. The color scheme of the sites, the mobility of which changes
with the deletion of the C-terminal region, corresponds to Figure 5; the amino acid residues of the
active center are marked in green (Glu-233—light green, Glu-124—dark green). An overlay of several
frames from the MD trajectory is presented to illustrate conformational mobility/variability.

It should be noted that the destabilization of the sites forming the loop can lead to the
shielding of residues that form the active center of the enzyme. Experimental data indicate
that the area of the active center represents another site of the protein that can be involved
in its attachment within the thickness of the glucan matrix of the cell wall (Figure 8). It
can be observed that CW of Glu-233/Ala mutant strain (E233A) has practically no Tris-
non-extractable Bgl2p. Based on the results, it can be concluded that the replacement of
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the catalytic amino acid residue Glu-233 with Ala leads to a significant reduction in the
strength of protein attachment in the CW compared to the wild type (Figure 8).
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Figure 8. Western blot stained with antibodies to Bgl2 of samples obtained from Saccharomyces
cerevisiae cell walls of E233 control and E233A mutant strains, untreated (-) or pretreated (+) with
1% SDS, and then incubated with 0.1 M Tris. The remaining protein was extracted from CW into
a Laemmli buffer with β-mercaptoethanol after Tris incubation (lanes 1). Proteins extracted in Tris
(lanes 2). All extracts were equalized by the optical density of untreated CW.
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Summarizing we can conclude that experimental data indicating that the active center
possibly participates in the anchoring of Bgl2p in the cell wall correlated with modeling:
deletion of CTR leads to the conformational change of loop 238–248 and the covering of the
catalytic cleft. It is possible that shielding of the catalytic cleft does not allow this region of
the molecule to participate in the anchoring on glucan. However, disruption of the active
center structure does not lead to a complete loss of Bgl2p anchoring. At the same time,
C-terminal deletion results in a complete loss of the ability of Bgl2p to be strongly attached
in the CW. It can be concluded that with the deletion of CTR, the Bgl2p molecule loses an
additional site possibly involved in anchoring.

Here, it is important to take into account two facts: Bgl2p is characterized not only as
a glucan-binding enzyme without a carbohydrate-binding module [5] but also it cannot
attach to CW in the absence of cell wall GPI-proteins [26].

With the deletion of the sequence 305–313, Bgl2p loses its ability to attach to CW
because of the loss of two opportunities to anchor: through β-turns and the catalytic cleft,
respectively. The elimination of these sites simultaneously, which occurs when the C-
terminal region is deleted, maybe the reason for the complete loss of the possibility of Bgl2p
attachment to the cell wall [19]. It should be noted that in the presence of a CTR in the Bgl2p
molecule, the protein demonstrates the ability to fibrillate after its release from the CW into
the culture medium [11]. It is obvious that with the loss of CTR, the Bgl2p molecule loses
not only the sites for the cell wall attachment but also machinery that promotes fibrillization
after leaving the CW. We hypothesize that such a mechanism may be a combination of
the amyloidogenic activity of the C-terminal weak amyloidogenic region with structural
features of β-turns recently described to be involved in the fibrillization process [37,38]. To
realize this mechanism, the mobility of the C-terminus is required not only in the region
D311FS313 (Figure 5, gray lines) but also in the region G296VFTSSDNLKYSLDCDFS313. In
the presence of Cys-262–Cys-310 disulfide bond, predicted by Alphafold, this region does
not possess the required mobility.

According to LC-MS/MS analysis under non-reducing conditions, Cys-310 was de-
termined as dehydroalanine or unpaired cysteine in more than a third of Bgl2p samples
in position 310 also even more often, Cys-262 was determined as not involved in the
formation of a disulfide bond. These experimental data suggest that the disulfide bond
between Cys-262 and Cys-310, predicted by Alphafold, is not always realized in vivo, and
the substitution of cysteine to alanine at position 310 may be a good way (legitimate) for
studying the C-terminal region mobility in the absence of a disulfide bond. The results
of MD modeling demonstrated that the site 306–313 acquired greater mobility and more
possible conformations in the case of Bgl2p C310A compared to Bgl2p without mutation
(Figure 9, Supplemental Data S8, Figure S7).
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Summarizing the data of molecular modeling and the results of experiments, it can
be suggested that the C-terminal region is most important not only for Bgl2p attachment
in CW but also for regulation of the process of attachment or release of this protein from
the molecular complex of the cell wall. In the absence of a disulfide bond between Cys-
262 and Cys-310, the C-terminus is tightly pressed against the protein globule, and the
amyloid sequence, as well as the β-turn sequences, are inaccessible both for the formation
of amyloid strands and for interaction with other proteins, for example, with GPI-proteins
of CW. In a conformation characterized by the presence of a disulfide bond between
Cys-262 and Cys-310, Bgl2p, in all probability, can leave CW for the environment under
physiological conditions.

In the absence of this bond, the C-terminal region becomes more mobile. The C-
terminal amyloid sequence, as well as β-turns in the absence of a disulfide bond, become
available for interaction with other CW proteins. It can be assumed that the absence of
a disulfide bond contributes to the process of the interaction that occurs between two or
more Bgl2p molecules, leading to protein fibrillization.

Along with the active center that secures attachment of Bgl2p to its substrate, glucan,
it allows the protein to anchor in CW and demonstrate the properties of a glucan-binding
protein [5]. The interaction of Bgl2p with other CW proteins with participation of the
C-terminal β-turns localized in this region contributes to the protein’s strong attachment in
CW. The active center of the enzyme, in all likelihood, also contributes to Bgl2p anchoring
in CW. All the properties of Bgl2p described here indicate that the strong amyloid peptide
of its molecule and C-terminal amyloid region, together with β-turns, contribute to the
interaction of the protein in the CW and in culture medium to varying degrees and, probably,
in different ways. Under conditions conducive to the protein leaving CW and coming into
the environment, the amyloidogenic potential of its molecule can be increased many times.
Also, it should be noted that LARKS (low-complexity amyloid-like kinked segments) have
been actively studied in recent years [39]. The literature presents a concept describing the
role of these sequences in amyloid-related diseases. The search for LARKS in yeast cell wall
proteins may be a promising direction for the detailed study. These facts require further
investigation since they may have significant medical value.

3. Materials and Methods
3.1. Molecular Dynamics Simulations

We compared Bgl2p S. cerevisiae models built by AlphaFold [28,40,41], SwissModel [42],
Robetta [43] and i-Tasser [44] servers. The template for the construction of the last three
models was the homologous Bgl2p glycosidase Rhizomucor miehei (PDB ID: 4WTP) [32] and
seven glycosidase structures from the GH17 family (Table 1).

The simulated protein globules were analyzed in dodecahedral cells with a mini-
mum distance of 2 nm from the protein globule to the cell border, using the TIP3P water
model [45] and a salt concentration of 150 mM NaCl.

Calculations of molecular dynamics and analysis of the obtained trajectories were
carried out using GROMACS [46] version 2020.1. Molecular-mechanical models of amino
acid residues were constructed using the AMBER-ff14SB force field [47]. The simulation
was performed at a temperature of 300 K, maintained by a velocity scaling thermostat with
an additional stochastic term [48] with a coupling constant of 1 ps and periodic boundary
conditions with an isotropic constant pressure maintained by a Parrinello–Rahman baro-
stat [49–51] with a coupling constant of 1 ps. Electrostatic interactions were processed using
the PME algorithm [52] with a grid step of 0.12 nm and a fourth-order interpolation. The
coordinates were recorded in the trajectory file every 10 ps, and the integration step was
2 fs. The length of each obtained trajectory was 300 ns. The covalent bonds of hydrogen
atoms were constrained using the LINCS algorithm [53].

For the analysis of the trajectories, the GROMOS method [54], the DSSP program [55],
and the PyMOL program were used. Calculation of the potential energy of a protein
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globule and entropy of its torsion angles was performed using compressibility of the
discrete representation [29].

Bgl2p models with Cys-310 replaced by alanine residue (C310A) were generated
based on the model generated by the AlphaFold program using the PyMOL program
(Mutagenesis Wizard), after which the side chain rotameters were optimized using the
FoldX program (RepeirPDB command) [56]. The simulation was carried out under the
conditions described above. Three trajectories with a length of 300 ns each were obtained.

3.2. Atomic Force Microscopy

Two-sided sheets of Ultraflat polystyrene (UFPS) were prepared as previously de-
scribed [57]. A square (25 × 25 mm, 0.3 mm thick) of polyvinyl chloride sheet was thor-
oughly washed with detergent, followed by MilliQ water. The sheet was spun at 2000 RPM,
rinsed with ultrapure toluene, and coated with 100 g/L of polystyrene in toluene. The
same procedure was repeated for the other side of the sheet. The UFPS was stored in a
closed container prior to use to prevent contamination. Small pieces of the desired size
were cut from UFPS for sample preparations.

A V187MANAFSYWQ196 peptide was studied in TRIS buffer (50 mM, pH 7.5) at
25 µg/mL. For preparation of the sample from the bulk liquid, UFPS was fully immersed
in a pure buffer. Next, an equal volume of the peptide in double concentration (50 µg/mL)
was added and mixed by gentle pipetting. The sample was incubated for 30 min; the
surface of the liquid was cleaned with filter paper, and immediate sample withdrawal was
performed. The sample was triple-washed with MilliQ water and dried on air. The second
sample was prepared by Langmuir-Schaefer transfer from the liquid-air interface. The
surface of the peptide solution was cleaned by filter paper and left for 30 min for fibril
formation. The liquid surface was touched by UFPS horizontally, followed by a triple wash
of the sample in MilliQ water.

Samples were examined with N’Tegra Prima scanning probe microscope (NT-MDT,
Moscow, Russia) in semi-contact mode on air using silicon NSG03 cantilevers (NT-MDT,
Moscow, Russia) with a tip curvature radius of 10 nm, resonant frequency of 47–150 kHz,
and force constant of 0.35–6.1 N/m. Raw topography was flattened using polynomial
background subtraction.

3.3. Yeast Strains and Cultivation Conditions

S. cerevisiae strain bgl2∆ (Mat α his3∆1 leu2∆0 lys2∆0 ura3∆0 bgl2::LEU2) [19], obtained
from BY4742 (EUROSCARF) and its derivative obtained as described below with plasmids
pEMBL-yex4-BGL2-E233A (E233A mutant strain) and pEMBL-yex4-BGL2 (E233 control
strain) respectively were used. For experiments, yeast was grown in a liquid medium at
30 ◦C with aeration at 200 rpm until the mid-logarithmic stage. BY4742 was grown on a
YPD medium. E233A and PS strains were grown on a uracil-free synthetic medium [58]
supplemented with 1% D-glucose and 1% D-galactose for the moderate induction of BGL2
under the control of the GAL10-CYC1 hybrid promoter.

3.4. Construction of E233A Mutant Strain

pBGL2-WT plasmid was obtained as previously described [19]. PCR mutagenesis
of pBGL2-WT plasmid was performed with a Q5 site-directed mutagenesis kit (New
England Biolabs, Moscow, Russia). For the construction of pBGL2-E233A plasmid with
E233A mutation 5′-GATATTACCTTCTGGGTTGGTGCGACTGGTTGGCCAACTGATGG-
3′ and 5′-GGTAGAACCTTTAGTAGATTGGATAACC-3′ primers were used. Plasmids were
transformed using the lithium acetate/ssDNA/PEG method [59] into bgl2∆ strain.

3.5. Yeast Cell Wall Isolation and Protein Extraction

Yeast cell walls from mid-logarithmic phase yeast strains were isolated, as described
earlier [25]. Then, CW was treated or non-treated with 1% SDS for 1 h at 37 ◦C and
washed as described earlier [25]. Then, proteins from both SDS-treated and non-treated
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CW were extracted with 0.1 M Tris, as described earlier [25]. For the extraction of non-
covalently attached CW proteins unextracted proteins (Tris CW samples), wash the cell
pellet from first centrifugation with fresh 0.1 M Tris and then remove the supernatant by
centrifugation at 2580× g for 5 min, then extract into Laemmli sample buffer with additional
5% β-mercaptoethanol and 0.625 mM EDTA.

3.6. Electrophoresis, Western Blot Analysis

Polyacrylamide gel electrophoresis (PAGE) and Western blot analysis were performed
as described earlier [25]. For PAGE, various CW extracts were equalized by the optical
density of untreated CW at 540 nm.

3.7. Sample Preparation for LC-MS/MS Analysis

Protein extracts in 0.1 M Tris washed with 1% SDS CW of BY4742 strain were prepared
as described earlier [25]. Protein extracts in milliQ water from ones were prepared by heat-
ing of CW suspension (at the ratio 1 optical density of CW at 540 nm to 10 µL of milliQ) on
a boiling water bath for 10 min. The extracts were separated from the CW by centrifugation
at 12,000× g (Eppendorf, Moscow, Russia) for 2 min. Further sample treatment, liquid
chromatography, and mass spectrometry were carried out as described previously [60]
without the procedure of reduction of disulfide bonds and blocking of cysteines.

4. Conclusions

Thus, summing up all the experimental data and the results obtained in the process
of comparative modeling, we can propose the following hypothetical scheme for the
attachment of the studied protein to CW.

It is possible to suppose that in the absence of the disulfide bridge between Cys-262
and Cys-310, Bgl2p is attached to the CW in three ways:

1 With the interaction of the active center of its molecule and substrate—glucan;
2 With the interaction of β-turns located in the C-terminal region of the Bgl2p molecule

and other cell wall proteins;
3 By amyloid interactions among amino acid sequences localized in the C-terminal re-

gion of Bgl2p molecules one with another, possibly enhanced by β-turns and resulting
in amyloid structure formation inside the cell wall.

In the presence of the Cys262-Cys310 disulfide bond, the protein is likely to leave the
cell wall and move into the medium, where it could serve as an inductor for a fibrillization
of other proteins, possibly with the participation of Site II.

It was demonstrated earlier that Bgl2p can fibrillate under physiological conditions
not only in the environment after entering from the cell wall but also after extraction under
heating. In this work, we have expanded our understanding of the potential ability of a
protein to fibrillate under different conditions and suggested that the amyloid sequences
of Bgl2p involved in the process of its fibrillization have to be different in CW and in the
medium as well as in physiological conditions and after heating since the conformation of
the protein varies.

Direct evidence that Bgl2p can form amyloid-type fibrillar structures within the cell
wall has not been obtained yet. However, there is sufficient indirect evidence to support
this possibility [10,11,22,23].

It should be noted that experimental evidence confirms that amyloid structures formed
by Bgl2p molecules inside CW are extremely weak (they are usually destroyed when boiled
in water). Nevertheless, exposure of intramolecular amyloid amino acid sequences may
lead to the manifestation of more strong Bgl2p amyloid properties. We consider the
amyloid properties of this protein to be the most important for our further study, and we
are currently focusing our efforts on the importance of Bgl2p for medicine.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms252413703/s1.

https://www.mdpi.com/article/10.3390/ijms252413703/s1
https://www.mdpi.com/article/10.3390/ijms252413703/s1


Int. J. Mol. Sci. 2024, 25, 13703 16 of 18

Author Contributions: Conceptualization, T.S.K.; methodology, N.A.M., G.I.M., V.V.R., E.G.E.,
F.A.S. and R.H.Z.; formal analysis, N.A.M., G.I.M., V.V.R., E.G.E., F.A.S., R.H.Z., A.K.S. and T.S.K.;
investigation, N.A.M., G.I.M., V.V.R., E.G.E. and F.A.S.; writing—original draft preparation, N.A.M.,
G.I.M., V.V.R., E.G.E., F.A.S. and T.S.K.; writing—review and editing, N.A.M., G.I.M., V.V.R., E.G.E.,
F.A.S., R.H.Z., A.K.S. and T.S.K.; visualization, N.A.M., G.I.M., V.V.R., E.G.E. and F.A.S.; supervision,
A.K.S. and T.S.K.; funding acquisition, N.A.M., V.V.R., E.G.E., A.K.S. and T.S.K. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the Russian Science Foundation grant #19-74-30003 (https:
//rscf.ru/en/project/19-74-30003/, accessed on 21 October 2024) (molecular modeling) and was sup-
ported by the State Budget Project of Lomonosov Moscow State University (no. 121032300088-6). AFM
studies were performed using equipment purchased under the M.V. Lomonosov Moscow State Uni-
versity development program as part of the State Budget Project (registration theme 121041500039-8).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article and Supplementary Materials.

Acknowledgments: The research is carried out using the equipment of the shared research facilities of
HPC computing resources at Lomonosov Moscow State University. We thank Vladimir K. Arzhanik, a
graduate of the Faculty of Bioengineering and Bioinformatics of Lomonosov Moscow State University,
for his assistance in constructing Bgl2p models using SwissModel, Robetta and i-Tasser.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Tartaglia, G.G.; Caflisch, A. Computational analysis of the S. cerevisiae proteome reveals the function and cellular localization of

the least and most amyloidogenic proteins. Proteins 2007, 68, 273–278. [CrossRef]
2. Ho, V.; Herman-Bausier, P.; Shaw, C.; Conrad, K.A.; Garcia-Sherman, M.C.; Draghi, J.; Dufrene, Y.F.; Lipke, P.N.; Rauceo, J.M.

An amyloid core sequence in the major Candida albicans adhesin Als1p mediates cell-cell adhesion. MBio 2019, 10, e01766-19.
[CrossRef] [PubMed]

3. Nguyen, H.T.; Zhang, R.; Inokawa, N.; Oura, T.; Chen, X.; Iwatani, S.; Niimi, K.; Niimi, M.; Holmes, A.R.; Cannon, R.D.; et al.
Candida albicans Bgl2p, Ecm33p, and Als1p proteins are involved in adhesion to saliva-coated hydroxyapatite. J. Oral Microbiol.
2021, 13, 1879497. [CrossRef]

4. Mourer, T.; Ghalid, M.E.; Pehau-Arnaudet, G.; Kauffmann, B.; Loquet, A.; Brûlé, S.; Cabral, V.; d’Enfert, C.; Bachellier-Bassi, S.
The Pga59 cell wall protein is an amyloid forming protein involved in adhesion and biofilm establishment in the pathogenic yeast
Candida albicans. NPJ Biofilms Microbiomes 2023, 9, 6. [CrossRef]

5. Klebl, F.; Tanner, W. Molecular cloning of a cell wall exo-beta-1,3-glucanase from Saccharomyces cerevisiae. J. Bacteriol. 1989, 171,
6259–6264. [CrossRef]

6. Mrsa, V.; Klebl, F.; Tanner, W. Purification and characterization of the Saccharomyces cerevisiae BGL2 gene product, a cell wall
endo-beta-1,3-glucanase. J. Bacteriol. 1993, 175, 2102–2106. [CrossRef] [PubMed]

7. Goldman, R.C.; Sullivan, P.A.; Zakula, D.; Capobianco, J.O. Kinetics of beta-1,3-glucan interaction at the donor and acceptor sites
of the fungal glucosyltransferase encoded by the BGL2 gene. Eur. J. Biochem. 1995, 227, 372–378. [CrossRef]

8. Sarthy, A.V.; McGonigal, T.; Coen, M.; Frost, D.J.; Meulbroek, J.A.; Goldman, R.C. Phenotype in Candida albicans of a disruption of
the BGL2 gene encoding a 1,3-β-glucosyltransferase. Microbiology 1997, 143, 367–376. [CrossRef] [PubMed]

9. Jeng, H.W.; Holmes, A.R.; Cannon, R.D. Characterization of two Candida albicans surface mannoprotein adhesins that bind
immobilized saliva components. Med. Mycol. 2005, 43, 209–217. [CrossRef]

10. Kalebina, T.S.; Plotnikova, T.A.; Gorkovskii, A.A.; Selyakh, I.O.; Galzitskaya, O.V.; Bezsonov, E.E.; Gellissen, G.; Kulaev, I.S.
Amyloid–like properties of Saccharomyces cerevisiae cell wall glucantransferase Bgl2p. Prion 2008, 2, 91–96. [CrossRef] [PubMed]

