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Abstract

Altered glycosylation is a characteristic feature of cancer cells and is closely associated with
oncogenesis, malignant differentiation, tumor growth, and metastasis. To test the hypothesis that
chitinase may interfere with abnormal glycosylation through interaction with UDP-NAG and
DPAGT1, the anticancer potential of chitinase from Thermomyces lanuginosus was evaluated
through molecular docking and protein-protein interaction analysis. The chitinase molecule was
docked using ligand (UDP-NAG) obtained from the PubChem compound database, and the
docking results were analyzed based on docking score, glide score, glide energy, and hydrogen
bond interactions. The obtained docking score and glide energy were -5.568 and -53.491,
respectively, indicating favorable docking of chitinase with the NAG molecule. In addition, the
protein-protein interaction studies between chitinase and DPAGT1 showed favorable structure
and score models with balanced, electrostatic-favored, and hydrophobic-favored interactions,
suggesting a strong positive interaction. The study concludes that chitinase may be a promising
candidate for inhibiting carcinogenesis caused by abnormal glycosylation, either by interacting
with UDP-NAG or with DPAGT1, thereby inhibiting the glycosylation process.

Keywords: Chitinase; DPAGT1, UDP-NAG, glycosylation; molecular docking, protein-protein

interaction


mailto:nisha.suryawanshi03@gmail.com
mailto:bikasmaa@gmail.com

1. INTRODUCTION

Glycosylation is a process of post-translational modification where carbohydrates attach to
membrane proteins and lipids. The formed glycoproteins or glycolipids consist of ample
carbohydrates in the extracellular portion of the cell membrane and have an essential function in
the process of cell adhesion, cell trafficking, and cell signaling [1]. In various studies of
carcinogenesis, it was observed that the expression of carbohydrates or glycans is distinct in
cancer cells compared to normal cells [2,3]. It is because of the altered level of expression of
glycosyltransferases. This enzyme forms glycosidic linkages between the glycans, and the
glycosidases break the glycosidic linkages [4-6]. The abnormal glycosylation directs the
structural changes of the main glycan, such as changed branching and expanded glycan scale,
and other chemical composition changes that can cause cancer [7,8]. Consequently, the altered
expression of specific glycans, usually structurally altered compared to normal cells, is the trait
of cancer cells. It is already reported that altered glycosylation is linked with acute diseases
involving oncogenesis, malignant differentiation, and tumor metastasis and growth [9-11]. The
presence of 1-6 branching among N-acetyl-D-glucosamine and mannose on N-glycans is perhaps
the most widely studied abnormal structure linked to cancer cell surfaces [12,13]. N-glycan
biosynthesis has long been inhibited by the destruction of the first dedicated enzyme, DPAGT1
[14,15]. The transfer of an N-acetyl-D-glucosamine-1-phosphoryl unit (NAG-1-P) from UDP-
NAG on the dolichyl phosphate (Dol-P) is catalyzed by the dolichyl phosphate N-
acetylglucosamine-phosphotransferase (DPAGT1) [10]. The increased branch offers an extra
substrate for glycosylation compared to other N-glycans, causing the glycan to increase in size,
become structurally complex, and vary in conformity [16-18]. The high occurrence of B1-6 NAG
branching is treated as a biomarker in many cancers [6,19,20]. DPAGT1 expression and the
occurrence of f1-6 NAG branching have a function in oncogenesis and are related to metastasis
and poor prognosis, especially in breast cancer, according to several in vivo studies [21-26],
colon-rectum cancer, and in melanoma [22]. The therapeutic effects of preventing the growth of
B 1-6 NAG branching in murine and human tumor cells have been discovered through research
[23,24]. Despite the importance of N-linked glycans in tumor cell formation from normal cells,
immunotherapy targeting N-linked glycans has yet to be established, owing to the inaccuracy of

N-linked glycans in distinguishing between normal and malignant cells [4,27]. The Golgi



apparatus produces O- or N-glycan chains through the sequential action of
glycosyltransferases[28]. Finding drug-like glycosyl transferase antagonists that inhibit the
synthesis of complex branching mechanisms in cancer cells while selectively destroying tumor
cells is a difficult task. Chitinase may be further explored as a potential anticancer candidate for
the development of protein therapeutics [29,30]. To investigate its anticancer potential, the
hypothesis of interaction of chitinase with UDP-NAG and DPAGT1 (dolichyl-phosphate N-
acetylglucosamine phosphotransferase 1) at the molecular level was studied through in silico

analyses, including molecular docking [31] and protein-protein interaction studies.
2. METHODS AND MATERIALS

2.1 Software

The Schrodinger Maestro interface (Maestro, version 10.5, Schrodinger, LLC, New York, NY,
2019) was used to perform the in silico docking studies, and the ClusPro web server was used

for protein-protein interaction analysis [32].
2.2 Retrieval of sequence for the Three-dimensional structure building.

The three-dimensional structure of chitinase from Thermomyces lanuginosus was modelled using
the primary amino acid sequence (Fig. 1) obtained from the National Center for Biotechnology

Information (NCBI, www.ncbi.nlm.nih.gov/ ) under accession number AAY99632.1 [33]
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chitinase [Thermomyces lanuginosus]

GenBank: AAY99632.1
GenPept Identical Proteins  Graphics

FAAY99632.1 chitinase [Thermomyces lanuginosus]
MLVKYRVFAPFLWSGLYRRVFCSLHLHTIHAGRVLSPPIQEKHAQGY LSVQYFVNWATYGRNHNPQDLPA
EKLTHILYAFANVRPDSGEVYLTDTWSDTDKHYPSDSWNDTGTNVYGCIKQLFLLKKRHRKLKVLLSIGG
WTYSSNFAQPASTEAGRETFARTATRLVLDLGLDGLDIDWEYPQDDNQARDFVALLRKCREHLDY AAGPN
RRFLLTIACPAGPNMFTKLRLPEMTPYLDFYNLMAYDNAGSWDQLAGHQANIFPSSTNPASTPFSTDAAL
RHYISVSGVPSSKMVLGMPLYGRAFQNTNGPGTPFSGVGEGSWEQGVIWDYKALPRPGAT EHVDPNIGASW
SYDPQTRTMVTYDNVAVAETKANFVRGAGLGGGMWWESSADRGGKTANKADGS LIGTFVDGLGGVFALDQ
SPNNLDYPESKYDNLRAGFPGE

Fig. 1 Amino acid sequence of Thermomyces lanuginosus chitinase used to build the Three-

dimensional structure.
2.3 Three-dimensional structure building through homology modeling and its evaluation
2.3.1 Three-dimensional Model building of chitinase

The homology modeling technique was used to build the three-dimensional structure of chitinase
from Thermomyces lanuginosus using the primary amino acid sequence in FASTA format. The
Three-dimensional structure of chitinase from Aspergillus fumigatus B1 was used as the
template. Homology modeling was performed using the SWISS-MODEL tool
(https://swissmodel.expasy.org/ ) [34,35]

2.4 Validation of the three-dimensional modelled structure through Ramachandran Plot

The three-dimensional structure of chitinase built through homology modeling was validated
using the Ramachandran plot, which evaluates the model based on the phi (¢) and psi (') angles
of the amino acid residues [36].

2.5 Preparation of target/receptor protein molecule for the docking study
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Protein preparation is the first step in docking. A Protein Preparation Wizard (version 4.3) was
used to prepare the three-dimensional structure generated by homology modeling [37]. The
modeled structure of chitinase from Thermomyces lanuginosus was prepared by adding hydrogen
atoms, removing atomic clashes, removing water molecules, and performing energy
minimization [38]. The energy minimization, a crucial step, was performed using the
OPLS_2005 force field at an RMSD of 0.3 A [39].

2.6 Binding Site generation in the target protein molecule

The binding site in the target protein molecule was generated using the SiteMap application
(version 3.8), which predicts binding sites by analyzing various factors such as size, tightness,
degree of enclosure or exposure, hydrogen-bonding opportunities, and hydrophobic/hydrophilic
character [40].

2.7 Grid generation and molecular docking studies
2.7.1 Grid Generation in the target molecule

Grid generation in the target molecule is an important step in molecular docking. It is carried out
to determine the size and location of the active or binding site in the target molecule. The grid
was generated using the receptor grid generation program with a box size of 20 x 20 x 20 A. The
atoms with a partial atomic charge of less than 0.25 were scaled using van der Waals radii of 1.0

A [41].

2.7.2 Molecular docking studies of the receptor molecule with the ligand

The structure of ligand UDP-NAG was obtained from the PubChem compound database (Fig
2(A)). Glide (version 7.0) was used to perform molecular docking between the target molecule
and the ligand. The docking was carried out using the standard precision (SP) algorithm[42]. The
molecular docking results were reported as docking scores. The docking score predicts the most
suitable binding pose between the test ligand and the target protein at the binding or active site
[43,44].



(A) (B)
Fig. 2. Structure of UDP-NAG (A) and DPAGT1 (B) obtained from PubChem and PDB,

respectively

2.8 Protein-protein interaction between modeled chitinase (ligand) and DPAGT1
The chitinase protein from Thermomyces lanuginosus was generated via homology modeling,
whereas DPAGT1 was retrieved from the Protein Data Bank under PDB ID 6FM9 (Fig. 2(B)).

Protein-protein interaction between the modeled chitinase and DPAGTL1 protein was performed

using the ClusPro web server. ClusPro (https://cluspro.org) is a commonly used server for
protein-protein docking. The results were analyzed based on the top-ranked model and its
corresponding coefficient scores [45].

3. RESULTS AND DISCUSSION

3.1 Molecular Docking Studies of Chitinase

The availability of the three-dimensional structure of chitinase from Thermomyces lanuginosus
was examined in the Protein Data Bank (PDB). However, no structure of chitinase from
Thermomyces lanuginosus is currently available in the PDB. Therefore, the required model was

built using the homology modeling method.
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3.1.1 Homology modeling of chitinase

The SWISS-MODEL tool was used to predict the three-dimensional structure of the chitinase
protein. The amino acid sequence of Thermomyces lanuginosus obtained from the NCBI database
in FASTA format was used as the target sequence to build the homologous model. The crystal
structure of Aspergillus fumigatus chitinase B1 (2a3c.1.A) was obtained as the best template from
the SWISS-MODEL tool to build the homologous model of Thermomyces lanuginosus chitinase.
Figure, 3(A) shows the alignment between the target protein sequence and the template sequence
used for model construction. During modeling, the target sequence and template sequence were
aligned (2A) and the sequence of Aspergillus fumigatus chitinase B1 showed 62.28% identity.

The three-dimensional structure was then built (Fig. 3B).

Fig. 3. (A) Alignment between the target protein sequence and the template sequence used for
model construction (B) Homologous 3D Chitinase Model of the target protein (Thermomyces
lanuginosus chitinase) using Aspergillus fumigatus chitinase B1 (PDB ID: 2A3C, chain A) as
the template structure.

The modeled structure was validated using the Ramachandran plot (Fig. 4). The plot showed that
more than 90% of the amino acid residues were present in the most favored region, whereas less
than 10% were located in the additionally allowed, generously allowed, or disallowed regions.

These results supported the suitability of the modeled structure for further docking studies. The



modeled structure was initially bound to a ligand, PNX, which was removed using BIOVIA
Discovery Studio [46].
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Fig. 4 Ramachandran plot to validate modeled Chitinase.

3.2 Docking of chitinase with UDP-NAG

Locating the binding site in a specific protein is the first step before docking. The ligand can be
attached to this docking site for the analysis of receptor-ligand interaction. The binding site in
the modeled chitinase was generated using the SiteMap application, which predicts the possible
binding sites. The “Site Score” was used to determine the most suitable binding site among all
the predicted sites. [47] A site score of 1 or higher is considered excellent and is generally used
for further docking studies. Sites with a score in the range of 0.8-1 can be partially targeted,

whereas sites with a score below 0.8 are generally considered unsuitable for targeting. In the



present study, the highest-scoring binding site in the target molecule was selected (Fig. 5). Once
the binding site was identified, the grid was created around it to define the binding region for
ligand interaction during docking. Glide was used to assess the binding affinity of chitinase in
terms of docking score and glide energy [48]. The interaction was represented by a yellow dotted
line indicating the formation of a hydrogen bond. Accordingly, the ligand interaction diagrams
(Fig. 5) show the amino acid residues involved in ligand binding. A more negative docking score
indicates a more favorable predicted interaction between the protein and ligand[49,50]. The
docking score for this interaction was -5.568, and the glide energy was -53.491.

Fig. 5. Molecular docking interaction between Chitinase and UDP-NAG. The microscopic view

showing the ligand interaction diagram for the interaction of Chitinase and UDP-NAG.

These findings suggest that chitinase may have the ability to interact with UDP-NAG at the
molecular level. Since UDP-NAG is associated with the glycosylation pathway [51,52], the
observed favorable docking may indicate the possible involvement of chitinase in interfering
with abnormal glycosylation. The hydrogen bond interactions observed in the ligand interaction
diagram further support the plausibility of this predicted binding pattern[53]. However, these
observations should be interpreted cautiously, as docking analysis provides only a preliminary

estimate of molecular interaction.



3.3. Protein-Protein interaction between chitinase and DPAGT1

To explore the potential of chitinase against abnormal glycosylation, protein-protein interaction
analysis was performed between chitinase and DPAGT1, an enzyme involved in glycosylation.
The ClusPro server was used for this interaction study. As a result, the 10 top-ranked models
(Fig. 6) were generated with balanced, hydrophobic-favored, and electrostatic-favored weighted
scores of center and lowest energies (Table 1). The model with the lowest energy among all the

weighted scores was selected as the best model for the interaction (Fig. 7).

Fig. 6. Generated 10 clusters of protein-protein interaction for Chitinase and DPAGT. Color-

coded keys depict the different components of docked protein-protein complexes. Sky blue: a



helix of DPAGT1 (6FM9); Violet:  sheets of DPAGT1 (6FM9); Red: a helix of chitinase protein
(2A3C.1); Yellow: B sheets of chitinase protein (2A3C.1)

Table 1: Depicting the generated clusters of protein-protein interaction with the centers and
lowest energy levels for balanced, electrostatic favored and hydrophobic favored interactions.

Balanced Electrostatic favored Hydrophobic favored
Cluster Representative = Members Weighted Members = Weighted Members = Weighted
score score score
0 Center 73 -1433.6 65 -1405.2 91 -2404.7
Lowest Energy -1548.4 -1541.7 -2677.1
1 Center 53 -1661.9 48 -1731.8 61 -2450.6
Lowest Energy -1799.9 -1845.2 -2454.0
2 Center 41 -1333.7 45 -1447.0 61 -22114
Lowest Energy -1609.1 -1510.0 -2477.8
3 Center 39 -1410.5 40 -1321.6 40 -2054.9
Lowest Energy -1470.3 -1612.5 -2396.5
4 Center 37 -1327.1 38 -1288.3 40 -1973.4
Lowest Energy -1446.0 -1483.9 -2353.4
5 Center 36 -1294.1 36 -1538.9 39 -2478.2
Lowest Energy -1484.4 -1538.9 -2609.2
6 Center 36 -1308.8 31 -1297.8 34 -2363.8
Lowest Energy -1510.4 -1502.9 -2363.8
7 Center 36 -1303.0 31 -1505.7 32 -2029.3
Lowest Energy -1473.3 -1505.7 -2245.6
8 Center 34 -1492.4 29 -1288.6 31 -2047.0
Lowest Energy -1512.4 -1452.0 -2130.9
9 Center 33 -1282.4 29 -1297.4 30 -2255.7
Lowest Energy -1332.7 -1462.2 -2395.7
10 Center 28 -1319.3 28 -1264.0 29 -2118.2
Lowest Energy -1506.5 -1445.3 -2265.1

The observed protein-protein interaction between chitinase and DPAGT1 suggests that chitinase
may also interact with an enzyme directly involved in the glycosylation pathway. This supports
the proposed hypothesis that the anticancer potential of chitinase may be associated not only with



its interaction with UDP-NAG but also with its possible interference with DPAGT1-related
glycosylation events. Although the interaction models obtained from ClusPro provide supportive
computational evidence, these results should be considered preliminary until validated through
additional computational and experimental studies.

Fig. 7. Protein-protein docked complexes of DPAGT1 (6FM9), with chitinase protein (2A3C.1).
Color-coded keys depict the different components of docked protein-protein complexes. Green:
Chitinase protein (2A3C.1); Sky blue: DPAGT1 (6FM9).

Taken together, the molecular docking and protein-protein interaction analyses suggest that
chitinase may influence abnormal glycosylation through interactions with both UDP-NAG and
DPAGTL. Since abnormal glycosylation is closely associated with carcinogenesis and tumor
progression [54], these observations provide preliminary in silico support for chitinase's proposed
anticancer potential. The combined findings therefore strengthen the hypothesis of the present
study, although further validation is required to confirm the mechanistic and biological relevance
of these interactions.

The present findings are based on molecular docking and protein-protein interaction analyses
carried out under a single computational framework. Therefore, the observed interactions
between chitinase and UDP-NAG, as well as between chitinase and DPAGT1, should be
interpreted as preliminary in silico predictions rather than definitive evidence of stable binding.



Although the obtained docking score, glide energy, and interaction models suggest favorable
binding, further validation using alternative docking protocols, different scoring functions,
control systems, molecular dynamics simulations, and experimental studies is required to confirm

the robustness and biological relevance of these interactions.

4. CONCLUSIONS

Docking and protein-protein interaction studies were performed to evaluate the potential of
chitinase against abnormal glycosylation. The molecular docking results were examined in terms
of docking score (DS), glide score (GS), glide energy (GE), and hydrogen bond interactions to
understand the binding affinity between chitinase and the target molecule. The obtained docking
score was -5.568, and the glide energy was -53.491, indicating favorable docking of chitinase
with UDP-NAG. Ligand interaction analysis also supported the binding through hydrogen bond
formation between the interacting molecules. In addition, the protein-protein interaction studies
generated structure and score models with balanced, electrostatic-favored, and hydrophobic-
favored interactions, suggesting a favorable interaction between chitinase and DPAGT1. Taken
together, these findings suggest that chitinase may have the potential to interfere with abnormal
glycosylation either through interaction with UDP-NAG or through interaction with the
DPAGTL1 enzyme, thereby affecting the glycosylation process. Thus, chitinase may be
considered a promising candidate for further investigation as a potential inhibitor of
carcinogenesis associated with abnormal glycosylation. However, further experimental
validation is required to confirm these in silico findings and to establish their biological

significance.

List of Abbreviations

DS: Docking Score

DPAGT: Dolichyl-phosphate N-acetylglucosaminephosphotransferase
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GLIDE: Grid-based Ligand Docking with Energetics

OPLS: Optimized Potentials for Liquid Simulations

PNX: Pentoxifylline

PDB: Protein Data Bank



e RMSD: Root-Mean-Square Deviation
e SP: Standard Precision
e UDP: Uridine diphosphate-N-acetylglucosamine

ACKNOWLEDGMENT

Dr Nisha Suryawanshi would like to thank CSIR New Delhi for the fellowship grant (CSIR award
no. 09/1116(0002)/2016-EMR-1). The authors also gratefully acknowledged the National
Institute of Technology, Raipur, C.G., India, for providing the necessary facility to carry out this
work. Further, Dr. Bikash Kumar is thankful to DST SERB for the NPDF grant
(PDF/2022/001781) for supporting Post-Doctoral research.

COMPLIANCE WITH ETHICAL STANDARDS

Funding

The research leading to these results received funding from the Council of Scientific and
Industrial Research, New Delhi, India, in the form of a JRF fellowship grant to the fellow under
CSIR award no. 09/1116(0002)/2016-EMR-1, and the work was conducted at the National

Institute of Technology, Raipur, India.

Author contributions

Conceptualization: Nisha Suryawanshi, Manisha Yadav, J. Satya Eswari, and Bikash Kumar;
Funding acquisition: Nisha Suryawanshi and Dr. Bikash Kumar;

Investigations: Nisha Suryawanshi, J. Satya Eswari, Manisha Yadav,

Formal Analysis: J. Satya Eswari, Bikash Kumar; Sushma Chauhan

Writing — original draft: Nisha Suryawanshi, Manisha Yadav, Bikash Kumar
Visualization: Nisha Suryawanshi, Manisha Yadav, Bikash Kumar

Writing — review & editing: Nisha Suryawanshi, Manisha Yadav, Bikash Kumar, J. Satya
Eswari, Sushma Chauhan

All the authors approved the final manuscript submitted to the journal.

ORCIDs:



[1]

[2]

[3]

[4]

[5]

[6]

[7]
[8]

Nisha Suryawanshi: 0000-0002-1372-1494
J. Satya Eswari: 0000-0002-1754-961X
Manisha Yadav:0000-0002-9189-1739
Sushma Chauhan:0000-0003-3241-6943
Bikash Kumar:0000-0001-9169-9993

Conflicts of interest
The authors have no conflicts of interest to declare that are relevant to the content of this article.
Ethical approval

This article does not contain any studies with human participants or animals performed by any
of the authors.

Data Availability

All data generated or analyzed during this study are included in this published article. Protein
sequences were retrieved from NCBI, ligand structures from PubChem, and protein structures
from the Protein Data Bank (PDB). Homology modeling was performed using SWISS-MODEL.
Publicly available software, such as “ClusPro web server,” are used.”

REFERENCES

Costa J. Glycoconjugates from extracellular vesicles: Structures, functions and emerging
potential as cancer biomarkers. Biochimica et Biophysica Acta (BBA) - Reviews on Cancer
2017;1868:157-66. https://doi.org/https://doi.org/10.1016/j.bbcan.2017.03.007.
Chandrasekaran E V, Xue J, Neelamegham S, Matta KL. The pattern of glycosyl- and
sulfotransferase activities in cancer cell lines: a predictor of individual cancer-associated distinct
carbohydrate structures for the structural identification of signature glycans. Carbohydr Res
2006;341:983-94. https://doi.org/https://doi.org/10.1016/j.carres.2006.02.017.

Kannagi R, Sakuma K, Miyazaki K, Lim KT, Yusa A, Yin J, et al. Altered expression of glycan
genes in cancers induced by epigenetic silencing and tumor hypoxia: Clues in the ongoing search
for new tumor markers. Cancer Sci 2010;101:586-93. https://doi.org/10.1111/j.1349-
7006.2009.01455.x.

Nyalwidhe J, Powers T, Jones E, Drake R. Altered Glycosylation in Prostate Cancer. Adv Cancer
Res 2015;126:345-82. https://doi.org/10.1016/bs.acr.2014.12.001.

Dube D, Bertozzi C. Dube, D. H. & Bertozzi, C. R. Glycans in cancer and inflammation-potential
for therapeutics and diagnostics. Nat. Rev. Drug Discov. 4, 477-488. Nat Rev Drug Discov
2005;4:477-88. https://doi.org/10.1038/nrd1751.

Thomas D, Rathinavel A, Radhakrishnan P. Altered glycosylation in cancer: A promising target
for biomarkers and therapeutics. Biochimica et Biophysica Acta (BBA) - Reviews on Cancer
2021;1875:188464. https://doi.org/10.1016/j.bbcan.2020.188464.

Brockhausen 1. Pathways of O-glycan biosynthesis in cancer cells. Biochim Biophys Acta
2000;1473:67-95. https://doi.org/10.1016/S0304-4165(99)00170-1.

Lin Y, Lubman DM. The role of N-glycosylation in cancer. Acta Pharm Sin B 2024;14:1098—
110. https://doi.org/10.1016/j.apsb.2023.10.014.



[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Kannagi Reiji and Sakuma K and CB-H and YS-Y. Tumor-associated glycans and their
functional roles in the multistep process of human cancer progression. In: Suzuki Tadashi and
Ohtsubo K and TN, editor. Sugar chains: Decoding the functions of glycans, Tokyo: Springer
Japan; 2015, p. 139-58. https://doi.org/10.1007/978-4-431-55381-6_9.

Dong Y, Wang H, Pike A, Cochrane S, Hamedzadeh S, Wyszynski F, et al. Structures of
DPAGT1 explain glycosylation disease mechanisms and advance TB antibiotic design. Cell
2018;175:1045-1058.e16. https://doi.org/10.1016/j.cell.2018.10.037.

Schultz MJ, Swindall AF, Bellis SL. Regulation of the metastatic cell phenotype by sialylated
glycans. Cancer and Metastasis Reviews 2012;31:501-18. https://doi.org/10.1007/s10555-012-
9359-7.

Hoja-Lukowicz D, Link-Lenczowski P, Carpentieri A, Amoresano A, Pochec E, Artemenko K,
et al. LLCAM from human melanoma carries a novel type of N-glycan with Galp1-4Galf1-
motif. Involvement of N-linked glycans in migratory and invasive behaviour of melanoma cells.
Glycoconj J 2012;30. https://doi.org/10.1007/s10719-012-9374-5.

Priglinger CS, Szober CM, Priglinger SG, Merl J, Euler KN, Kernt M, et al. Galectin-3 induces
clustering of CD147 and integrin-B1 transmembrane glycoprotein receptors on the RPE cell
surface. PL0oS One 2013;8:e70011.

Hou H, Sun H, lu P, Ge C, Zhang L, Li H, et al. tunicamycin potentiates cisplatin anticancer
efficacy through the DPAGT1/Akt/ABCG2 pathway in mouse xenograft models of human
hepatocellular carcinoma. Mol Cancer Ther 2013;12:2874-84. https://doi.org/10.1158/1535-
7163.MCT-13-0201.

Yoo J, Mashalidis E, Kuk A, Yamamoto K, Kaeser B, Ichikawa S, et al. GIcNAc-1-P-
transferase—tunicamycin complex structure reveals basis for inhibition of N-glycosylation. Nat
Struct Mol Biol 2018;25. https://doi.org/10.1038/s41594-018-0031-y.

Bennun S, Andersen M, Betenbaugh M. Model-based analysis of N-glycosylation in Chinese
hamster ovary cells. PLoS One 2017;12. https://doi.org/10.1371/journal.pone.0175376.

Vicente MM, Alves |, Fernandes A, Dias AM, Santos-Pereira B, Pérez-Anton E, et al.
Mannosylated glycans impair normal T-cell development by reprogramming commitment and
repertoire diversity. Cell Mol Immunol 2023;20:955-68. https://doi.org/10.1038/s41423-023-
01052-7.

Abdelbary M, Nolz JC. N-linked glycans: An underappreciated key determinant of T cell
development, activation, and function. Immunometabolism (United States) 2023;5:E00035.
https://doi.org/10.1097/IN9.0000000000000035.

Wattenberg L. An Interlocker Concept of carcinogenesis. Cancer epidemiology biomarkers &
prevention 2006;15:1425-6. https://doi.org/10.1158/1055-9965.EP1-06-0326.

LiuD, LiJ, Xue Y, Zhao T, Jin Z, Dan W, et al. Site-specific N-glycan alterations on haptoglobin
as potential biomarkers for distinguishing intrahepatic cholangiocarcinoma from hepatocellular
carcinoma. Int J Biol Macromol 2024;280:135563.
https://doi.org/https://doi.org/10.1016/j.ijbiomac.2024.135563.

Fernandes B, Sagman U, Auger I, Demetrio M, Dennis2 JW. Beta, I-6Branched oligosaccharides
as a marker of tumor progression in human breast and colon neoplasia. Cancer Research. 1991,
15;51(2):718-23. PMID: 1985789

Handerson T, Pawelek JM. Beta 1,6-branched oligosaccharides and coarse vesicles: A common,
pervasive phenotype in melanoma and other human cancers. Cancer Research.1;63(17):5363-
9.PMID: 14500369



[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Humphries MJ, Matsumoto K, White SL, Olden K. Oligosaccharide modification by
swainsonine treatment inhibits pulmonary colonization by B16-F10 murine melanoma cells
(processing/metastasls/tumorigenicity).  PNAS.  1986;83(6):1752-1756.  https://doi.org/
10.1073/pnas.83.6.1752.

Sun J-Y, Zhu M-Z, Wang S-W, Miao S, Xie Y-H, Wang J-B. Inhibition of the growth of human
gastric carcinoma in vivo and in vitro by swainsonine. Phytomedicine 2007;14:353-9.
https://doi.org/10.1016/j.phymed.2006.08.003.

Ujita M, Sakai K, Hamazaki K, Yoneda M, Isomura S, Hard A. Carbohydrate binding specificity
of the recombinant chitin-binding domain of human macrophage chitinase. Biosci Biotechnol
Biochem 2003;67:2402—7. https://doi.org/10.1271/bbb.67.2402

Jang M-K, Kong B-G, Jeong Y-I, Lee C, Nah J-W. Physicochemical characterization of a-
chitin, B-chitin, and Y'-chitin separated from natural resources. J Polym Sci A Polym Chem
2004;42:3423-32. https://doi.org/10.1002/pola.20176.

Cao Y, Yi W, Zhu Q. Glycosylation in the tumor immune response: the bitter side of sweetness.
Acta Biochim Biophys Sin (Shanghai) 2024;56:1184-98. https://doi.org/10.3724/abbs.2024107.
He M, Zhou X, Wang X. Glycosylation: mechanisms, biological functions and clinical
implications. Signal Transduct Target Ther 2024;9. https://doi.org/10.1038/s41392-024-01886-
1.

Suryawanshi N, Jujjavarapu SE. Chitin from seafood waste: particle swarm optimization and
neural network study for the improved chitinase production. Journal of Chemical Technology &
Biotechnology 2021;97:509-19. https://doi.org/10.1002/jctb.6656.

Suryawanshi N, Sahu J, Moda Y, Jujjavarapu SE. Optimization of process parameters for
improved chitinase activity from Thermomyces sp. by using artificial neural network and genetic
algorithm. vol. 50. 2020. https://doi.org/10.1080/10826068.2020.1780612.

Yadav M, Dhagat S, Jujjavarapu SE. Structure based drug design and molecular docking studies
of anticancer molecules paclitaxel, etoposide and topotecan using novel ligands. Curr Drug
Discov Technol 2019;16. https://doi.org/10.2174/1570163816666190307102033.

Jones G, Jindal A, Ghani U, Kotelnikov S, Egbert M, Hashemi N, et al. Elucidation of protein
function using computational docking and hotspot analysis by ClusPro and FTMap. Acta
Crystallogr D Struct Biol 2022;78:690-7. https://doi.org/10.1107/S2059798322002741.

Khan MU, Ahring BK. Lignin degradation under anaerobic digestion: Influence of lignin
modifications-A review. Biomass Bioenergy 2019;128:105325.
https://doi.org/10.1016/j.biombioe.2019.105325

Faez Igbal Khan B. Experimental and computational studies of a fungal chitinase. Durban
University of Technology, 2015. https://doi.org/https://doi.org/10.51415/10321/1267.

Dayrit GB, Burigsay NPF, Vera Cruz EM, Santos MD. In silico characterization and homology
modeling of Nile tilapia (Oreochromis niloticus) Hsp70cBi and Hsp70cBc proteins. Heliyon
2024;10. https://doi.org/10.1016/j.heliyon.2024.e32748.

Dutta B, Deska J, Bandopadhyay R, Shamekh S. In silico characterization of bacterial chitinase:
illuminating its relationship with archaeal and eukaryotic cousins. Journal of Genetic
Engineering and Biotechnology 2021;19:19. https://doi.org/https://doi.org/10.1186/s43141-021-
00121-6.

Karelina M, Noh JJ, Dror RO. How accurately can one predict drug binding modes using
AlphaFold models? Elife 2023;12. https://doi.org/10.7554/eL ife.89386.



[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

Osoro Ol, Onsinyo JM. Effects of structure minimization on the docking score and docking time
during computational analysis using the chimera software. International Journal of Biomedical
and Clinical Research 2025;3:1-6. https://doi.org/10.59657/2997-6103.brs.25.049.

Khan F, Bisetty K, Gu K-R, Singh S, Permaul K, Hassan M, et al. Molecular dynamics simulation
of chitinase | from Thermomyces lanuginosus SSBP to ensure optimal activity. Mol Simul
2016;43. https://doi.org/10.1080/08927022.2016.1237024.

Liao J, Wang Q, Wu F, Huang Z. In Silico methods for identification of potential active sites of
therapeutic targets. Molecules 2022;27. https://doi.org/10.3390/molecules27207103.

Jain M, J M, Singh A. Structural and functional characterization of chitin binding lectin from
Datura stramonium : Insights from phylogenetic analysis, Protein structure prediction, Molecular
docking and Molecular dynamics simulation. J Biomol Struct Dyn 2020;39:1-33.
https://doi.org/10.1080/07391102.2020.1737234.

Chao P, Zhang X, Zhang L, Yang A, Wang Y, Chen X. Integration of molecular docking and
molecular dynamics simulations with subtractive proteomics approach to identify the novel drug
targets and their inhibitors in  Streptococcus gallolyticus. Sci Rep 2024;14.
https://doi.org/10.1038/s41598-024-64769-z.

Aamir M, Singh VK, Dubey MK, Meena M, Kashyap SP, Katari SK, et al. In silico prediction,
characterization, molecular docking, and dynamic studies on fungal SDRs as novel targets for
searching potential fungicides against Fusarium wilt in tomato. Front Pharmacol 2018;VVolume
9-2018. https://doi.org/10.3389/fphar.2018.01038.

Talluri S. Molecular docking and virtual screening based prediction of drugs for COVID-19.
Comb Chem High Throughput Screen 2021;24:716-28.
https://doi.org/10.2174/13862073MTALSSMTEzz.

Chakraborty S, Nascimento R, Zaini PA, Gouran H, Rao BJ, Goulart LR, et al.
Sequence/structural analysis of xylem proteome emphasizes pathogenesis-related proteins,
chitinases an B-1, 3-glucanases as key players in grapevine defense against Xylella fastidiosa.
PeerJ 2016;2016. https://doi.org/10.7717/peerj.2007.

Igbal D, Alsaweed M, Jamal QMS, Asad MR, Rizvi SMD, Rizvi MR, et al. Pharmacophore-
based screening, molecular docking, and dynamic simulation of fungal metabolites as inhibitors
of multi-targets in neurodegenerative disorders. Biomolecules 2023;13.
https://doi.org/10.3390/biom13111613.

Ishitani R, Takemoto M, Tomii K. Protein ligand binding site prediction using graph transformer
neural network. PLoS One 2024;19. https://doi.org/10.1371/journal.pone.0308425.

Agu PC, Afiukwa CA, Orji OU, Ezeh EM, Ofoke IH, Ogbu CO, et al. Molecular docking as a
tool for the discovery of molecular targets of nutraceuticals in diseases management. Sci Rep
2023;13. https://doi.org/10.1038/s41598-023-40160-2.

Lang S, Braz NF, Slater MJ, Kidley NJ. In silico methods for ranking ligand—protein interactions
and predicting binding affinities: Which method is right for you? J Med Chem 2025;68:19795—
9. https://doi.org/10.1021/acs.jmedchem.5c02582.

Alsedfy MY, Ebnalwaled AA, