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ABSTRACT

Endo-p-1,3-glucanases from several organisms have attracted much attention in recent
years because of their capability for in vitro degrading B-1,3-glucan as a critical step for
both biofuels production and short-chain oligosaccharides synthesis. In this study, we
biochemically characterized a putative endo-B-1,3-glucanase (EgrGH64) belonging to
the family GH64 from the single-cell protist Euglena gracilis. The gene coding for the
enzyme was heterologously expressed in a prokaryotic expression system supplemented
with 3% (v/v) ethanol to optimize the recombinant protein right folding. Thus, the
produced enzyme was highly purified by immobilized-metal affinity and gel filtration
chromatography. The enzymatic study demonstrated that EQrGH64 could hydrolyze
laminarin (Km 23.5 mg.ml kear 1.20 s) and also, but with less enzymatic efficiency,
paramylon (Km 20.2 mg.ml™ kear 0.23 ml.mg2.st). The major product of the hydrolysis
of both substrates was laminaripentaose. The enzyme could also use ramified B-glucan
from the baker's yeast cell wall as a substrate (Km 210 mg.ml?,
ket 0.88 ml.mg?l.s?). This latter result, combined with interfacial kinetic analysis
evidenced a protein’s greater efficiency for the yeast polysaccharide, and a higher
number of hydrolysis sites in the B-1,3/B-1,6-glucan. Concurrently, the enzyme
efficiently inhibited the fungal growth when used at 1.0 mg/mL (15.4 uM). This study
contributes to assigning a correct function and determining the enzymatic specificity of

EgrGH64, which emerges as a relevant biotechnological tool for processing -glucans.

KEYWORDS: GH64 protein; Euglenoids; paramylon; laminarin
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1. INTRODUCTION

Euglena gracilis is a single-celled flagellate that lives in aquatic environments [1]. It
belongs to the protist phylum Euglenozoa, incluiding kinetoplastids (bodonids and
trypanosomatids), diplonemids, and symbiontids[2-4]. Furthermore, Euglenozoa is
comprised within the Excavata group along with other parasites such as Giardia spp.
(Fornicata) and Trichomonas spp. (Parabasalia),the reason for which many authors
consider that the former represents the most basal eukaryotic branch [5]. E. gracilis is a
microorganism capable of growing both photosynthetically (using sun light to fix
atmospheric COz), heterotrophically (in the dark with an organic carbon source), and

mixotrophically (using an organic carbon source in the light).

Whatever the growing condition, E. gracilis manages to accumulate different bioactive
compounds inside the cell, especially paramylon and wax esters [6,7], both of which are
relevant due to their potential use in generating biodegradable plastics or bioethanol, in
replacement of hydrocarbons. Each growth condition implies the activation of specific
metabolic pathways and producing different forms of carbon accumulation. Thus,
studying the biochemical, functional, and regulatory properties of the enzymes involved

in the synthesis and degradation of Euglenoids reserves is important.

E. gracilis obtains the energy necessary to remain viable under anaerobic and dark
conditions by degradation of paramylon, mainly linear -1,3-polymer of glucose. An
important focus of our work is to characterize enzymes involved in this protist
metabolism to manage paramylon into readily fermentable glucose units. Moreover,
several of the oligosaccharide products of hydrolysis exhibit various biological
activities, such as anti-diabetic [8],stimulating leukocytes to induce the production of

cytokines [9], or modulating lipid metabolism and intestinal microflora [10].
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Consequently, suitable endo-p-1,3-glucanases are determinants for the enzymatic

preparation of well-defined glucooligosaccharides.

In E. gracilis, the accumulated paramylon degrades when there are energy requirements.
Partial consumption of paramylon at night has been shown in autotrophic cultures [11].
Under anaerobic conditions, the polysaccharides is promptly degraded and converted to
wax esters [12]. However, paramylon granules have been found as recalcitrant to
enzymatic degradation, after which a consortium of different enzymes would be
required for the efficient degradation of this polysaccharide [13]. Studies carried out
through partial purifications of paramylon extracts showed the presence of enzymes
with endo and exo-B-1,3-glucanase activity. [14-16]. Subsequently, transcriptomics
studies showed a series of transcripts that code for different families of exo and endo-p-
1,3-glucanases. In the endo-B-1,3- glucanases, transcripts coding for proteins that would
be part of three families with this activity were identified: GH17, GH64, and GH81
[17,18]. Moreover, amino acid sequences of these three families were identified from
paramylon-binding assay proteomics[19]. Recently, the simultaneous knockdown of one
GH17 and two GH81 genes showed significant but partial retardation of paramylon
breakdown under hypoxic conditions[20]. So far, only one endo-B-1,3-glucanase,

belonging to the GH17 family, has been kinetically characterized[21].

