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Abstract 
 

An uncharacterized protein from Lindgomyces ingoldianus was initially annotated to 

contain various domains with promising biotechnological applications. Thus, this study 

was conducted to determine the structural characteristics, classification, and potential 

function of this protein through in silico methods. Results revealed that this protein 

has a neutral charge and is unstable and non-polar. It is predicted to have a signal 

peptide, glycoside hydrolase family 114 (GH114) domain, low complexity region, and 

fungal type cellulose-binding domain (fCBD) or type 1 carbohydrate-binding module 

(CBM1) region. Structural characterization and phylogenetic analysis revealed that this 

protein is an endo--1,4-polygalactosaminidase enzyme. This protein was also 

predicted to contain 36 active sites and is extracellularly secreted. Molecular docking 

analysis showed that it could bind galactosaminogalactan (GAG), a key virulence factor 

for Aspergillus fumigatus chronic infections. The binding of this protein to GAG was 

much better than Ega3, which could be attributed to the presence of the fCBD region 

that is unique to this protein. It is hypothesized that the fCBD domain helps in 

carbohydrate recognition and holds them in place for maximum catalysis in the GH114 

domain. Finally, this protein is found to be related to its orthologue from the plant 

pathogenic fungus Zopfia rhizophila. 

Introduction 
 

Fungi represent one of the most diverse groups of 
organisms on earth. Organisms under Kingdom Fungi 
are eukaryotic and bear spores. They are 
achlorophyllous organisms, meaning they do not have 
chlorophyll and are thus, not capable of photosynthesis. 
Fungi generally reproduce both sexually and asexually. 
They could either occur as single-celled organisms as 
yeasts or multicellular organisms by forming filaments. 
Fungal cells contain cell walls that are made up of chitin 

or cellulose or both, together with many other complex 
organic molecules (Alexopoulos & Wims, 1979) 

Fungi are recognized for their various roles as 
pathogens of plants and animals, as one of the key 
drivers in the decomposition of many organic and 
inorganic materials, and as a source of compounds with 
enormous biotechnological potentials (Newbound et al., 
2010). One group of fungi, the Dothideomycetes, is the 
largest class under this kingdom. This group comprises 
species with an incredible diversity of lifestyles that have 
evolved multiple times. The first large-scale whole-
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genome comparison of 101 Dothideomycetes species 
was reported by Haridas et al. (2020). Their study 
produced a high-confidence phylogeny leading to the 
reclassification of 25 organisms, provided a clearer 
picture of the relationships among the various families, 
and indicated that pathogenicity evolved multiple times 
within this class. They also identified gene family 
expansions and contractions across the 
Dothideomycetes phylogeny linked to ecological niches 
providing insights into genome evolution and 
adaptation across this group.  

One species included in the study mentioned 
above is Lindgomyces ingoldianus strain ATCC 200398 
(Shearer & Hyde) Hirayama et al. This species is a 
freshwater fungus isolated from submerged 
decorticated wood. Part of the whole-genome shotgun 
sequence of this species is an unplaced genomic scaffold 
BDR25scaffold_49 (Accession No.: NW_022985210). 
Unplaced genomic scaffolds are those sequences found 
in an assembly with unknown chromosome placement. 
This genomic scaffold was predicted to express an 
mRNA (Accession No.: XM_033697727) which encodes 
an uncharacterized protein BDR25DRAFT_381691 
(Accession No.: XP_033540912). This protein was 
initially annotated to contain glycoside hydrolase family 
114 (GH114), UV excision repair protein Rad23, and 
fungal cellulose-binding domain (CBM1) regions.  

GH114 has been shown to disrupt microbial biofilm 
produced by Aspergillus fumigatus (Bamford et al., 
2019). Moreover, Rad23 plays a central role in 
proteasomal degradation of misfolded proteins and 
DNA repair (Dantuma et al., 2009), while CBM1 is found 
in many proteins that catalyze the recognition and 
degradation of carbohydrates (Gilkes et al., 1991). The 
predicted presence of these domains makes this 
uncharacterized protein an interesting subject for 
investigation. Thus, this study was undertaken to 
confirm the expression of the uncharacterized protein 
from the mRNA expressed by the unplaced genomic 
scaffold of L. ingoldianus, as well as determine its 
physicochemical characteristics, domain architecture, 
tertiary structure, classification, active site location, 
subcellular localization, cleavage site, and ligand 
interaction through in silico methods. 
 

Materials and Methods 
 
Confirmation of mRNA Translation 
 

The fasta sequence of the mRNA (Accession No.: 
XM_033697727) expressed by unplaced genomic 
scaffold BDR25scaffold_49 (Accession No.: 
NW_022985210) from L. ingoldianus was submitted to 
Expasy’s Translate Server (Galsteiger et al., 2005). 
Output format was set at Compact: M, -, no spaces on 
both forward and reverse strands. The selected open 
reading frame (ORF) was then aligned with 
uncharacterized protein BDR25DRAFT_381691 
(Accession No.: XP_033540912) using Clustal Omega 

from the EMBL-EBI server (McWilliam et al., 2013). 
 

Physicochemical Characterization 
 

The physicochemical characteristics of the 
uncharacterized protein from L. ingoldianus were 
determined by submitting the amino acid sequence to 
Expasy’s ProtParam Server (Galsteiger et al., 2005). This 
server is a tool that allows the computation of various 
physical and chemical parameters for a given protein 
stored in Swiss-Prot or TrEMBL or for a user-entered 
protein sequence. 
 
Domain Architecture Analysis 
 

To investigate the identification of the conserved 
domains found in the uncharacterized protein of L. 
ingoldianus, domain architecture analysis was 
performed using the Simple Molecular Architecture 
Research Tool (SMART) (Letunic et al., 2021). SMART 
allows the identification and annotation of genetically 
mobile domains and the analysis of domain 
architectures. More than 500 domain families found in 
signaling, extracellular, and chromatin-associated 
proteins are detectable. These domains are extensively 
annotated concerning phyletic distributions, functional 
class, tertiary structures, and functionally important 
residues. Each domain is found in a non-redundant 
protein database, and search parameters and 
taxonomic information are stored in a relational 
database system. User interfaces to this database allow 
searches for proteins containing specific combinations 
of domains in defined taxa. 
 
Structure Prediction 
 

The online tool I-TASSER (Yang & Zhang, 2015) was 
used for homology modeling of the uncharacterized 
protein from L. ingoldianus. I-TASSER or Iterative 
Threading ASSEmbly Refinement is a hierarchical 
approach to protein structure prediction and structure-
based function annotation. It first identifies structural 
templates from the PDB by multiple threading method 
LOMETS, with full-length atomic models constructed by 
iterative template-based fragment assembly 
simulations. Function insights of the target are then 
derived by re-threading the 3D models through the 
protein function database BioLiP. The PDB files of the 
models generated by I-TASSER were then visualized 
using EzMol v2.1 Molecular Display Wizard (Reynolds et 
al., 2018).  
 
3D Structure Refinement and Quality Validation 
 

The top predicted structure (Model 1) of I-TASSER 
was refined using local Protein structure REFinement via 
Molecular Dynamics (locPREFMD) tool (Feig, 2016). This 
tool refines the predicted 3D structure of the protein by 
improving its local stereochemistry at the same time 
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preserving the overall fold presented. The method uses 
force field-based minimization and sampling via 
molecular dynamics simulations with a modified force 
field to bring bonds, angles, and torsion angles into an 
acceptable range for high-resolution protein structures. 

Furthermore, an assessment of the predicted 
model quality was done by submitting the top model 
predicted by I-TASSER and the model refined by 
locPREFMD to Ramachandran Plot Server (Anderson et 
al., 2005) and ProSA-web server (Wiederstein & Sippl, 
2007). The refined structure was finally validated using 
VERIFY3D (Eisenberg et al., 1997). 

 
Protein Classification 
 

To confirm the relationship of the uncharacterized 
protein from L. ingoldianus to other proteins with 
known functions, molecular phylogenetic analysis was 
done. Initial identification of the protein was done 
through homology analysis using BLASTp (Johnson et al., 
2008) and homology modeling using I-TASSER (Yang & 
Zhang, 2015) as previously. FASTA sequences of 
representative proteins were retrieved from UniProt KB 
(2021) and were aligned using Clustal W. Phylogenetic 
tree was constructed through Maximum Parsimony 
analysis using all sites for gaps/missing data treatment, 
tree-bisection-reconnection (TBR) as MP search 
method, and with 1000 bootstrap replicates. The 
alignment and construction of the phylogenetic tree 
were done using MEGA 11 software (Tamura et al., 
2021). 

 
Active Site Detection 
 

To determine the active site of the uncharacterized 
protein from L. ingoldianus, the refined predicted 3D 
structure was submitted to Computed Atlas of Surface 
Topography (CASTp) of Proteins (Dundas et al., 2006) 
server. This tool provides an online resource for locating, 
identifying and quantifying concave surface areas on 
three-dimensional protein structures. 

 
Subcellular Localization & Signal Peptide Analysis 
 

To predict the subcellular localization of the 
uncharacterized protein from L. ingoldianus, its fasta 
sequence was submitted to the DeepLoc-1.0 server 
(Almagro Armenteros et al., 2017). This server predicts 
the subcellular localization of eukaryotic proteins using 
the Neural Networks algorithm trained on UniProt 
proteins with experimental subcellular localization 
evidence. It only uses the sequence information to 
perform the prediction. Furthermore, the amino acid 
sequence of the uncharacterized protein was submitted 
to the SignalP-6.0 server (Teufel et al., 2022) to 
determine the cleavage site and further analyze the 
secretion and translocation of the protein encoded by L. 
ingoldianus unplaced genomic scaffold 
BDR25scaffold_45. This online server predicts the 

presence and type of signal peptides and the location of 
their cleavage sites in proteins from Archaea, Gram-
positive Bacteria, Gram-negative Bacteria, and Eukarya. 
 
Protein-Protein Interaction Analysis 
 

Protein-protein interactions were predicted using 
STRING v.11.5 software (Szklarczyk et al., 2021). On the 
web server, “GH114” was used in the query, and a fungal 
species was selected among the matches displayed. 
 
Ligand/Substrate Interaction 
 

HDOCK server (Yan et al., 2020) was used to 
determine the interaction of the uncharacterized 
protein from L. ingoldianus to its probable ligand or 
substrate. This docking server is based on a hybrid 
algorithm of template-based modeling and ab initio-free 
docking. Model 1 of the predicted structure was 
compared against its closest structural homolog, 
indicated by I-TASSER. Before submission for docking, 
the target protein sequence was cleaved first at a site 
determined by SignalP-6.0. Also, the structure of the 
carbohydrate substrate was constructed first using the 
Carbohydrate Builder tool on the Glycam website (Grant 
et al., 2016). 
 
Protein Evolution Analysis 

 
Orthology analysis was conducted to determine 

the relationship between this uncharacterized protein 
from L. ingoldianus and those same proteins from other 
fungal species. This was done by homology analysis 
followed by molecular phylogenetic analysis. BLASTp 
(Johnson et al., 2008) was used to search for protein 
orthologues. Only those above 90% identity with the 
query sequence were retrieved. The retrieved 
sequences were then aligned using Clustal W. 
Phylogenetic tree was constructed through Maximum 
Parsimony analysis using all sites for gaps/missing data 
treatment, tree-bisection-reconnection (TBR) as MP 
search method, and with 1000 bootstrap replicates. The 
alignment and construction of the phylogenetic tree 
were done using MEGA 11 software (Tamura et al., 
2021). 
 

Results and Discussion 
 
Translated mRNA 
 

Figure 1A shows several ORFs found in both 
forward and reverse strands of the translated mRNA 
expressed by unplaced genomic scaffold 
BDR25scaffold_49 from L. ingoldianus. Among these 
ORFs, the longest one was from the 5’3’ Frame 2 
(Figure 1A pink box). All the amino acid residues of this 
ORF were aligned with the amino acid residues of the 
uncharacterized protein BDR25DRAFT_381691 
(Figure 1B). This confirms that the uncharacterized 
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protein BDR25DRAFT_381691 is encoded by the mRNA 
expressed by unplaced genomic scaffold 
BDR25scaffold_49. 

 
Physicochemical Characteristics 
 

The physicochemical characteristics of the 
uncharacterized protein from L. ingoldianus are 
summarized in Table 1. This protein has 370 amino acid 
residues and a molecular weight of 40, 442.44 Da. The 
theoretical isoelectric point of 6.71 suggests that this 
protein is neutral. The equal presence of positively 
charged and negatively charged residues further 
supports this protein’s neutrality. Moreover, the 
computation of the instability index at more than 40 
classifies this protein as unstable. The aliphatic index of 

the protein is 57, which regards it as a positive factor for 
increasing its thermostability. Lastly, the grand average 
of hydrophobicity (GRAVY) of this protein is -0.582. A 
negative GRAVY implies a non-polar characteristic of this 
protein. 
 
Domain Architecture 
 

The uncharacterized protein from L. ingoldianus 
was shown to contain a signal peptide, glycoside 
hydrolase family 114 (GH114) domain, low complexity 
region, and fungal type cellulose-binding domain (fCBD) 
also known as carbohydrate-binding module 1 (CBM1) 
(Figure 2). The signal peptide comprises the amino acid 
residues 1-17, the GH114 domain of the residues 27-
259, the low complexity region of the residues 287-332, 

A    
 

B    

Figure 1. Expasy’s Translate tool shows the possible ORF encoded by the mRNA expressed by the unplaced genomic scaffold from 

L. ingoldianus in the pink box (A). Alignment of the ORF (VIRT-47012:5’3’ to the uncharacterized protein (XP_033540912.1) shows 

all of the residues to be identical. 
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and fCBD of the residues 336-370. This result is not 
consistent with the previous annotation done by Haridas 
et al. (2020). Their study reported that Rad23 domain 
was included as part of the predicted regions found in 
this protein. However, the SMART analysis done in this 
study does not have this domain as one of those 
confidently predicted domains, repeats, motifs, and 
features. This inconsistency is understandable because 
the previous study used the JGI annotation pipeline to 
predict the function of all the genes found in 101 
Dothideomycete genomes that they studied compared 
to this study which is only specific to this particular 
uncharacterized protein. 

Signal peptides (SPs) are short peptides located in 
the N-terminal of proteins, carrying information for 
protein secretion, and are common to all prokaryotes 
and eukaryotes (Owji et al., 2018). The GH114 domain 
family is recognized as a glycosyl-hydrolase family, 

number 114. It is found in endo--1,4-
polygalactosaminidase, a rare enzyme. It is proposed to 
be TIM-barrel, the most common structure amongst the 
catalytic domains of glycosyl-hydrolases (Naumov & 
Stepushchenko, 2011). Moreover, low-complexity 
regions (LCRs) are amino acid sequences that contain 
repeats of single amino acids or short amino acid motifs 
and are highly abundant in eukaryotic proteins (Toll-
Riera et al., 2012). Finally, the fCBD or the CBM1 domain 
is fungi’s small four-cysteine cellulose-binding domain. 
This domain is commonly found in carbohydrate 
degrading enzymes. These enzymes generally consist of 
a catalytic domain joined to a cellulose-binding domain 
(CBD) by a short linker sequence rich in proline and 
hydroxy-amino acids (Gilkes et al., 1991). In the case of 
this uncharacterized protein, the GH114 could serve as 
the catalytic domain that is joined to fCBD by a low 
complexity region (Figure 2) 

Table 1. Physicochemical characteristics of the uncharacterized protein from L. ingoldianus 

Physicochemcial Characteristics Values 

Number of amino acids 370 

Molecular weight 40442.44 

Theoretical pI 6.71 

Amino acid composition (No.) 
Ala (A) 
Arg (R) 
Asn (N) 
Asp (D) 
Cys (C) 
Gln (Q) 
Glu (E) 
Gly (G) 
His (H) 
Ile (I) 
Leu (L) 
Lys (K) 
Met (M) 
Phe (F) 
Pro (P) 
Ser (S) 
Thr (T) 
Trp (W) 
Tyr (Y) 
Val (V) 

 
26 
11 
20 
28 
12 
17 
9 

25 
2 

14 
23 
26 
9 

12 
32 
31 
39 
9 

11 
14 

Total number of negatively charged residues (Asp+Glu) 37 

Total number of positively charged residues (Arg+Lys) 37 

Atomic composition 
Carbon (C) 
Hydrogen (H) 
Nitrogen (N) 
Oxygen (O) 
Sulfur (S) 

 
1772 
2747 
479 
563 
21 

Formula C1772H2747N479O563S21 

Total number of atoms 5582 

Extinction coefficients: 
Assuming all pairs of Cys residues form cystines 
Assuming all Cys residues are reduced 

 
66640 
65890 

Estimated half-life (hrs) >20 

Instability index (II) 48.71 

Alipathic index 57.00 

Grand average of hydrophobicity (GRAVY) -0.582 
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Predicted Structure 
 

Figure 3 shows the backbone (Figure 3A) and 
surface (Figure 3B) views of the top final model 
(Model 1) for the predicted tertiary structure of the 
uncharacterized protein from L. ingoldianus. Model 1 
has the highest C-score of -1.43, with an estimated TM-
score of 0.54±0.15 and an estimated RMSD of 9.9±4.6Å. 
According to Yang and Zhang (2015), C-score is a 
confidence score for assessing the quality of predicted 
models by I-TASSER. It is calculated based on the 
significance of threading template alignments and the 
convergence parameters of the structure assembly 
simulations. C-score is typically in the range of [-5,2], 
where a C-score of higher value signifies a model with 
increased confidence and vice-versa. Moreover, TM-
score and RMSD are known standards for measuring 
structural similarity between two structures which are 
usually used to measure the accuracy of structure 
modeling when the native structure is known. 

The Top 5 predicted models are based on the 
templates used by I-TASSER for threading. The top 10 
threading templates include hydrolases, transcription, 

and toxin proteins. Of the ten templates, Ega3, an endo-

-1,4 polygalactosaminidase found in A. fumigatus, was 
ranked 1st, 3rd, 5th, 7th, and 9th (Table 2). Furthermore, 
the top 10 structural analogs of the uncharacterized 

protein in PDB were composed of endo--1,4-

galactosaminidase from A. fumigatus, endo--N-
acetylgalactosaminidase from Bifidobacterium longum, 
Lacto-N-biosidase from Bifidobacterium bifidum, N-

acetyl--D-glucosaminidase from Streptococcus 

gordonii, Endo--N-acetylgalactosaminidase from 

Streptococcus pneumoniae, N-acetyl--glucosaminicase 
from Homo sapiens, Trimethylamine dehydrogenase 
from Methylophilus methylotrophus, Chitibiose from 

Flavobacterium johnsoniae, -galactosidase from 
Trichoderma reesei, and Histamine dehydrogenase from 
Pimelobacter simplex, respectively (Table 3). Of these 

ten structural analogs, only the 1st ranked endo--1,4-
galactosaminidase from A. fumigatus aligned perfectly 
with model 1 generated by I-TASSER (Figure 3C). The 
rest of the structural analogs have domains not present 
in the uncharacterized protein from L. ingoldianus.  

These structural prediction and alignment results 
reveal that the uncharacterized protein encoded by the 

 

Figure 1. Domain architecture of the uncharacterized protein from L. ingoldianus. This protein consists of a signal peptide (red 
bar), GH114 domain (black box), low complexity region (pink bar), and fCBD region (green triangle). 

 

 

Figure 2. Top final model (Model 1) of the tertiary structure of the uncharacterized protein from L. ingoldianus predicted by I-
TASSER shown in cartoon (A) and surface (B) views and in alignment with the top structural analog (C). The structural analog is 
colored purple in C while the model 1 structure from A-C shows the signal peptide (red), GH114 domain (yellow), low complexity 
region (pink, and fCBD region (green). 
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mRNA from the unplaced genomic scaffold of 

L. ingoldianus could probably be an endo--1,4-
polygalactosaminidase with GH114 catalytic domain 
same as Ega3 from A. fumigatus. Ega3 is an active 
glycoside hydrolase that disrupts GAG-dependent A. 
fumigatus and Pel polysaccharide-dependent 
Pseudomonas aeruginosa biofilms at nanomolar 
concentrations (Bamford et al., 2019). 
 
Refined and Validated 3D Structure 
 

Figure 4 shows the top predicted model by I-
TASSER that is refined by locPREFMD. Although the 
refined model has not really reached the targeted values 
for various stereochemical parameters, this version has 

significantly enhanced values compared to the 
crude/submitted model (Table 4). In terms of the 
assessment of model quality, Ramachandran Plot 
analysis revealed that the refined model has increased 
observation values than the crude model. The crude 
model has highly preferred observations of 79.076%, 
preferred observations of 13.859%, and questionable 
observations of 7.065% (Figure 5A). After the 
refinement of the model, the values improved to 
91.304%, 5.707%, and 2.989%, respectively (Figure 5B).  

Furthermore, ProSA-web analysis showed that the 
overall model quality of the refined model is higher 
compared to the crude model. The Z-Score of the crude 
model was equivalent to -5.56 (Figure 5C) and increased 
to -5.61 in the refined model (Figure 5D). Finally, 

Table 2. Top 10 threading templates used by I-TASSER to predict the structure of the uncharacterized protein from L. ingoldianus. 

Rank PDB Hit Name Class Organism Ident 
1 

Ident 
2 

Coverage Norm Z-
score 

1  6oj1A Ega3 (endo--1,4-
polygalactosaminidase) 

Hydrolase Aspergillus fumigatus 0.46 0.32 0.66 2.79 

2  7o0eG GH30 (mutant E188A) 
complexed with 

aldotriuronic acid 

Hydrolase Thermothelomyces 
thermophilus ATCC 42464 

0.10 0.20 0.94 1.15 

3  6oj1 Ega3 (endo--1,4-
polygalactosaminidase) 

Hydrolase Aspergillus fumigatus Af293 0.46 0.32 0.66 6.64 

4  7ktrC SAGA coactivator complex 
(TRRAP, core) 

Transcription Homo sapiens, unclassified 
Rhodococcus 

0.09 0.18 0.93 1.08 

5  6oj1 Ega3 (endo--1,4-
polygalactosaminidase) 

Hydrolase Aspergillus fumigatus Af293 0.46 0.32 0.66 4.37 

6  7wabA prolyl endoprotease (PEP) Hydrolase Aspergillus niger 0.10 0.23 0.93 1.05 

7  6oj1A Ega3 (endo--1,4-
polygalactosaminidase) 

Hydrolase Aspergillus fumigatus Af293 0.47 0.32 0.66 2.94 

8  7qfpA Botulinum neurotoxin 
serotype E 

Toxin Clostridium botulinum 0.05 0.22 0.97 1.05 

9  6oj1 Ega3 (endo--1,4-
polygalactosaminidase) 

Hydrolase Aspergillus fumigatus Af293 0.47 0.32 0.66 6.96 

10  7m10A RNA polymerase II pre-
initiation complex (PIC1) 

Transcription Saccharomyces cerevisiae 0.06 0.19 0.82 0.72 

 
 
 

Table 3. Proteins structurally close to the uncharacterized protein from L. ingoldianus in the PDB as identified by TM-align. 

Rank PDB 
Hit 

Name Class Organism TM-
score 

RMSD IDEN Coverage 

1  6oj1A endo--1,4-
polygalactosaminidase (GH114) 

Hydrolase Aspergillus fumigatus 0.663 0.41 0.459 0.665 

2  2zxqA endo--N-
acetylgalactosaminidase (GH101) 

Hydrolase Bifidobacterium longum 0.617 4.90 0.072 0.819 

3  4h04A Lacto-N-biosidase (GH20) Hydrolase Bifidobacterium bifidum 
JCM 1254 

0.610 4.97 0.078 0.824 

4  2epoA N-acetyl--D-glucosaminidase 
(GCNA) (GH20) 

Hydrolase Streptococcus gordonii 0.610 4.82 0.043 0.803 

5  3ecqB Endo--N-
acetylgalactosaminidase (GH101) 

Hydrolase Streptococcus 
pneumoniae R6 

0.603 5.08 0.077 0.822 

6  4xwhA N-acetyl--glucosaminidase 
(GH89) 

Hydrolase Homo sapiens 0.595 4.84 0.054 0.797 

7  2tmdA Trimethylamine dehydrogenase Oxidoreductase Methylophilus 
methylotrophus W3A1 

0.591 5.13 0.063 0.805 

8  6yhhA Chitobiose (GH20) Hydrolase Flavobacterium 
johnsoniae UW101 

0.590 4.46 0.038 0.754 

9  3og2A -galactosidase (GH35) Hydrolase Trichoderma reesei 0.588 5.06 0.064 0.811 

10  3k30A Histamine dehydrogenase (HADH) Oxidoreductase Pimelobacter simplex 0.588 5.13 0.068 0.800 
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VERIFY3D analysis for validating the quality of the 
refined model reported a “pass” result. The analysis 
revealed that 86.76% of the residues have averaged 3D-
1D score >= 0.2 (Figure 5E). According to Eisenberg et al. 
(1997) if at least 80% of the amino acids have scored >= 
0.2 in the 3D/1D profile, then the model passes the 
quality validation test. 

 
Protein Classification 
 

BLASTp analysis and I-TASSER prediction initially 
identify the uncharacterized protein as GH114 domain-
containing protein. Thus, molecular phylogenetic 
analysis of its sequence together with other glycoside 
hydrolases was done to confirm this identity. 

Phylogenetic analysis of the uncharacterized protein 
from L. ingoldianus confirms that this protein is an endo-

-1,4-polygalactosaminidase with a catalytic domain 
belonging to the glycoside hydrolase 114 family 
(GH114). The phylogenetic tree in Figure 6A shows that 
this uncharacterized protein was grouped with the two 

GH114 domain-containing endo--1,4-
polygalactosaminidase sequences from A. fumigatus 
with a 100% bootstrap support value.  

The GH114 group shares the same ancestor with 

endo--N-acetylgalactosaminidase or the GH101 family. 
Also shown in the tree are resolved clades of GH35 

domain-containing -galactosidases, GH20 domain-
containing Chitooligosaccharide deacetylases, GH89 

domain-containing N-acetyl--glucosaminidase, GH35 

 

Figure 4. Cartoon (A) and surface (B) views of the top structural model (Model 1) refined by locPREFMD. The structure shows the 
signal peptide (red), GH114 domain (yellow), low complexity region (pink, and fCBD region (green). 
 
 
 

Table 4. Comparison of the stereochemical parameters of the top structural model predicted by I-TASSER and its refined version by 
locPREFMD. 

Parameters Submitted Refined Goal 

Total score 2.924 1.869 < 1.0 
Clash score 3.948 0.537 0 
C-beta deviations 25 4 0 
Sidechain rotamer outliers 15.990 5.330 < 0.3 % 
Phi-psi backbone outliers 11.410 2.990 < 0.2 % 
Phi-psi backbone favored region 71.470 86.410 > 98 % 
21-window residue average 0.000 0.000 1.0 
Phi-psi backbone favored region 64.300 79.100 > 90 % 
Phi-psi backbone allowed region 28.900 17.700 

 

Phi-psi backbone general region 5.500 2.900 < 1 % 
Phi-psi backbone disfavored region 1.300 0.300 < 0.2 % 
Phi-psi backbone un-allowed region 0.179 0.087 < 0.2 % 
Chi1-chi2 sidechain un-allowed region 0.076 0.021 < 0.2 % 
G-factor dihedrals -1.040 -0.600 > -0.5 
G-factor covalent bonds -0.240 0.020 > -0.5 
G-factor overall interactions -0.680 -0.330 > -0.5 
Favorable main chain bond lengths 99.300 99.800 100 % 
Favorable main chain angles 88.000 92.300 100 % 
Sidechain ring planarity 84.000 94.100 100 % 
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domain-containing -galactosidases, and the outgroup 
Oxidoreductases (EC 1). The maximum parsimony tree 
has a length of 7716, consistency index (CI) of 0.905780, 
retention index (RI) of 0.827766, and composite index of 
0.749774. 

A closer look at the aligned sequences of the 
uncharacterized protein from L. ingoldianus and the two 
sequences from A. fumigatus showed several conserved 
sequences found within their GH114 domains 
(Figure 6B). The GH114 domain of the first Ega3 

sequence (pdb|6OJ1|A) is from 41 up to 273 amino acid 
residues. On the other hand, the GH114 domain of the 
second Ega3 sequence ((pdb|6OJB|A) is from 58 up to 
290 amino acid residues. Lastly, in terms of their domain 
architecture, only the uncharacterized protein from L. 
ingoldianus has an fCBD linked to the GH114 domain via 
a low complexity region compared to the other two 

(Figure 6C), which makes it a unique form of an endo--
1,4-polygalactosaminidase enzyme. 

 

 

 
Figure 5. Ramachandran Plot Server and ProSA-web server analysis for the quality assessment of the top predicted model by I-
TASSER (A&C) and the refined model by locPREFMD (B&D), as well as the refined model’s validation through VERIFY3D (E). 
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Detected Active Sites 
 

CASTp analysis predicted 36 active sites within the 
refined model of the uncharacterized protein from 
L. ingoldianus (Figure 7). The top active sites of the 
modeled protein were identified between the area of 
2335.104 and the volume of 1817.838. 

 
Subcellular Localization and Signal Peptide Profile 
 

Figure 8A shows that the uncharacterized protein 
from L. ingoldianus is an extracellular enzyme. It is 
synthesized inside the fungal cell and is secreted outside 
for its catalytic function. Analysis of the signal peptide 
sequence of the uncharacterized protein further 
revealed that it contains a Sec/SPI signal peptide. 
Sec/SPI is the “standard” secretory signal peptide 
transported by the Sec translocon and is cleaved by 

Signal Peptidase I (Lep). Moreover, the analysis revealed 
that this protein has the signal peptide cleavage site 
between amino acid residues 17 and 18 (Figure 8B). 

The protein endo--1,4-polygalactosaminidase is a 
type of carbohydrate-active enzyme (CAZyme). 
CAZymes are secreted by filamentous fungi, especially 
those that could efficiently degrade lignocellulose 
(Gabriel et al., 2021). Production of various CAZymes is 
an inherent characteristic of the heterotrophic fungal 
lifestyle to efficiently degrade the available biomass in 
their habitat (Barrett et al., 2020). Their biomass 
substrates are often composed of different plant cell 
wall polysaccharides, primarily cellulose, hemicellulose, 
pectin, and lignin (Benoit et al., 2015). In the case of 

endo--1,4-polygalactosaminidase, a critical action of 
this enzyme is its ability to disrupt 
galactosaminogalactan (GAG). GAG is an integral 
component of the A. fumigatus biofilm matrix and a key 

 

 

Figure 6. Molecular phylogenetic analysis of the uncharacterized protein from L. ingoldianus with other glycoside hydrolase proteins 

(A). Multiple sequence alignment of the uncharacterized protein to the two sequences of endo--1,4-polygalactosaminidase from 
A. fumigatus (B) and the comparison of their domain architectures (C). 
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virulence factor for causing chronic infections in patients 
with pre-existing lung conditions such as chronic 
obstructive pulmonary disease or cystic fibrosis 
(Bamford et al., 2019). 

 
Protein-Protein Interaction 

 

STRING query resulted in a match for endo--1,4-
polygalactosaminidase protein interaction from 

Aspergillus niger. Figure 9 shows that endo--1,4-
polygalactosaminidase (An08g04330) interacts with the 
following proteins: Udp-glucose 4-epimerase 
(An02g11320) which belongs to the NAD-dependent 
epimerase/dehydratase family, cell surface spherulin 4-
like protein (Am02g11330 & An03g05560) which 
belongs to the Spherulation-specific family 4, plasma 
membrane ATPases (An01g05670, An02g12510, 
An16g05840), large subunit ribosomal protein lp2 
(An16g04930) which belongs to the eukaryotic 
ribosomal protein P1/P2 family, endo-arabinase 
(An07g04930) which belongs to the Glycosyl hydrolases 
family 43, and glycosyl transferases group 1 family 
protein (An02g11400). All of these predicted functional 
partners are based on textmining.  

Substrate Interaction 
 

Molecular docking analysis conducted to compare 

catalytic activities of the enzyme endo--1,4-
polygalactosaminidase from A. fumigatus and L. 
ingoldianus revealed almost the same interactions with 
the substrate galactosaminogalactan (GAG). GAG is a 

heterogeneous linear -1,4–linked exopolysaccharide 
of galactose and GalNAc that is partially deacetylated 
after secretion.    

Docking of GAG to Ega3 revealed only eight out of 
ten models showing substrate binding to the active sites 
of the protein. The other two models were bound to the 
N-terminal sequences of the enzyme (Figure 10A). On 
the other hand, all ten models showed GAG binding to 

the active sites of the endo--1,4-
polygalactosaminidase from L. ingoldianus (Figure 10B). 
This optimized binding for the studied protein could be 
due to cleaving the signal peptide before subjecting it to 
docking analysis.  

Comparing the structures of the enzymes with the 
bound substrates, the uncharacterized protein appears 
to be more globular than Ega3. Using MS and functional 
assays, Bamford et al. (2019) demonstrated that Ega3 is 

 

Figure 7. The active sites in the uncharacterized protein predicted by CASTp. The active sites are shown in red spheres found in the 
cartoon view of the protein (A) and in the specific amino acid residues highlighted in gray (B). 
 
 
 

 

Figure 8. Results of the subcellular localization (A) and signal peptide analysis (B) of the uncharacterized protein from L. ingoldianus. 
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an endo-acting -1,4-galactosaminidase whose activity 
depends on the conserved acidic residues, Asp-189 and 
Glu-247. X-ray crystallographic structural analysis of the 
apo Ega3 and an Ega3-galactosamine complex, at 1.76 

and 2.09 Å resolutions, revealed a modified (/)8-fold 
with a deep electronegative cleft, which upon ligand 
binding is capped to form a tunnel. However, the cleft 
on the uncharacterized protein is deeper and more 
pronounced than the cleft found on the Ega3 (Figure 7). 
This difference could be due to the enzyme’s fCBD and 

low complexity regions from L. ingoldianus (Figure 3). 
Thus, it is hypothesized that the fCBD part found in this 
protein does not just function for recognizing 
galactosaminogalactan but also for holding it in place for 
maximum contact with the active site of the catalytic 
domain GH114. 

Finally, the mode of action of the endo α-1,4 
polygalactosaminidase from Pseudomonas sp. 881 on 
galactosaminooligosaccharides (GOSs) was studied by 
Tamura et al. (1992). This enzyme could hydrolyze α-1,4 

 

Figure 9. Interactions of endo- -1,4-polygalactosaminidase from A. niger with other proteins as predicted by STRING v.11.5. 
 
 
 

 
Figure 10. Molecular docking analysis results of GAG and Ega3 (A) and GAG and the uncharacterized protein from L. ingoldianus 
(B). All docking models of the substrate GAG were overlayed (sticks) on the enzyme endo- -1,4-polygalactosaminidase (brown; 
surface view). 
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polygalactosamine to GOSs in an endo-split manner. 
They also found that tetraose and longer GOSs were 
hydrolyzed to galactosaminobiose and 
galactosaminotriose as the final products and 
galactosaminomonomer (galactosamine) could not be 
produced as an enzymatic product.  
 
Protein Evolution 
 

A total of 26 orthologous protein sequences were 
retrieved from NCBI after filtering only those accessions 
with above 90% identity in the BLASTp result. Molecular 
phylogenetic analysis of these sequences revealed that 

the endo α-1,4 polygalactosaminidase from 
L. ingoldianus is more closely related to CBM1 from 
Zopfia rhizophila (pink box; Figure 11A) than its other 
orthologues with a 74% bootstrap support value. The 
most parsimonious tree has a length of 1887, 
consistency index of 0.602014, retention index of 
0.533250, and a composite index of 0.321024. Z. 
rhizophila is a plant pathogenic fungus that causes root 
rot in Asparagus (Sadowski, 1989). 

Furthermore, although the orthologue from Z. 
rhizophila is named CBM1 in NCBI, comparison of their 
domain architectures showed both proteins are endo α-
1,4 polygalactosaminidase (Figure11B). Moreover, a 

 

 

Figure 11. (A) Phylogenetic tree showing the relationship of endo- -1,4-polygalactosaminidase from L. ingoldianus with its 
orthologues, (B) comparison of the domain architectures of the proteins from L. ingoldianus and Z. rhizophila. 
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Figure 12. Multiple sequence alignment of endo--1,4-polygalactosaminidase from L. ingoldianus with its orthologues. 
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closer look at the alignment of the sequences of the 
proteins showed that both proteins differ from the rest 
of their orthologues in terms of the lacking and/or 
varying amino acid residues at their terminal ends (black 
box; Figure 12). Although, all these orthologous proteins 
obviously contain several conserved sequences making 
up the same domain architectures.  

Finally, the BLASTp analysis did not reveal any 
similar protein sequences that are found on the same 
strain of species studied. Thus, analysis of paralogous 
genes embedded within the same genome of L. 
ingoldianus or any fungal species that produce endo α-
1,4 polygalactosaminidase would be an interesting topic 
for future research. 
 

Conclusion 
 

This study confirms the translation of an 
uncharacterized protein BDR25DRAFT_381691 
(Accession No.: XP_033540912) from an mRNA 
(Accession No.: XM_033697727) expressed by an 
unplaced genomic scaffold BDR25scaffold_49 
(Accession No.: NW_022985210). This protein has 370 
amino acid residues and is predicted to have a neutral 
charge and unstable and non-polar characteristics. It 
consists of a signal peptide, GH114, low complexity, and 
fCBD regions. Structural characterization and 
phylogenetic analysis revealed that this protein is an 

endo--1,4-polygalactosaminidase enzyme with unique 
domain architecture. This protein was also found to 
contain 36 active sites and was predicted to be secreted 
extracellularly. Lastly, molecular docking analysis 
showed that it could bind galactosaminogalactan in its 
active site much better than Ega3 from A. fumigatus. 
Suggesting that this enzyme produced by L. ingoldianus 
could be potentially used for more efficient degradation 
of biofilms or other polymers composed of 

galactosaminooligosaccharides. Finally, his endo--1,4-
polygalactosaminidase from L. ingoldianus was found to 
be closely related to its orthologue from a plant 
pathogenic fungus Zopfia rhizophila. 
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