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The Dbasidiomycete fungus Moniliophthora
perniciosa (Stahel) Aime & Phillips-Mora, is a
phytopathogen, causing witches' broom disease and
is known as a potential producer of cellulases
enzymes. These enzymes act on the degradation of
the plant cell wall and can be produced by numerous
microorganisms, with filamentous fungi being the
main producers. Cellulases have a wide variety of
industrial applications and the production of
cellulases from microbial sources is an excellent
alternative for the production of cellulolytic
enzymes such as endoglucanase. This work presents
the expression related to a hypothetical protein of
the GH45 family of the fungus Moniliophthora
perniciosa, through cDNA analysis and the
determination of its 3D structure by comparative
modeling, presenting a high quality model, showing
a GH45 with a classic structure characteristic of
endoglucanases.

Fungus, Endoglucanase, Comparative
modeling, Protein, Heterologous production.

The fungus Moniliophthora perniciosa is a phytopathogen, known as the causative agent of

witches' broom disease (Basso, 2015; Meinhardt et al., 2008). This pathogen affects the Theobroma

cacao species and is among the most devastating diseases affecting cocoa plantations, occurring

mainly in South American countries. In Brazil, it affects cocoa crops in Bahia and the Amazon, and in

Bahia the disease has caused the near collapse of the cocoa crop (Barbosa, ef al., 2018; Scarpari, 2005).
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Pathogenic microorganisms have developed remarkable mechanisms, including the secretion
of an arsenal of proteins and small molecules called effectors, which modulate the plant's defense to
increase the availability of nutrients to the parasite, allowing infection (Alvim, 2009; Jones & Dangl,
2006; Kamoun, 2007).

For the colonization of plants, the fungus requires the action of secreted hydrolytic enzymes,
allowing their passage through the cell wall. This characterizes the initial process of plant infection
(Bhat, 2000; Guedes, et al., 2014).

This strategy of infection by M. perniciosa drew attention to a possible potential in the
production of hydrolytic enzymes. These enzymes could hydrolyze the B-1,4-glycosidic bond of the
cellulose chain, which is the main component of the cell wall of plant biomass (Guedes et al., 2014;
Nimlos, 2012)

Complete hydrolysis of cellulose requires the synergistic cooperation of cellulases, which
include: endoglucans (1,4-B-D-endoglucanase EC 3.2.1.4), cellobiohydrolases or exoglucanase (1,4-
B-cellobiohydrolase EC 3.2.1.91), and beta-glucosidases (B-D-glucoside glucohydrolase EC 3.2.1.21)
(Jorgensen, et al., 2007; Mhlongo, 2015).

Cellulases have a wide variety of industrial applications. In recent years, these enzymes have
been increasingly used in the production of biofuels, during the hydrolysis stage of lignocellulosic
biomass to convert cellulose into glucose (9). Fungal cellulases have been the most studied and
exploited industrially about cellulose degradation and production of cellulolytic enzymes (Esposito;
Azevedo, 2004; Srivastava, 2018).

Scientific contributions have been made successively over the years regarding the isolation of
cellulase-producing microorganisms. Some of these contributions are related to the increase in the
expression of cellulases by genetic engineering, purification and characterization of components of
this enzyme complex, cloning and gene expression, determination of three-dimensional structures of
cellulases and demonstration of the industrial potential of these enzymes (Castro; Perreira Jr, 2010).

To produce cellulases on a commercial scale, recombinant expression in prokaryotes such as
Escherichia coli and in eukaryotes such as Pichia pastoris allows for robust and cost-effective
production (Demain; Vaishnav, 2009; Zeeshan, et al., 2018). In particular, endo-1,4-p-glucanases were
produced by cloning and expression in E. coli, in studies previously found in the literature (Kleman-
Leyer, et al. (1996, Tomme, et al., 1988; Woodward, 1982).

In this work we propose, from the cDNA collection and analysis, the verification of the
expression of a hypothetical protein of the GH45 family of the fungus Moniliophthora perniciosa
involved in the degradation of cellulose using cellulolytic residues as substrate, as well as the

prediction of its 3D structure by comparative modeling.
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The fungus Moniliophtora perniciosa CCMB561 was obtained from the Collection of
Microorganism Cultures of Bahia (CCMB), reactivated on Potato Dextrose Agar (PDA) and incubated
in B.O.D at 27 °C for 8 days.

To induce the expression of the cellulolytic complex, two different culture media were tested,
the semi-solid culture medium WY (40 g of wheat bran; 6 g of yeast extract; 1.0 g of potassium
phosphate; 0.2 g of magnesium sulfate; 0.2 g of potassium chloride; 1L of distilled water) and the
liquid medium CMC (NH4H2PO4 — 7 g; K2HPO4 — 1.5 g; MgSO4 — 0.5 g; CaCI2 — 0.3g;
FeS0O4.7H20 — 0.184 g; ZnSO4.7H20 — 0.178 g ; MnCI2.4H20 — 0.158 g; carboxymethylcellulose —
5g;H20-11L).

The TRIZOL Reagent (Invitrogen) was used for RNA extraction. The extracted RNA was
analyzed by digital photography visualization (KODAK EDAS 290) after 30 minutes of
electrophoretic running at 100 V and 90® mA. For electrophoresis, 1% agarose gel was used in 40 mL
of TAE (Tris-Acetate-ETDA) buffer.

After RNA extraction, cDNA synthesis was performed using the enzyme Reverse Transcriptase

M-MLYV (Promega), according to the manufacturer's recommendations. The cDNA obtained was stored

at -20 °C.

cDNA amplification was performed by reverse transcription polymerase chain reaction (RT-
PCR). The first cDNA strand was used as the template strand and the primers designed for the coding
sequence of the protein under study were drawn from the nucleotide sequence (464) of a Glycosyl
Hydrolase 45.

The primer sequences used for the direct primer were: 5'-
GGAATCCATATGATGCCTCACCAAAGCCGTACTT-3' with Ndel cleavage site and 5'-
GCGCGGATCCTTATCAGGCAGGCCTCTCTCATAAG-3' reverse primer with BamHI cleavage
site.

The reaction was performed using the Qiagen® Master Mix kit: Top taq Master mix enzyme;
primers (straight and reverse); cDNA as a template and without Water Nuclease. The amplification
conditions for the PCR reaction were made according to the manufacturer's instructions.

The product obtained from the PCR reaction was purified using Invitrogen's PureLink® PCR

Purification Kit and subsequently sequenced. The same primers used for amplification were also used
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as primers for the sequencing reaction. For the sequencing reaction, the recommendations of Myleus

Biotechnology (http://myleus.com/) were followed.

The obtained electropherogram was analyzed using the Geneious Prime program (version
2020.0.4) and the nucleotide sequence recovered with quality was translated through the
bioinformatics resource portal ExXPASy (https://www.expasy.org/).

The translations of the sequence were submitted to comparative analysis for similarity with
complete sequences of Glycosyl Hydrolases of the 45 family (GH45) deposited in the NCBI, using
BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and aligned through the online tool Clustal
(https://www.ebi.ac.uk/Tools/msa/clustalo/). An alignment was also made using the online tool Clustal,
between the nucleotide sequence obtained from the sequencing (Seq _464) and the genome sequence
(Endo_464).

In addition, the analysis of the conserved domains and regions (active site), their portions and
residues involved in the catalysis of the probable enzyme, identification of the signal peptide and
confirmation of other relevant information, such as carbohydrate binding sites and other protein
domains if present, was performed, for this, we used the following tools: ProSite Software (Sigrist, et
al. 2012), Smart Database (Letunic, 2018), Pfam (El-Gebali, S., et al. 2019), and InterPro (Mitchell,
etal. 2019).

As the 3D structure of the sequence under study has not yet been solved experimentally,
structural alignment tools were used to obtain the 3D model, in order to compare the structural
similarity between the sequence obtained from the cDNA sequencing (Seq_464), the genome sequence
of M. perniciosa provided by Professor Dr. Gong¢alo Amarante Guimaraes Pereira from the Laboratory
of Genomics and Gene Expression of UNICAMP, (Endo_464) and the sequence found in the GenBank
database (EEB93859.1).