We identified in E. gracilis a transcript coding for a putative member of the GH64
family that can specifically hydrolyze glycosidic bonds in B-1,3-glucans[17]. In this
study, the gene coding for an endo-B-1,3-glucanase (EC 3.2.1.39) in E. gracilis
(Egrgh64) was expressed using a standard Escherichia coli expression system. Two-step
procedures allowed the high purifying of the recombinant protein. The catalytic

properties of EgQrGH64 were determined, including the enzyme’s ability to hydrolyze -
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glucans containing lineal (B-1,3) and branched (B-1,3/B-1,6) glycosidic bonds.
Complementing the biochemical analysis, we performed an in silico modeling of the
EgrGH64 three-dimensional structure for a deeper understanding of the enzymatic
behavior of the enzyme. This study contributes to this enzyme’s functioning and

potential utility for biotechnological processes.

2. MATERIALS AND METHODS

2.1. Chemicals
Laminarin, B-1,3/p-1,6-glucans from yeast cell walls (BG-YCW), protein standards, and
IPTG were obtained from Sigma-Aldrich. All other reagents were of the highest quality

available.

2.2. Polysaccharide substrates preparation

Laminarin and B-glucan yeast cell wall (BG-YCW) were dissolved directly in sodium
acetate buffer (50 mM, pH 4.5) for each case reaching 100 mg/ml.

Paramylon was purified from the microalgae. E. gracilis cells were collected by
centrifugation at 2500 g for 5 min and washed thrice with distilled water. Cells were
disrupted by sonication for 5 min and then centrifuged. The supernatant was discarded,
and the pellet washed first, five times with distilled water, and then three washes more
with mixture of hexane:water (1:1). Finally, after washing thrice with distilled water,
the paramylon was taken to a stove up to constant weight. The paramylon was

resuspended in sodium acetate buffer (50 mM, pH 4.5) 100 mg/ml.

2.3. Bacteria and plasmids
Escherichia coli Top 10 F’ cells (Invitrogen) were used for cloning. The recombinant

protein was expressed using the pET28c vector (Novagen) and E. coli BL21 (DE3) cells
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as hosts (Invitrogen). DNA manipulation, E. coli culture, and transformation were

performed according to standard protocols.

2.4. Cloning of gh64 gene from E. gracilis

Based on transcriptome information (light m.63754) from E. gracilis[17] and using
codon optimization for heterologous expression in E. coli cells, the gene coding for a
putative GH64 from E. gracilis(egrgh64) was de novo synthesized (BIO BASIC INC).
The egrgh64 was designed to be flanked with Ndel and HindlIll restriction sites for later
cloning and expression in E. coli cells. The pUC57 plasmid harboring the egrgh64 gene
was digested with Ndel and Hindlll. The released gene was separated in a 1% (w/v)
agarose gel electrophoresis and purified using a Wizard SV gel & PCR Clean-Up kit
(Promega). The digested egrgh64 gene was subcloned into pET28c to obtain the
construct [pET28c/egrgh64], including an N-terminal His-tag. This construct was used
to transform E. coli BL21 (DE3) competent cells.

2.5. Protein production and purification

E. coli BL21 (DE3) cells transformed with [pET28c/egrgh64] were grown at 37°C in a
TB medium supplemented with 50 pg.mlt kanamycin and 3% (v/v) ethanol until
reaching an ODeoo ~ 1.0. The egrgh64 expression was induced with 1.0 mM IPTG at
25°C for 16 h. Centrifugation forl5 min at 4°C and 5,000 x g served for harvesting the
cells. The pellet was suspended in 5 ml of buffer A (25 mM Tris—HCI pH 8.0, 300 mM
NaCl, 5% (v/v) glycerol, 10 mM imidazole) per g of cells. Cells were disrupted after
sonication on ice and centrifuged at 16,000 x g for 20 min at 4°C. EgrGH64 was
purified by immobilized metal affinity chromatography (IMAC) using 1 ml HisTrap™
HP columns (GE Healthcare). Briefly, supernatants were loaded onto previously

equilibrated Ni?* charged columns. After extensive washing with buffer A, samples
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were eluted with a 10 — 300 mM imidazole linear gradient (50-column volumes). Active
fractions enriched in EgrGH64 were pooled and further purified by gel filtration
chromatography. Briefly, the sample was loaded onto a Superdex G-200 column (GE
Healthcare) and eluted with buffer A without imidazole. Active fractions were
concentrated and supplemented with glycerol (25% v/v). All proteins were stable for at

least three months when stored at -80°C under these conditions.