11. Bezsonov, E.E.; Groenning, M.; Galzitskaya, O.V.; Gorkovskii, A.A.; Semisotnov, G.V.; Selyakh, I.O.; Ziganshin, R.H.; Rekstina,
V.V.; Kudryashova, I.B.; Kuznetsov, S.A.; et al. Amyloidogenic peptides of yeast cell wall glucantransferase Bgl2p as a model for
the investigation of its pH-dependent fibril formation. Prion 2013, 7, 175–184. [CrossRef] [PubMed]

12. Kalebina, T.S.; Rekstina, V.V.; Pogarskaia, E.E.; Kulakovskaya, T.V. Importance of Non-Covalent Interactions in Yeast Cell Wall
Molecular Organization. Int. J. Mol. Sci. 2024, 25, 2496. [CrossRef] [PubMed]

13. Klis, F.M.; Boorsma, A.; De Groot, P.W. Cell wall construction in Saccharomyces cerevisiae. Yeast 2006, 23, 185–202. [CrossRef]
14. Chaffin, W.L. Candida albicans cell wall proteins. Microbiol. Mol. Biol. Rev. 2008, 72, 495–544. [CrossRef]
15. Millet, N.; Latgé, J.P.; Mouyna, I. Members of glycosyl-hydrolase family 17 of A. fumigatus differentially affect morphogenesis. J.

Fungi 2018, 4, 18. [CrossRef] [PubMed]
16. Teparic, R.; Lozancic, M.; Mrsa, V. Evolutionary overview of molecular interactions and enzymatic activities in the yeast cell

walls. Int. J. Mol. Sci. 2020, 21, 8996. [CrossRef]

https://rscf.ru/en/project/19-74-30003/
https://rscf.ru/en/project/19-74-30003/
https://doi.org/10.1002/prot.21427
https://doi.org/10.1128/mBio.01766-19
https://www.ncbi.nlm.nih.gov/pubmed/31594814
https://doi.org/10.1080/20002297.2021.1879497
https://doi.org/10.1038/s41522-023-00371-x
https://doi.org/10.1128/jb.171.11.6259-6264.1989
https://doi.org/10.1128/jb.175.7.2102-2106.1993
https://www.ncbi.nlm.nih.gov/pubmed/8458852
https://doi.org/10.1111/j.1432-1033.1995.tb20399.x
https://doi.org/10.1099/00221287-143-2-367
https://www.ncbi.nlm.nih.gov/pubmed/9043114
https://doi.org/10.1080/13693780410001731637
https://doi.org/10.4161/pri.2.2.6645
https://www.ncbi.nlm.nih.gov/pubmed/19098439
https://doi.org/10.4161/pri.22992
https://www.ncbi.nlm.nih.gov/pubmed/23208381
https://doi.org/10.3390/ijms25052496
https://www.ncbi.nlm.nih.gov/pubmed/38473742
https://doi.org/10.1002/yea.1349
https://doi.org/10.1128/MMBR.00032-07
https://doi.org/10.3390/jof4010018
https://www.ncbi.nlm.nih.gov/pubmed/29385695
https://doi.org/10.3390/ijms21238996


Int. J. Mol. Sci. 2024, 25, 13703 17 of 18

17. Henrissat, B.; Davies, G. Structural and sequence-based classification of glycoside hydrolases. Curr. Opin. Struct. Biol. 1997, 7,
637–644. [CrossRef] [PubMed]

18. Plotnikova, T.A.; Selyakh, I.O.; Kalebina, T.S.; Kulaev, I.S. Bgl2p and Gas1p are the major glucantransferases forming the molecular
ensemble of yeast cell wall. Dokl. Biochem. Biophys. 2006, 409, 244–247. [CrossRef]

19. Sabirzyanov, F.A.; Sabirzyanova, T.A.; Rekstina, V.V.; Adzhubei, A.A.; Kalebina, T.S. C–terminal sequence is involved in the
incorporation of bgl2p glucanosyltransglycosylase in the cell wall of Saccharomyces cerevisiae. FEMS Yeast Res. 2018, 18, fox093.
[CrossRef]

20. Moreno-Garcia, J.; Mauricio, J.; Moreno, J.; Garcia-Martinez, T. Differential proteome analysis of a flor yeast strain under biofilm
formation. Int. J. Mol. Sci. 2017, 18, 720. [CrossRef]

21. Pitarch, A.; Jiménez, A.; Nombela, C.; Gil, C. Decoding serological response to Candida cell wall immunome into novel diagnostic,
prognostic, and therapeutic candidates for systemic candidiasis by proteomic and bioinformatic analyses. Mol. Cell. Proteom.
2006, 5, 79–96. [CrossRef] [PubMed]

22. Gorkovskii, A.A.; Bezsonov, E.E.; Plotnikova, T.A.; Kalebina, T.S.; Kulaev, I.S. Revealing of Saccharomyces cerevisiae yeast cell wall
proteins capable of binding thioflavin T, a fluorescent dye specifically interacting with amyloid fibrils. Biochemistry 2009, 74,
1219–1224. [CrossRef]

23. Bezsonov, E.E.; Kalebina, T.S.; Gorkovskii, A.A.; Kudryashova, I.B.; Semisotnov, G.V.; Kulaev, I.S. Temperature–induced
conformational transitions of the glucantransferase Bgl2p isolated from Saccharomyces cerevisiae cell walls. Mol. Biol. 2010, 44,
488–491. [CrossRef] [PubMed]

24. Andersen, C.B.; Yagi, H.; Manno, M.; Martorana, V.; Ban, T.; Christiansen, G.; Otzen, D.E.; Goto, Y.; Rischel, C. Branching in
amyloid fibril growth. Biophys. J. 2009, 96, 1529–1536. [CrossRef]

25. Rekstina, V.V.; Sabirzyanova, T.A.; Sabirzyanov, F.A.; Adzhubei, A.A.; Tkachev, Y.V.; Kudryashova, I.B.; Snalina, N.E.; Bykova,
A.A.; Alessenko, A.V.; Ziganshin, R.H.; et al. The post-translational modifications, localization, and mode of attachment of
noncovalently bound glucanosyltransglycosylases of yeast cell wall as a key to understanding their functioning. Int. J. Mol. Sci.
2020, 21, 8304. [CrossRef] [PubMed]

26. Kalebina, T.S.; Laurinavichiute, D.K.; Packeiser, A.N.; Morenkov, O.S.; Ter-Avanesyan, M.D.; Kulaev, I.S. Correct GPI-anchor
synthesis is required for the incorporation of endoglucanase/glucanosyltransferase Bgl2p into the Saccharomyces cerevisiae cell
wall. FEMS Microbiol. Lett. 2002, 210, 81–85. [CrossRef] [PubMed]

27. Wojtkowiak, A.; Witek, K.; Hennig, J.; Jaskolski, M. Structures of an active–site mutant of a plant 1,3-β-glucanase in complex with
oligosaccharide products of hydrolysis. Acta Crystallogr. D Biol. Crystallogr. 2012, 69, 52–62. [CrossRef] [PubMed]

28. Jumper, J.; Evans, R.; Pritzel, A.; Green, T.; Figurnov, M.; Ronneberger, O.; Tunyasuvunakool, K.; Bates, R.; Žídek, A.; Potapenko,
A.; et al. Highly accurate protein structure prediction with AlphaFold. Nature 2021, 596, 583–589. [CrossRef]

29. Avinery, R.; Kornreich, M.; Beck, R. Universal and accessible entropy estimation using a compression algorithm. Phys. Rev. Lett.
2019, 123, 178102. [CrossRef]

30. Tsai, P.C.; Fox, N.; Bigley, A.N.; Harvey, S.P.; Barondeau, D.P.; Raushel, F.M. Enzymes for the homeland defense: Optimizing
phosphotriesterase for the hydrolysis of organophosphate nerve agents. Biochemistry 2012, 51, 6463–6475. [CrossRef] [PubMed]

31. Madej, T.; Lanczycki, C.J.; Zhang, D.; Thiessen, P.A.; Geer, R.C.; Marchler-Bauer, A.; Bryant, S.H. MMDB and VAST+: Tracking
structural similarities between macromolecular complexes. Nucleic Acids Res. 2013, 42, D297–D303. [CrossRef]

32. Qin, Z.; Yan, Q.; Lei, J.; Yang, S.; Jiang, Z.; Wu, S. The first crystal structure of a glycoside hydrolase family 17 β-1,3-
glucanosyltransferase displays a unique catalytic cleft. Acta Crystallogr. D Biol. Crystallogr. 2015, 71, 1714–1724. [CrossRef]
[PubMed]

33. Varghese, J.N.; Garrett, T.P.; Colman, P.M.; Chen, L.; Hoj, P.B.; Fincher, G.B. Three-dimensional structures of two plant beta-glucan
endohydrolases with distinct substrate specificities. Proc. Natl. Acad. Sci. USA 1994, 91, 2785–2789. [CrossRef] [PubMed]

34. Receveur-Brechot, V.; Czjzek, M.; Barre, A.; Roussel, A.; Peumans, W.J.; Damme, E.J.W.; Rougé, P. Crystal structure at 1.45 Å
resolution of the major allergen endo–β–1,3–glucanase of banana as a molecular basis for the latex–fruit syndrome. Proteins 2006,
63, 235–242. [CrossRef] [PubMed]

35. Rodriguez-Romero, A.; Hernandez-Santoyo, A.; Fuentes-Silva, D.; Palomares, L.A.; Mũnoz-Cruz, S.; Yépez-Mulia, L.; Orozco-
Martinez, S. Structural analysis of the endogenous glycoallergen Hev b 2 (endo–β–1,3–glucanase) from Hevea brasiliensis and its
recognition by human basophils. Acta Crystallogr. D Biol. Crystallogr. 2014, 70, 329–341. [CrossRef] [PubMed]

36. Louros, N.; Rousseau, F.; Schymkowitz, J. CORDAX web server: An online platform for the prediction and 3D visualization of
aggregation motifs in protein sequences. Bioinformatics 2024, 40, btae279. [CrossRef]

37. Paiz, E.A.; Allen, J.H.; Correia, J.J.; Fitzkee, N.C.; Hough, L.E.; Whitten, S.T. Beta turn propensity and a model polymer scaling
exponent identify intrinsically disordered phase-separating proteins. J. Biol. Chem. 2021, 297, 101343. [CrossRef]

38. Xing, Y.; Nandakumar, A.; Kakinen, A.; Sun, Y.; Davis, T.P.; Ke, P.C.; Ding, F. Amyloid Aggregation under the Lens of Liquid-
Liquid Phase Separation. J. Phys. Chem. Lett. 2021, 12, 368–378. [CrossRef] [PubMed]

39. Murray, K.A.; Hughes, M.P.; Hu, C.J.; Sawaya, M.R.; Salwinski, L.; Pan, H.; French, S.W.; Seidler, P.M.; Eisenberg, D.S. Identifying
Amyloid-Related Diseases by Mapping Mutations in Low-Complexity Protein Domains to Pathologies. Nat. Struct. Mol. Biol.
2022, 29, 529–536. [CrossRef] [PubMed]

https://doi.org/10.1016/S0959-440X(97)80072-3
https://www.ncbi.nlm.nih.gov/pubmed/9345621
https://doi.org/10.1134/S1607672906040144
https://doi.org/10.1093/femsyr/fox093
https://doi.org/10.3390/ijms18040720
https://doi.org/10.1074/mcp.M500243-MCP200
https://www.ncbi.nlm.nih.gov/pubmed/16195222
https://doi.org/10.1134/S0006297909110066
https://doi.org/10.1134/S0026893310030192
https://www.ncbi.nlm.nih.gov/pubmed/20608181
https://doi.org/10.1016/j.bpj.2008.11.024
https://doi.org/10.3390/ijms21218304
https://www.ncbi.nlm.nih.gov/pubmed/33167499
https://doi.org/10.1111/j.1574-6968.2002.tb11163.x
https://www.ncbi.nlm.nih.gov/pubmed/12023081
https://doi.org/10.1107/S0907444912042175
https://www.ncbi.nlm.nih.gov/pubmed/23275163
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1103/PhysRevLett.123.178102
https://doi.org/10.1021/bi300811t
https://www.ncbi.nlm.nih.gov/pubmed/22809162
https://doi.org/10.1093/nar/gkt1208
https://doi.org/10.1107/S1399004715011037
https://www.ncbi.nlm.nih.gov/pubmed/26249352
https://doi.org/10.1073/pnas.91.7.2785
https://www.ncbi.nlm.nih.gov/pubmed/8146192
https://doi.org/10.1002/prot.20876
https://www.ncbi.nlm.nih.gov/pubmed/16421930
https://doi.org/10.1107/S1399004713027673
https://www.ncbi.nlm.nih.gov/pubmed/24531467
https://doi.org/10.1093/bioinformatics/btae279
https://doi.org/10.1016/j.jbc.2021.101343
https://doi.org/10.1021/acs.jpclett.0c02567
https://www.ncbi.nlm.nih.gov/pubmed/33356290
https://doi.org/10.1038/s41594-022-00774-y
https://www.ncbi.nlm.nih.gov/pubmed/35637421


Int. J. Mol. Sci. 2024, 25, 13703 18 of 18

40. Varadi, M.; Anyango, S.; Deshpande, M.; Nair, S.; Natassia, C.; Yordanova, G.; Yuan, D.; Stroe, O.; Wood, G.; Laydon, A.; et al.
AlphaFold protein structure database: Massively expanding the structural coverage of protein-sequence space with high-accuracy
models. Nucleic Acids Res. 2021, 50, D439–D444. [CrossRef]

41. Glucan 1,3–beta–glucosidase. Alphafold Structure Prediction. Available online: https://alphafold.ebi.ac.uk/entry/P15703
(accessed on 9 September 2021).

42. Waterhouse, A.; Bertoni, M.; Bienert, S.; Studer, G.; Tauriello, G.; Gumienny, R.; Heer, F.T.; de Beer, T.A.P.; Rempfer, C.; Bordoli,
L.; et al. SWISS-MODEL: Homology modelling of protein structures and complexes. Nucleic Acids Res. 2018, 46, W296–W303.
[CrossRef]

43. Kim, D.E.; Chivian, D.; Baker, D. Protein structure prediction and analysis using the robetta server. Nucleic Acids Res. 2004, 32,
W526–W531. [CrossRef]

44. Yang, J.; Zhang, Y. I-TASSER server: New development for protein structure and function predictions. Nucleic Acids Res. 2015, 43,
W174–W181. [CrossRef]

45. Jorgensen, W.L.; Chandrasekhar, J.; Madura, J.D. Comparison of simple potential functions for simulating liquid water. J. Chem.
Phys. 1983, 79, 926–935. [CrossRef]

46. Abraham, M.J.; Murtola, T.; Schulz, R.; Pall, S.; Smith, J.C.; Hess, B.; Lindahl, E. Gromacs: High performance molecular simulations
through multi-level parallelism from laptops to supercomputers. SoftwareX 2015, 1, 19–25. [CrossRef]

47. Maier, J.A.; Martinez, C.; Kasavajhala, K.; Wickstrom, L.; Hauser, K.E.; Simmerling, C. ff14SB: Improving the accuracy of protein
side chain and backbone parameters from ff99SB. J. Chem. Theory Comput. 2015, 11, 3696–3713. [CrossRef]

48. Bussi, G.; Donadio, D.; Parrinello, M. Canonical sampling through velocity rescaling. J. Chem. Phys. 2007, 126, 014101. [CrossRef]
49. Parrinello, M.; Rahman, A. Crystal structure and pair potentials: A molecular-dynamics study. Phys. Rev. Lett. 1980, 45, 1196–1199.

[CrossRef]
50. Parrinello, M.; Rahman, A. Polymorphic transitions in single crystals: A new molecular dynamics method. J. Appl. Phys. 1981, 52,

7182–7190. [CrossRef]
51. Parrinello, M.; Rahman, A. Strain fluctuations and elastic constants. J. Chem. Phys. 1982, 76, 2662–2666. [CrossRef]
52. Darden, T.; York, D.; Pedersen, L. Particle mesh Ewald: An Nlog(N) method for Ewald sums in large systems. J. Chem. Phys. 1993,

98, 10089–10092. [CrossRef]
53. Hess, B.; Bekker, H.; Berendsen, H.J.C.; Fraaije, J.G.E.M. LINCS: A linear constraint solver for molecular simulations. J. Comput.

Chem. 1997, 18, 1463–1472. [CrossRef]
54. Daura, X.; Gademann, K.; Jaun, B.; Seebach, D.; van Gunsteren, W.F.; Mark, A.E. Peptide folding: When simulation meets

experiment. Angew. Chem. Int. Ed. 1999, 38, 236–240. [CrossRef]
55. Kabsch, W.; Sander, C. Dictionary of protein secondary structure: Pattern recognition of hydrogen-bonded and geometrical

features. Biopolymers 1983, 22, 2577–2637. [CrossRef]
56. Schymkowitz, J.; Borg, J.; Stricher, F.; Nys, R.; Rousseau, F.; Serrano, L. The FoldX web server: An online force field. Nucleic Acids

Res. 2005, 33, W382–W388. [CrossRef] [PubMed]
57. Qian, W.; Yao, D.; Yu, F.; Xu, B.; Zhou, R.; Bao, X.; Lu, Z. Immobilization of Antibodies on Ultraflat Polystyrene Surfaces. Clin.

Chem. 2000, 46, 1456–1463. [CrossRef] [PubMed]
58. Sherman, F. Getting started with yeast. Methods Enzymol. 2002, 350, 3–41. [CrossRef]
59. Gietz, R.D.; Schiestl, R.H.; Willems, A.R.; Woods, R.A. Studies on the transformation of intact yeast cells by the LiAc/SS-DNA/PEG

procedure. Yeast 1995, 11, 355–360. [CrossRef] [PubMed]
60. Kulak, N.A.; Pichler, G.; Paron, I.; Nagaraj, N.; Mann, M. Minimal, encapsulated proteomic-sample processing applied to

copy-number estimation in eukaryotic cells. Nat. Methods 2014, 11, 319–324. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1093/nar/gkab1061
https://alphafold.ebi.ac.uk/entry/P15703
https://doi.org/10.1093/nar/gky427
https://doi.org/10.1093/nar/gkh468
https://doi.org/10.1093/nar/gkv342
https://doi.org/10.1063/1.445869
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1021/acs.jctc.5b00255
https://doi.org/10.1063/1.2408420
https://doi.org/10.1103/PhysRevLett.45.1196
https://doi.org/10.1063/1.328693
https://doi.org/10.1063/1.443248
https://doi.org/10.1063/1.464397
https://doi.org/10.1002/(SICI)1096-987X(199709)18:12%3C1463::AID-JCC4%3E3.0.CO;2-H
https://doi.org/10.1002/(SICI)1521-3773(19990115)38:1/2%3C236::AID-ANIE236%3E3.0.CO;2-M
https://doi.org/10.1002/bip.360221211
https://doi.org/10.1093/nar/gki387
https://www.ncbi.nlm.nih.gov/pubmed/15980494
https://doi.org/10.1093/clinchem/46.9.1456
https://www.ncbi.nlm.nih.gov/pubmed/10973890
https://doi.org/10.1016/S0076-6879(02)50954-X
https://doi.org/10.1002/yea.320110408
https://www.ncbi.nlm.nih.gov/pubmed/7785336
https://doi.org/10.1038/nmeth.2834
https://www.ncbi.nlm.nih.gov/pubmed/24487582

	Introduction 
	Results and Discussion 
	Prediction and Choosing of Bgl2p Structural Model for Further Analysis 
	Structure and Position of Strong Amyloidogenic Sites F83TIFVGV89, N190AFS193 and G268VNVIVFEA276 
	Conformation of the C-Terminal Region 
	The Effect of C-Terminal Region Deletion on the Conformational Dynamics of Bgl2p 

	Materials and Methods 
	Molecular Dynamics Simulations 
	Atomic Force Microscopy 
	Yeast Strains and Cultivation Conditions 
	Construction of E233A Mutant Strain 
	Yeast Cell Wall Isolation and Protein Extraction 
	Electrophoresis, Western Blot Analysis 
	Sample Preparation for LC-MS/MS Analysis 

	Conclusions 
	References