The prediction of the 3D structure of the GH45 protein sequence of the fungus M. perniciosa
obtained by cDNA sequencing (Seq_464) was performed by comparative modeling, with a search for
molds directly on the SWISSMODEL platform server (Biasini, ef al., 2014). The same method was

applied to the nucleotide sequence (Endo_464) of the genome of Moniliophthora perniciosa.
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Once the best proteins were selected as a template, the models were built using the SWISS-
MODEL platform. After construction, each model was selected according to its QMEAN/Z-SCORE

and GMQE. Based on this information, the best model for statistical evaluation was selected.

The best model was submitted to statistical analysis using the MolProbity
(http://molprobity.biochem.duke.edu/) platform, evaluated according to the Ramachandran graph. The
models were selected and analyzed using the PyMOL tool (v 1.3); The same tool was used for

overlapping analysis of the models and their respective molds.

The cultivation of the fungus in potato-dextrose-agar (PDA) medium for 8 days at 27°C was
considered excellent for growth and development in terms of mycelial biomass production; this growth
is due to the fact that the PDA medium is rich in nutrients and significant amounts of sugar, evaluated
as an ideal culture medium for reactivation, indicated for favoring the mycelial growth of fungi, but it
is not considered recommended for verification of enzymatic activity.

Culture media rich in carbohydrates play an important role in the mycelial growth of fungi,
which use several nutritional sources for their growth and development, among these, sugars are the
most necessary carbohydrates, useful for the growth, maintenance and reactivation of the fungus
(Souza, et. al., 2015), thus requiring transfer to a medium that has cellulolytic materials as a substrate

for the induction of the enzyme of interest.

The fungus M. perniciosa when incubated in WY inducing medium and in CMC liquid
medium, under favorable conditions for its growth (B.O.D at 27° for 8 days), showed lower growth in
terms of mycelial diameter, compared to growth when reactivated in PDA medium, however, more
expressive mycelial vigor was observed in WY medium.

Culture media containing lignocellulosic substrates are found in most of the studies reported
for induction analysis of cellulolytic enzymes. Agro-industrial residues are substrates with a high
capacity to induce the production of cellulolytic enzymes by basidiomycete fungi, bearing in mind that
generally the materials used for the production of cellulases are of lignocellulosic or pure cellulosic

origin (Carneiro, ef al., 2017; Castro; Perreira Jr, 2010).
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The use of CMC medium for enzymatic induction refers to the fact that this medium contains
carboxymethylcellulose as the only carbon source for the growth of the fungus and is described in the
literature to induce the cellulolytic complex. Cellulose is a recalcitrant material that is difficult to

assimilate nutrients, which can induce the metabolism of fungi to secrete cellulases (Inforsato, 2016).

The extraction of the total RNA of the fungus M. perniciosa cultured in CMC inducing medium
was not considered satisfactory with regard to RNA integrity, it is not possible to verify the 28S and
18S subunits, these ribosomal fractions play an important role in determining the level of degradation
of the sample, using RNA integrity assessment (Muelle ez al., 2004; Muyal, et al., 2009), possibly due
to the viscosity of the CMC medium by carboxymethylcellulose, some residues adhered to the
mycelium in the removal process interfered in the extraction, therefore, it is suggested an improvement
of the extraction method for the fungus cultivated in this culture medium.

The cultivation of the fungus in semisolid medium (WY) was considered satisfactory for
cellulase induction analysis, the bands corresponding to the 28S and 18S ribosomal RNA fractions
were intact, visualized after electrophoresis in 1% agarose gel (Figure 1) indicating that there was no
RNA degradation. The good quality of the extracted RNA is a fundamental step for the continuity of
the work. The occurrence of errors in the extraction process is related to many of the problems that can

affect subsequent experiments, especially in relation to the efficiency of cDNA amplification.

Figure 1: Elethophoresis agarose gel resulting from the extraction of total RNA from M. perniciosa cultured in WY-
inducing medium. 1 and 2: RNA samples obtained with the Trizol (Invitrogen) reagent; M: Invitrogen® 100 molecular
weight marker.
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The cDNA amplification showed a positive result when the annealing temperature was
optimized to 61 °C, after testing different temperatures (58 °C, 59 °C, 60 °C and 61 °C), it was possible
to verify the fragment close to the expected size around 800 bp (Figure 2a) after electrophoresis on 1%
agarose gel.