2.6. Protein methods

Protein concentration was determined by the Bradford procedure [22] using bovine
serum albumin as a standard. Proteins were analyzed by SDS-PAGE (in the presence or
absence of a reducing agent) according to Laemmli[23] [polyacrylamide monomer
concentration was 12% (w/v) for the separating gel and 4% (w/v) for the stacking gel].

Coomassie Brilliant Blue served for protein staining.

2.7. Molecular mass determination

The quaternary structure of the pure recombinant EQrGH64 was determined by gel
filtration chromatography. The sample was loaded in a Superdex Tricorn 10/300
column (GE Healthcare) in buffer G (50 mM HEPES-NaOH pH 8.0, 100 mM NacCl,
and 0.1 mM EDTA). The molecular mass was calculated using a calibration plot
constructed with protein standards from GE Healthcare, including thyroglobulin (669
kDa), ferritin (440 kDa), aldolase (158 kDa), conalbumin (75 kDa), ovalbumin (44
kDa), carbonic anhydrase (29 kDa), and ribonuclease A (13.7 kDa). The column void

volume was measured using a dextran blue loading solution (Promega).
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2.8. Enzyme assay

The standard assay for endo-p-1,3-glucanase activity was performed using 2.5 mg.ml*
laminarin as substrate and a proper enzyme dilution, at 50°C in buffer sodium acetate
50 mM, pH 4.5. After 30 min of reaction, reducing sugars released from laminarin were
determined by the Somogyi-Nelson method[24,25]. The substrate consumption was
maintained below 10% as a control to ensure the proper determination of the initial rate
(vi). One unit (U) of enzyme activity is defined as the amount of enzyme that catalyze
the release of 1 pmol of glucose equivalent released per minute under the assay
condition specified above.

The optimal pH of EgrGH64 was determined by measuring the hydrolytic activity
under the above-specified conditions, except for the different pH values in the assay.
The buffers (50 mM) used for these assays contained sodium acetate (pH 3.5, 4.5 and
5.0), sodium phosphate (pH 6.0 and 7.5), or Tris-HCI (pH 8.5, 9.0 and 9.5). Ditto, for
measuring optimal temperature, enzyme activity was measured between 15°C and 65°C
in 50 mM sodium acetate buffer, at pH 4.5. The thermal stability of EgrGH64 was
measured by determining residual hydrolytic activity at 50°C of the enzyme
preincubated for 30 min at different temperatures between 15°C and 70°C.

The effect of metal ions was determined by measuring enzymatic activity in the
presence of different metal ions (Ni?*, Fe**, Mn?*, Mg?*, Co?*, Zn?*, and Ca?*) at 5 mM

in 50 mM sodium acetate buffer, at pH 4.5.

2.9. Kinetic analysis

We used the approach developed for interfacial enzyme kinetics[26,27], applying two
models: the conventional Michaelis-Menten (“°YMM) and the inverse Michaelis-

Menten("™'MM).Using the MM model, a fixed amount of enzyme activity is assayed
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as a function of substrate saturation fitting the data to Equations 1 (where Kkca is the
turnover number).

_ kcatEoSo
Kpm+So

1)

The™MM approach swaps the role of substrate and enzyme, measuring initial rates at a

fixed substrate level and with different enzyme concentrations, according to Equation2.

— KcatSoEo
eanM+E0

)

As in Equation 3, the ratio of parameters, allows determining the density of enzyme
attack sites on the polymer substrate surface, where the ™*Kwm is the parameter
corresponding to ™'Kwm in molar units.

YK mol/L

r= = 3
massKM g/L \ )

The vi determination for conventional Michaelis-Menten (*°"VMM) was made with 0.16,
0.26 and 0.19 mg.ml! of EgrGH64 for laminarin, paramylon and BG-YCW
respectively. Substrate saturation curve was performed using 2.5, 5.0, 10, 20, 40, 60 and
80 mg. mL? of each polysaccharide. In the case of
inverse Michaelis-Menten ("'MM), the vi determination was made with 2.5 mg.ml?!
substrate and enzyme concentrations between 0.1 uM and 8.7 uM.

All kinetic constants are the mean of at least three independent data sets, reproducible
within £10%. The fitting was done in GraphPad Prism Software (GRAPH PAD

Software Inc, California, USA).
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2.10. Bioinformatics and molecular modeling

A three-dimensional model of the EQrGH64 sequence (EC:3.2.1.39) was obtained using
the AlfaFold2 program [28], which employs a deep learning method that has
demonstrated a higher accuracy than most modelers [29]. The models’ reliability was
assessed using the pIDDT score, which is returned as part of the results by the
AlphaFold2 program. The IDDT[30] values represent a measure of the local similarity
that our model would have if compared to the experimentally solved native protein. A
value of 100 indicates that the peptide skeleton of our model would likely have the same
structure as the native protein if the native protein were experimentally solved. In
general, pIDDT score values greater than 70 indicate that the model backbone is
reliable[29].

The UCSF-Chimera program [31] was used to perform the structural alignment, using a
Needleman-Wunst global alignment as an initial guide, with a Blosum62 scoring matrix
and an extra penalty to take into account the secondary structure of each molecule.
From the structural alignment of all the sequences, a sequence alignment was obtained
by placing in columns those residues whose alpha carbons were less than 5 angstroms
from each other in some of the homologous sequences.

The sequence and sequence alignment images were obtained using the ESpript 3.0

program implemented in the ESPript server (https://espript.ibcp.fr).

Electrostatic potential maps were calculated for each molecule by solving the Poisson-
Boltzmann equation implemented in the APBS (Adaptive Poisson-Boltzmann Solver-
[32]) program. The default values for the atom charge were taken from Amber
Forcefield. Besides, we fixed the salt concentration (0.0), the temperature (298.150), the

inner dielectric of the protein (2.0), and the outer dielectric (78.54) were used. This
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potential was projected onto the solvent-excluded surface (SES) using UCSF-Chimera

software with a 1.4 Angstroms probe.

2.11. TLC Assay

The degradation of laminarin or paramylon catalyzed by EgrGH64 was performed as
previously described [33]. Briefly, the reaction mixture (250 pL) was prepared with
0.1% (w/w) laminarin or paramylon in sodium acetate buffer (50 mM, pH 4.5) and 0.16
mg.mlI? purified EgrGH64. At different times, 50 pL of the reaction mixture was taken
and incubated for 10 min at 100°C for the TLC analysis. Samples were spotted on silica
gel 60 F254 plates (Merck, Darmstadt, Germany) and separated using ethyl acetate,
acetic acid, and water (2:2:1, v/v) as running solvent. The products were visualized after
spraying the plate with a developing reagent (25 mg of orcinol, 9.5 mL of ethanol
absolute, and 0.5 ml of sulfuric acid 98%). All the mixture was heated at 100°C for 5

min before use.

2.12. Processivity assay

The assays for analyzing the distribution of reducing sugars between the insoluble and
soluble fractions were performed by digesting paramylon (25 mg.ml?)
using 0.25 U.ml! of enzyme per reaction. After 90 min, the reaction was stopped by
incubation at 100°C for 10 min, and the supernatant was removed by centrifugation at
10,000 x g for 5 min. The insoluble polysaccharide was washed thrice with 50 mM
acetate buffer pH 4.5. The washed paramylon was resuspended in a buffer, and reducing
sugars were measured in both fractions with the Somogyi-Nelson method. These data

were used to calculate the soluble/insoluble reducing sugar ends ratio [34].
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2.13. Anti-fungal Assay

Kluyveromyces lactis GG799 (New England Biolabs) was cultivated in 30 mL of YPD
medium (1.0% yeast extract, 2.0% peptone, and 2.0% dextrose) at 30°C for 24 h. The
yeast cells were prepared as previously reported [35]. Briefly, the cells were harvested
by centrifugation (10,000 x g for 10 min), and the cell pellet was resuspended in 1 ml of
sterile distilled water to an ODeoo of 0.5. An aliquot of the diluted cell suspension was
diluted 10*-fold, and then incubated with several EQrGH64 concentrations (0.5, 1.0, 2.0,
and 4.0 mg.ml) in a 50 mM sodium citrate buffer (pH 4.5) at 50°C for 2 h. The degree
of fungal growth inhibition was assessed by counting the number of colonies formed on

YPD agar plates. Colony counting was performed with the Icy software [36].

3. RESULTS AND DISCUSSION

3.1. Enzyme production, purification, and biochemical properties

In the transcriptome project of E.gracilis[17], we found an amino acid sequence
corresponding to a putative endo-B-1,3-glucanase (EgrGH64). We designed by back
translation a gene-based on E. coli codon usage (egrgh4) for molecular cloning and
heterologous expression. The production of recombinant EQrGH64 was carried out in E.
coli BL21 (DE3) host system. Although the protein was primarily produced as inclusion
bodies, we improved its folding by supplementing the culture media with 3% (v/v)
ethanol. The alcohol stresses the cells and induces the expression of native chaperones
[37], generating conditions to obtain the recombinant enzyme (with a histidine-tag at the
N-terminus) in soluble form showing activity in its hydrolytic function. After two-step
purification, including immobilized metal affinity chromatography (IMAC) and

preparative gel filtration chromatography, about 0.6 mg of EgrGH64 was purified from
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1 L of culture. The purified enzyme exhibited a specific activity (to hydrolyze
laminarin) of 0.5 U.mg™. The EgrGH64 (predicted Molecular Mass: 65 kDa) migrated
as a major single band of ~66 kDa on SDS-PAGE (Fig. 1A), suggesting a purity higher
than 80%. The analysis by size exclusion chromatography showed a monomeric
arrangement of EQrGH64 (Fig. 1B), which agrees with that reported for members of the
GH64 family from different organisms[38,39].