These results corroborate data present in the literature, which describe that substrates
containing agro-industrial residues have been successfully used to obtain microbial cellulolytic
enzymes. Wheat bran is composed of approximately 11% cellulose, 30% hemicellulose, 5% lignin and
17% protein, representing a good inducer for cellulase production, making its use as a substrate
advantageous, also the most used carbon source, as it induces a wide variety of cellulolytic enzymes
(Rodriguez-Zuiiga, et al,. (2011).

The amplified fragment was purified and visualized on 1% agarose gel, where the bands of
interest were still present (Figure 2b), and subsequently reverse-sequenced directly.

The result of the sequencing of the purified PCR product was analyzed through the Geneious
Prime program (version 2020.0.4), resulting in the recovery of the nucleotide sequence of 87.7% (677
bp), this result refers only to direct sequencing, for reverse sequencing the quality obtained was not

enough to extract more information.

Figure 2: Electrophoresis in 1% agarose gel using SYBR™ Green (ThermoFisher Scientific®). a: Amplification result
(PCR) of M. perniciosa cDNA. (M): lkb molecular weight marker plus DNA Ladder Invitrogen (ThermoFisher
Scientific®); (1,2 e€3): Amplification products using the primer pair Endo_464. (M): 1kb molecular weight marker plus
DNA Ladder Invitrogen (ThermoFisher Scientific®); b: PCR product purification
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Bioinformatics programs that perform in silico predictions for a given sequence are important
to obtain hypothetical information about proteins that have not yet been characterized (Silveira, 2006).
In addition, it is widely used to solve issues related to nucleotide and protein sequence analysis,
similarity surveys, gene and genome annotation, genome sequencing and assembly, as well as in the
areas of comparative genomics, molecular phylogeny, and molecular modeling (Otto, et al., 2007).

Thus, an alignment was made through the online tool Clustal (Sievers, 2018), between the
nucleotide sequence obtained from sequencing (Seq 464) and the genome sequence (Endo 464), in
order to identify the degree of identity between them.

When aligning the nucleotide sequences, the presence of non-corresponding regions (gaps) was
observed at the beginning and end of the alignment, justified by the fact that the Seq 464 was smaller
in terms of the amount of amino acid residues compared to the Endo_464 sequence.

The presence of gaps, equivalent to 4 missing nucleotides, was observed within the sequence
of'the Endo 464 genome. It is known that the presence of these gaps, depending on the affected region,
can have molecular consequences and, in coding regions, these events can cause changes in the reading
frame of the protein and make it non-functional.

The translation of Seq 464 and Endo 464 f sequences via the EXPASy bioinformatics resource
portal (Gasteiger, et al. 2003), resulted in a polypeptide of 205 and 253 amino acid residues,
respectively (Chart 1).

A new alignment was made between the amino acid residues of the two sequences, to find
identical regions present in their primary structures, presenting 56.74% of identity, it was found that
the region corresponding to the gap in the genome resulted in alterations in the reading frame (Chart

2), since in the region prior to the gap the sequences presented 100% identity.

Table 1: Sequences of the GH-45 protein of M. perniciosa; Seq_464: Result of post-sequencing translation of cDNA with
205 amino acid residues; Endo 464: Sequence obtained from the genome of M. perniciosa with 253 amino acid residues
Seq 464
ROQTTGVTIRYWDCCKPSCAWTGKASVSAPVLTCDAGGNTLTDPDVKSGCDGGTAFTCTN
MSPFAVDDSLAYGFAAVNIAGSNEAGWCCACYELTF TDGPVAGEKKMVVQATNTGGDL GG
NHFEDILIPGGGVGIFTQGCPAQFGSWNGGAQYGGVSSAAECSNLPAAVQEGCRFRFDWMG
GADNPGVTFQEVSCPAQITSVSGCSRQ

Endo 464
MLTKAVLLSLITAAAAQTIGVITRYWDCCKPSCAWTGKASVSAPVLTCDAGGNTLTDPDV
KSGCDGGTAFTCTNMSPFAVDDSLAYGFAAVNIAGSNEAGWCCACYELTFTDGPVAGKK
MVVQATNTGGDLGGNHFDILIPGGGVSSLEDVPLSSVAGTGVHNMEVYPALRNAATY QQ
PSKKVADSDSTGWAVLTTLVSPSRKYRARRRLQVFRDARDNEGN VFTFIDTPTNIQSSAVE
NTCDPRDGAYEELA
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Table 2: Alignment between the amino acid residues of the Endo_464 and Seq_464 sequences, the genome sequence of M.
perniciosa and the sequence derived from the sequencing, respectively; Highlight in red for the region corresponding to the
gap found in the nucleotide sequence.

Endo_ 464 MLTEAVLLSLITAARAQTTGVT TRYWDCCRPSCANTGRASVSAPVLTCDAGGNTLTDEDY 60
Seg_ 464  ——mmmm—m——— o ROTTGVTTRYWDCCEPSCAWTGEASVSAPVLTCDAGGNTLTDEDV 45
B
Endo 464 ESGCDGGTAFTCTNMS PFAVDDSLAYGFARVNIAGSNEAGWCCACYELTFTDGEVAGREM 120
Seg 464 RSGCDGGTAFTCTNMS PFAVDDSLAYGFAAVNIAGSNEAGHCCACYELTFTDGPVAGEEM 105
B R
Endo_ 464 VVOATNTGGDLGGNEFDILIPGGGVSSLEDVPLSSVAGTGVENMEVY PALRNARTYQOPS 180
Seg 464 VVOATNTGGDLGGNEFDILIPGGGVGIFTOGCPAQFGSW-—NGGAQYGGVSSARECSN-- 161
-\l\A.-\l\k\k\l\k\l\k\l\k\l\k\l\k\l\k\l\k\l\k\l\k\l\kl P . * . -\l\k
Endo_464 EEVADSDSTGWAVLTTLVSPSREYRARRRLOVFRDARDNEGNVFTFIDTPTNIOSSAVEN 240
Seq 464 0 ————m———————— LPALVQEGCRF-——-RF-DWMGGADNPGVTFQEVSCPAQITSVS-—— 200
& : -\l_ . - \A.: - .. &k * _-ﬂ. . \A.: * *
Endo_464 TCDPRDGAYEELR 253
Seq 464 GOSRQ-——————— 205
*

* Identity of all amino acid residues aligned in the indicated column.
: Similarity of amino acid residues aligned in the indicated column
. Low similarity of amino acid residues aligned in the indicated column
- There is no similarity between the amino acid residues aligned in the indicated column

To investigate possible amplification or sequencing errors, the obtained sequence (Seq 464)
was submitted to a comparative analysis for similarity with complete sequences of Glycosyl
Hydrolases of family 45 (GH45) deposited in GenBank, using BLASTp to investigate possible
amplification or sequencing errors. The same was done for genome sequencing (Endo 464).

The alignment of the Seq 464 sequence with the database showed 100% identity with sequence
EEB93859.1, noted as a hypothetical partial protein of Moniliophthora perniciosa with a coverage
percentage of 94%. The result of the alignment of the sequence (Endo_464) with the database also
showed 100% identity with the sequence EEB93859.1, but its coverage percentage was 47%, as it was
a partial sequence in the database.

The amino acid residues of the three sequences (Endo 464, Seq 464 and EEB93859.1), were
then aligned (Chart 3) using the online tool Clustal (Sievers, 2018).

The residues of the two sequences (Endo 464 and Seq 464), aligned separately with sequence
EEB93859.1 (Gen_938), showed high identity indices corresponding to 94.65%. On the other hand,
the alignment between the sequences (Gen 464 and Endo_464) presented 52.56%, a result similar to
that found in the alignment between the Endo 464 and Seq_464 sequences.
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Chart 3: Comparative analysis of the identity of amino acid residues between sequences EEB93859.1, Seq 464 and
Endo_464, sequence found in the database, cDNA sequencing sequence and sequence obtained from the genome,
respectively. Highlight in green for the region corresponding to the signature of the active site; yellow highlight for aspartic
acid (D), which participates in the catalytic mechanism; Red highlight for the possible gap region.

Endo 464 MLTEAVILSLITARAAQTTGVTTRYWDCCEPSCANTGEASVSAPVLTCDAGGNTLTDEDY 60
EEB93859.1 =  ———m—m—m—m— o DCCERPSCAWTGEASVSAPVLTCDAGGNTLTDEDY 34
Seq 464 0 ——————————————— RQTTGVTTRYWDCCRESCAWTGEASVSAPVLTCDAGGNTLTDEDV 45
e ke e e e e ke ke e b ke b ke e ke ake b ke b e e ke e e ke ke b e e ke e ke e ke
Endo_464 RSGCDGGTAFTCTNMS PFAVDDSLAYGFAAVNIAGSNEAGWCCACYELTFTDGPVAGREM 120
EEB93859.1 ESGCDGGTAFTCTNMS PFAVDDS LAY GFAAVNIAGSNEAGWCCACYELTFTDGEVAGEEM 94
Seqg_464 RSGCDGGTAFTCTNMS PFAVDDSLAYGFAAVNIAGSNEAGWCCACYELTFTDGPVAGEEM 105
B o
Endo_464 VVOATNTGGDLGGNEFDILIPGGGVSSLEDVPLSSVAGTGVENMEVY PALRNARTYQOPS 180
EEB93859.1 VVOATNTGGDLGGNEFDILIPGGGVGI FTQGCPAQFGSW-—NGGAQYGEVSSARECSN-— 150
Seqg_464 VVQATNTGGDLGGNHFDILIPGGGVGIFTOGLPRQFGSW——NGGRQYGGVSSﬁAELSN——LGL
\L-\l\L-\l\k-\lﬁ-\lﬁ-\lﬁ-\lﬁiﬁiﬁiﬁiﬁiﬁiﬁl R T e * . _-\lﬂ.
Endo 464 EEVADSDSTGWAVLTTLVSPSREYRARRRLOVFRDARDNEGNVETFIDTPTNIQSSAVEN 240
EEB93859.1 = ————————————— LPARVOEGCRF--—-RF-DWMGGADNPGVTFQEVSCPAQITSVS——— 189
Seq 464 00 0 ————————————= LPALVQEGCRF-——-RF-DWMGGADNPGVTFQEVSCPAQITSVS——— 200
* - * W o - &k * * - W o -\l *

Information regarding the Seq 464 and Endo 464 sequences on the conserved domains and
regions (active site), their portions and residues involved in the probable catalysis of proteins and
identification of signaling peptides, were obtained through the following tools: ProSite Software
(Sigrist, et al. 2012), Smart Database (Letunic, 2018), Pfam (El-Gebali, S., et al. 2019), and InterPro
(Mitchell, et al. 2019). Both sequences showed the region used as the signature pattern of the active
site of these enzymes, characteristic of the protein domain of the 45 glycosyl hydrolases family
(Valadares, et al., 2016), located at the N-terminal end, containing 12 amino acid residues
(TTRYWDCCKPS), including aspartic acid (D) which acts as a nucleophile in the catalytic
mechanism.

For the sequencing of the cDNA (Seq_464), the presence of a sequence corresponding to the
signal peptide was not detected, this may be associated with incomplete sequencing in that region, as
the percentage of sequence recovered corresponded to 87%.

For the genome sequence (Endo_464), the presence of the signal peptide in the N-terminal
region, corresponding to residues 1 to 16, was verified, which was removed for further analysis. The
signal peptide corresponds to a region that does not compose the functional structure of proteins, its
absence has no implications for sequence analysis.

To assess the structural impact of this gap between genome sequence (Endo_464) and cDNA
sequencing (Seq_464), 3D structure prediction was made for probable proteins, although the region
corresponding to the gap is not directly involved with the amino acid residues corresponding to the

active site region.
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Understanding the biochemical function of a protein, as well as the characteristics of
interactions, it is important to know its three-dimensional structure. However, there are even fewer
experimentally resolved protein structures compared to known protein sequences (Bordoli, ef al.,
2009).

Based on this assumption, a search was carried out to find proteins that could serve as a
structural model for the prediction of the 3D structure for the sequences under study (Seq 464,
Endo 464 and Gen_938).

The global alignment for homology modeling identified as the best structure the PDB protein
SGLY.1.A, which corresponds to a 1,4-B-endoglucanase isolated from the fungus Thielavia terrestris
belonging to the Glycosyl hydrolases family 45 (Gao, et al., 2017), showing a resolution of 1.58 A,
with 63.38% of sequential identity in relation to the template for the sequence Seq 464, and resolution
of 1.6 A with 63.35% sequential identity for sequence Gen 938.

Sequences that have a sequential identity above 50% are considered significant for the
construction of molecular models (Lemuchi, et al., 2013; Verli, 2014).

For the Endo_464 sequence, the global alignment for homology modeling showed that the best
identity and coverage indices in the alignment with the target sequences was the PDB protein
6MVI.1.A, with 48.80% sequential identity and resolution of 1.9 A.

Once the structural template was chosen, a multiple alignment was made between the primary
structures (Seq_464, Gen_938, Endo_464, PDB 5GLY.1.A and 6MVI.1.A) in order to evaluate the
degree of conservation among the residues of the structures, especially those defined as the signature
pattern of the protein family under study. It was found that in all primary structures was present the
conserved region described as the signature pattern for the GH45 family, both with aspartic acid in
identical positions.

From the alignment, it was verified that in the region of the possible gap, only the sequence
Endo_464 presented different residues, presenting a serine residue (S), where for the other sequences
it corresponds to a glycine (G), resulting in divergence in the alignment of that region.

In addition to the sequences selected for analysis, a profile similar to the Seq_464 and the molds

was observed for other fungal cellulases found by the search for similarity in the explosion.

The technique of constructing rigid body models is based on the evaluation of the conservation
of structures between homologous proteins or with a significant degree of identity, providing the

construction of a good quality model (Lemuchi, et al., 2013).
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For the model under study, the GMQE and QMEAN values for the Seq 464 (cDNA sequence)
and Gen 938 (Genbank sequence) sequences were 0.83 and -0.58 and 0.85 and -0.64, respectively. For
the Endo_464 sequence (genome sequence), these values were 0.65 for GMQE and -4.67 for QMEAN.

The models were also analyzed in relation to stereochemical quality by the Ramachandran plot
(Ramachandran, 1968), which considers the percentage of residues within the energy-favorable
regions. The models generated for the Seq 464 (cDNA sequence) and Gen 938 (GenBank sequence)
sequences showed 94.97% and 95.81% of the residues in highly favorable regions, respectively
(Figures 3A and 3B).

A model is considered satisfactory when it has at least 90% of the waste within the energy-
friendly regions (Laskowski, et al., 1994; Yang, et al., 2018). These results suggest values considered
favorable for a global analysis of the generated model.

For the model generated from the sequence Endo 464, based on the Ramachandran graph,
78.9% of the residuals are in highly favorable regions and 17.5% in allowed regions (Figure 4), this
percentage value does not provide good quality for the overall analysis of the model, considering that
there was a lower identity between it and the mold, one can attribute low quality to the modeling in

this region from this mold.

Figure 3: Ramachandran graph generated by the Prochek platform through the PDBsum online tool, showing the residues
that are in highly favored regions (region in red). a: graph generated for model Seq 464; b: graph generated for model
Gen_938
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Figure 4: Ramachandran graph generated by the Prochek platform through the PDBsum online tool, showing the residues

that are in highly favored regions (region in red) for the Endo_464 model
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For Seq 464 (cDNA sequence) and Gen_938 the values were considered satisfactory for the
prediction of the 3D structure (Figures 5 and 6). For the Endo_464 sequence (genome sequence) these

values indicate a low quality model, the 3D structure is represented in figure 7.

Figures 5 and 6: Model of the hypothetical protein built based on the PDB 5GLY model generated by the PyMol tool
depicted in the cartoon. Figure 5: Model Seq 464 (cDNA sequencing); 6: Model Gen 938 (sequence found in GenBank).
Orange highlighted region corresponding to the signature of the catalytic site; highlighted in green represents the beginning
of the region that showed a difference in the sequence Endo_464.
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Figure 7: Model of the hypothetical protein Endo 464 (genome sequence), built on the basis of the PDB 6MVI.1.A model
generated by the PyMol tool, represented in the highlights of the Orange cartoon for the region of the catalytic site;
highlighted in green represents the beginning of the region that showed a difference in the sequence Seq 464

The generated models showed a folding pattern similar to the classic active endoglucanases of
the Glisosil Hidrolase 45 family, especially the Seq 464 and EEB93859.1 models, presenting a beta
barrel with six B strips, previously found for fungi, such as Thielavia ferrestris TtCel45A (Gao, et al.
2017) and Thielavia arenaria XZ7 TaCel45 (Yang, et al., 2018).

The enzymes of the GH45 family fold into two regions, one is a six-stranded P barrel and the
other consists of loop regions. Between the two regions is the substrate binding channel, which is an
open slit that runs through the surface of the protein (Gao, et al., 2017).

To verify the divergences in the secondary structures of the gap between the available genome
sequence (Endo_464), the alignment generated by SWISS-MODEL was analyzed, which assigns the
secondary structure to the amino acid residues based on the information from the 3D coordinates, it
was found that the Seq 464 (cDNA sequence) and Gen 938 (Genbank sequence) models, They had
secondary structures similar to their respective molds, with  and a propellers in identical positions.

In the alignment of Endo_464 (genome sequence) with its template, divergences were observed
in the formation of secondary structure elements in the region after the gap, possibly due to the fact
that in this region the target protein does not have a sequence corresponding to the template.

To confirm that Seq 464 (cDNA sequence) is functionally more related to other
endoglucanases than Endo_464 (genome), a multiple alignment was made between the Seq 464 and
Endo_464 sequences, Gen 938 including the SGLY and 6MVI templates that have a certain three-
dimensional structure and other fungal endoglucanases found in the GenBank database
(XP_003028771; ESK91621.1; THU84955.1; and ESK85518.1). From the alignment, a phylogenetic
tree was generated, where it is observed that all sequences are related, however the sequence Seq 464

presents a closer relationship with one of the groups formed than the Endo 464 (Figure 8).
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Based on these analyses, it was possible to verify that only the sequence for Endo 464 presents
a residue discrepancy in the region corresponding to the gap, starting at the serine residue (S), while

for the others it corresponds to a glycine residue (Gao, et al. 2017).

Figure 8: Phylogenetic tree generated by the Clustal tool, resulting from the multiple alignment between endoglucanase
sequences of isolated fungi deposited in GenBank and Seq_ 464, Endo_464, EEB93859.1, 5GLY and 6MVI.

5GLY_ 0.08855
— 8MVI 0.09924
XP_003028771.1 0.14973
ESK91621.1 0.14392

Endo_464 0.25557
ESK85518.1 0.03077

Seq_464 -0.00148
—_______ EEB93850.10.00148

THU84955.1 0.09645

Based on this information, it can be inferred that the cDNA sequence (seq_464) is more related
to other sequences deposited in the bank functionally described as endoglucanases than to the genome
sequence (Endo 464). It is, therefore, more suitable for investigating possible biotechnological

applications.

The detection by cDNA analysis of the expression related to a hypothetical protein of the GH45
family of the fungus Moniliophthora perniciosa involved in the degradation of cellulose using
cellulolytic residues as substrate, shows that the fungal culture conditions applied in the present study
are favorable for the induction of cellulases and also suggests that the protocols applied were effective
to detect the expression of the enzyme of interest. achieving success in RNA extraction and fragment
amplification by RT-PCR.

The cDNA sequence obtained through sequencing presents significant conserved regions,
which characterizes it as belonging to the Glycosyl Hydrolase family 45. The determination of the 3D
structure by comparative modeling presented a high quality model, presenting a GH45 with classic
structural characteristics of endoglucanases.

The analysis of the structural difference resulting from the gap in disagreement with the
available genome sequence, compared with other active endoglucanase structures, confirms that the
sequence obtained by cDNA (seq_464), is more related to functionally active structures, suggesting
that the genome sequence (Endo_464) may be a mutated variant or even a sequencing/curation error

in the genome.
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The Seq 464 sequence obtained from the cDNA can be indicated as a candidate for
heterologous expression, purification and characterization of the recombinant protein based on the

structural analysis of the sequence of the endoglucanase protein of M. perniciosa analyzed in this work.

We thank everyone who contributed to the development of this work.
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