To determine accurate conditions for the functional hydrolytic activity of EQrGH64, we
searched for the effect of temperature and pH. The enzyme displayed maximal
B-1,3-glucanase activity on laminarin at pH 4.5 in 50 mM acetate buffer (Fig. 2A). The
optimal temperature for the reaction was found at 50°C, decreasing the enzyme activity
by~40% at both 40°C and 60°C (Fig. 2B). Studies on the protein stability showed that
EgrGH64 was stable up to 50°C, remained more than 80% active when preincubated in
the range of 30°C - 55°C (Fig. 2C). Besides, from the slope of a linear Arrhenius plot of
the activity data in the latter temperature range, a value of energy of activation (Ea) of
56.6 kJ/mol was calculated for the reaction of hydrolysis under enzymatic catalysis
(Fig. 2D). We also determined the effects of metal ions (at the concentrations of 5 mM)
on EgrGH64 activity. We found that Ni?* and Mg?* slightly inhibited EgrGH64 activity,
while Fe®*, Co?*, Zn?*, and Mn?* showed a marked inhibition (Fig. 2E). Conversely, the

enzyme catalysis was not significantly affected by the presence of Ca?*.

3.2. Enzymatic Characterization

A screening of the substrate specificity of purified EQrGH64 indicated it exhibited
specificity to catalyze the hydrolysis of B-1,3-glycosidic linkages. Thus, the enzyme
was active with laminarin, paramylon, and B-glucan from the yeast cell wall (BG-YCW)

but neither with carboxymethylcellulose nor cellulose (data not shown). This result
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prompted us to characterize in detail the kinetic properties of EgrGH64 through the
cvMM and the ™MM approaches, to obtain data detailed in Figure 3 and Table I. As
shown, the saturation kinetics concerning the three substrates was hyperbolic, with the
enzyme exhibiting a lower (by one order of magnitude) Km toward BG-YCW relative to
the other two polysaccharides (Fig. 3A). Besides, the higher kecar was reached for
laminarin, although the catalytic efficiency for using substrates ordered BG-
YCW=>laminarin>paramylon (Table I). To better complement this latter information that
emerged from the “"YMM analysis based on a substrate excess, it was worth considering
that EQrGH64 works on polysaccharides. The enzymatic degradation of a polymeric
(with relatively low solubility) substrate represents a more complex system with
interfacial (near-) heterogeneous characteristics, where a “double saturation” takes
place. Indeed, the maximal rate reaches after the substrate and the enzyme saturate each
other[26,27]. In the accompanied ™'MM study, we observed that lower enzyme
concentrations were necessary to saturate
BG-YCW than paramylon and laminarin (Fig. 3B). Consequently, the I" parameter
(which reveals the ability of an enzyme to locate catalytically competent sites on the
substrate surface,[26,27] determined for the former polysaccharide was one order of
magnitude higher (Table I, and Fig. 3C). Although is hard to compare Km with ™K,
since these parameters represents saturation of enzymes with substrates or vice versa,
they provide information concerning the interaction between the protein with the
polymeric (having uncertain molecular size) substrate. In this scenario, our results can
be analized considering the higher molecular mass of paramylon (=600 kDa) compared
to the BG-YCW (27-175 kDa), and laminarin (3.5-5.5 kDa), with a decrease in the

former of catalytically competent sites per gram of polymer [40,41].
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The products of the EgrGH64 hydrolytic activity on laminarin (Fig. 4A) and paramylon
(Fig. 4B) were analyzed by TLC. Results in Figure 4 indicate that, for both substrates,
laminaripentaose is the major and smallest product after three hours of reaction.
According to previous characterization studies of the endo-glucanases [34,42-45],
processivity can be evaluated measuring, after hydrolysis, the ratio between reducing
ends concentration present in the soluble fraction / reducing ends concentration present
in the insoluble fraction. Non-processive endo-glucanases have a random cutting action
leading to a ratio near 1. In contrast, processive endo-glucanases cut only from the ends
of the polysaccharide, generating a higher concentration of reducing sugar increasing
the ratio. In our case, the soluble/insoluble ratio was 7.5 (Fig. 5), which is consistent

with a processive-acting glucanase[46].

3.3. Antifungal Assay

Several endo-B-1,3-glucanases can hydrolyze B-1,3-polysaccharides of the fungal cell
wall, inhibiting the growth of pathogenic species [47]. Since -1,3-glucans are the main
component of the cell wall of many fungi [48-50], we considered K. lactis an
appropriate organism model to test the above-described hydrolytic activity on BG-
YCW, thus evaluating a possible inhibitory effect of EgrGH64 on fungal growth. To
search in such a way, we incubated K. lactis with different enzyme concentrations,
observing that the yeast growth was substantially inhibited by EgrGH64 in a
concentration-dependent manner (Fig 6). The degree of growth inhibition at a
concentration of 0.5 mg/ml was ~60% concerning the control. Moreover, the enzyme
inhibited more than 90% of the yeast growth at 1 mg/ml (15.4 pM). In this regard,

studying this antifungal effect in human pathogenic organisms would be interesting.
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3.4. GH64 Molecular Modeling

To make a structural comparison with other glucanases, we predicted its putative
structure using AlphaFold2. The reliability value pIDDT (predicted local Distance
Difference Test) shows that more than 86% (517 residues out of 596) of the sequence
could be modeled reliably (pIDDT>= 70) (Fig. 1 in supplemental data). Figure 7A
shows the backbone of the obtained model represented with ribbons and colored
according to the pIDDT values per residue: residues with scores higher than 70 were
colored in blue, and the rest in red. In Figure7B, the three domains that characterize
endoglucanases can be observed, two of them forming the characteristic crescent-
shaped catalytic region (in red and blue), and one domain with a folding similar to that
from carbohydrate-binding modules (CBM), in pink [51]. Figure 7C shows the
sequence of GH64 with residues colored according to the domain to which they belong.
These boundaries emerged from the structural alignment between the models and the
annotated structure in PDBsum of the enzyme from Streptomyces matensis (3GDO0),
[52]). Amino acid residues reported in other endo-B-1,3-glucanases as essentials for the
catalytic activity were highlighted with a blue box and a blue triangle below them. The
N-terminal region (first fifty amino acid residues) of the best molecular model of
EgrGH64 was shown to be unreliable predicted (less than 70% pIDDT). The predictions
of intrinsically disordered regions [53] and signal peptide (SignalP 6.0 and Phobius)
[54,55] for that region were negative, unlike the N-terminus of GH64 from S. matensis

which was predicted as a signal peptide and excluded in its analysis by the authors[52].

3.5. Structure-based sequence alignments
We first performed an alignment of four GH64 sequences: Euglena gracilis GH64 (this

work), Streptomyces matensis GH64 (PDB ID: 3GDO0); PaenibacillusbarengoltziiGH64
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(PDB ID: 5H9X); and Clostridium beijerinckii GH64 (PDB ID: 5H4E). Above and
below the sequence alignment, the secondary structure corresponding to E. gracilis and
S. matensis is shown schematically (Fig. 8). The numbering in the upper rule
corresponds to the sequence of E. gracilis, and the blue stars point out the residues that
have been described as critical for glucanase activity [52] (Table 1 in supplemental
data). The residues that are not only identical but also spatially close (same column) are
highlighted in red, giving more relevance to their possible role in the structure of these
enzymes. Residues in columns with high sequence similarity are highlighted with blue
square rectangles. There are regions with high structural similarity evidenced as blocks
of residues in columns without gaps. But there are also some areas with low structural
similarity despite being composed of the same secondary structure (red square). Thus,
this in silico approach allowed us to identify in EgrGH64 the presence, in a suitable
spatial ~ positioning, of several amino acid residues essential  for

endo-B-1,3 glucanase activity [52].

3.6. Binding site

Figure 9A (1 - 4) shows the electrostatic potential surface of fourenzymes of the GH64
family: Euglena gracilis model (Al), Streptomyces matensis (PDB ID: 3GDO0, A2);
Clostridium beijerinckii (PDB ID: 5H4E, A3); Paenibacillus barengoltzii (PDB ID:
5H9X, A4). All proteins are shown looking directly at the binding cleft. The region of
the catalytic groove (marked with a blue box) is negative (red color) in all enzymes,
even with some differences due to different structural characteristics in each molecule.
This feature was also observed in mannose-specific lectins [56]. The enzyme from S.
matensis was previously co-crystallized with a laminaritetraose (PDB I1D: 3GD9) [52]

positioned in the catalytic cleft. This structural information was a valuable guide for
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modeling the positioning of this oligosaccharide in the enzymes from E. gracilis, C.
beijerinckii, and P. barengoltzii. This analysis showed that the substrate could be bound
and stabilized in this negatively charged region of the molecules.

Figure 9B (1 - 4) depicts the backbone of each enzyme shown in ribbons. The atoms of
the amino acid side chains are shown with balls and sticks. Residues described as part
of the active site, and structurally conserved are labeled with background colors that
allow identification of their position within the structure. It is highlighted that all
arrangements present a region with aromatic residues presumably to stabilize the
incoming polysaccharide chain (circled in black dashed line). When looking at the
3GD9 structure (S. matensis) co-crystallized with a lamiraritetraose at the active site, it
Is visualized that one of the glucose units binds, forming a n-stacking type pairing with
tryptophan 163. Also, worth to point out that the EgrGH64 model has an additional
aspartic acid (D188, circled in red dashed line) in the catalytic pocket. This residue is
absent in the other enzymes, structurally close to glutamic acid (E177), which could
generate a potentially favorable environment for binding Mn?* ions, affecting the
binding of the substrate and explaining the loss of activity in the presence of the metal

ion.

4. CONCLUSIONS

A transcript coding for a putative endo-B-1,3-glucanase was identified in the
transcriptome of E. gracilis (light_m.63754)[17]. The gene egrgh64 was synthesized de
novoto produce heterologously inE. coliBL21(DE3) the recombinant
enzyme EgrGH64 with a histidine tag at the amino terminus. The protein
chromatographically purified exhibited activity on laminarin, paramylon, and BG-

YCW. Optimal reaction conditions were established in pH 4.0-5.0, and 50°C.
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Compared to an orthologue enzyme from S. matensis, EQrGH64 shares structural
domains and amino acid residues previously described as critical for catalytic function.
The enzyme catalytic efficiency using the different substrates followed the pattern
paramylon<laminarin<BG-YCW, although laminaripentaose was the main product of
hydrolysis independently of the polysaccharide. The high performance of EQrGH64 was
found consequent with an elevated density of hydrolysis sites in the -1,3/B-1,6-glucan.
Results on protein structure modeling detailed herein give insights into the B-1,3-
glucanase functionality of the enzyme. Studies are on the way to further analyze the
interaction of EQrGH64 with the substrate, to understand structural clues determining
varied preferences to hydrolyze p-glucans with different polymerization and/or

branching degrees.

EgrGH64 is the first functional endo-B-1,3-glucanase from E. gracilis produced
recombinantly using a prokaryote host system. Previously, a GH17 protein from E.
gracilis was successfully expressed in Aspergillus oryzae (Takeda et al., 2015). Its
characterization supports that, in vivo, it would be involved in the metabolism of
paramylon. Indeed, the enzyme could participate in initiating the polyglucan
degradation to a minor degree but with a higher contribution in further hydrolyzing
laminarin released by other glucanases. The identification and characterization of
EgrGH64 provide biotechnological instruments for future industrial applications. Thus,
considering its ability to strongly inhibit the growth of K. lactis in a dose-dependent
mode, the enzyme could be evaluated as a molecular tool, as an anti-fungal agent,
against human pathogen strains of the genus Candida or different strains of
dermatophytes. Besides, the EgrGH64 activity could also serve as a tool in generating

musts enriched in reducing sugar after degradation of B-1,3- or -1,3/B-1,6-glucan.
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TABLE | Kinetic parameters of the EgrGH64 wusing several glucans as

substrates. Laminarin (soluble B-1,3 glucan), paramylon (insoluble B-1,3-glucan) and

yeast B-Glucan (insoluble B-1,3-1,6-glucan) were analyzed using both ““MM and

"VMM equations. Data are plot means + SEM.

Substrate Km Kcat Keat/ Km K m(UM) I’ (umol/g)
(mg.ml?) (sh (ml.mg®. s
Laminarin 235+£39 1.20£0,20 0.051 + 0.006 2.19+0.63 0.028 + 0.008
Paramylon 202+28 0.23+0,09 0.011 +0.002 3.89£0.92 0.028 £ 0.03
Yeast -Glucan 21+04 0.88 £ 0,07 0.419£0.073 1.50 £ 0.45 0.31+£0.12
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LEGEND TO THE FIGURES

FIGURE 1: EgrGH64 purification. (A) SDS-PAGE EgrGH64 production and
purification after IMAC and gel filtration chromatography (predicted Molecular Mass:
65kDa). M: Molecular mass marker, 1. EgrGH64 purification. (B) Gel filtration

chromatography elution profile.

FIGURE 2: Effect of pH, metal ions, temperature, and thermostability on EgrGH64
enzymatic activity. (A) Effect of pH on EgrGH64 activity. Optimal pH was determined
by measuring enzyme activity at pH 3.5, 4.5, 5, 6, 7.5, 8, 9.5, and 10. (B) Effect of
temperature on EgrGH64 activity. The optimal temperature was determined by
measuring enzymatic activity at 30, 40, 45, 50, 55, 60, and 70°C. (C) EgrGH64
thermostability. Activity was measured after pre-incubating the enzyme for 15 min at
temperatures between 4 and 70°C. (D) Arrhenius plots determined for EgrGH64 from
measurements of the activity. (E) The effect of metal ions on EgrGH64 activity. The
activity of EQrGH64 was measured in the presence of various metal ions (5 mM). The

error bars represent the SEM of the triplicate measurements.

FIGURE 3: EgrGH64 kinetic characterization. ®“MM (A) and ™MM (B) saturation
curves against laminarin (circles, solid line), paramylon (squares, dashed line), and BG-
YCW (triangles, dotted line) relativized to the maximum rate measured for each
substrate. ©°“MM. ™MM saturation curves were made with 2.5 mg/ml from each
substrate. (C) Enzymatic efficiency and attack site density from EgrGH64 towards
laminarin (black), paramylon (white), and BG-YCW (gray). The error bars represent the

SEM (Standard error of the mean) of the triplicate measurements.

30



696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

FIGURE 4: TLC of hydrolysis products by EgrGH64 from laminarin (A) and
paramylon (B) for 3 h. The reaction mixture containing 25 (mg.ml™) of the substrates in
50 mM sodium acetate buffer (pH 4.5) was incubated with the purified enzyme at 50
°C. S, standard marker (G, glucose; L2, laminaribiose; L3, laminaritriose; L4,
laminaritetraose; L5, laminaripentaose; L6, laminarihexaose); 1 Incubation for 15 min,

2 30 min, 3 60 min, 4 120 min, 5 180 min.

FIGURE 5: Distribution of reducing sugars generated by EgrGH64 on paramylon. The
concentrations of reducing sugars were determined by the Somogyi-Nelson method.

The error bars represent the SEM of the triplicate measurements.

FIGURE 6: Inhibition of K. lactis growth dependent on EQrGH64 concentration. The
yeast was incubated with several enzyme concentrations in 50 mM sodium citrate buffer
(pH 4.5) at 50°C as described in M&M. (A) Control growth in a plate of K. lactis
without incubation with EgrGH64. (B) Growth in plate of K. lactis pre-incubated with
EgrGH64 (4.0 mg.ml). (C) Inhibition of growth curve (number of colonies vs.

EgrGH64 concentration).

FIGURE 7: Sequence alignment obtained from the model structural alignment of
Euglena gracilis, Streptomyces matensis (PDB ID: 3GDO0); Paenibacillus barengoltzii
(PDB ID: 5H9X); Clostridium beijerinckii (PDB ID: 5H4E). The numbering in the
upper rule corresponds to the sequence of E. gracilis. Above and below the sequence

alignment, the secondary structure corresponding to E. gracilis and S. matensis,
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respectively, is shown schematically. Blue stars show the residues described as critical
for glucanase activity [52]. In red, residues that are not only identical but also spatially
close (same column) are highlighted, giving more relevance to their possible role in the
structure of these enzymes. Residues in columns with high sequence similarity are

highlighted with square rectangles.

FIGURE 8: Three-dimensional model obtained with AlphaFold2 colored by the pIDDT
score (A), in blue are colored the residues with pIDDT score higher than 70 (reliable),
and by the domain (B). Sequence of the EgrGH64 model (C). The colors used to

highlight the regions of each domain were used correspondingly in the sequence.

FIGURE 9: (A)Electrostatic potential surface of the four enzymes: Euglena gracilis
model (Al), Streptomyces matensis (PDB ID: 3GDO0, A2); Clostridium beijerinckii
(PDB ID: 5H4E, A3); Paenibacillus barengoltzii (PDB ID: 5H9X, A4). All proteins are
shown looking directly at the binding cleft (B1 to B4). Backbone of the four enzymes
shown in ribbons, and the atoms of the amino acid side chains are shown with balls and
sticks. Residues described as part of the active site, and structurally conserved are
labeled with background colors that allow identification of their position within the

structure.
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We identified a putative endo-B-1,3 glucanase (EgrGH64) in Euglena gracilis.
The gene was cloned and heterologously expressed in Escherichia coli.
EgrGH64 hydrolyzed paramylon, laminarin, and yeast cell wall

EgrGH64 probed to be a laminaripentaose-producing enzyme.

The purified enzyme inhibited yeast growth.
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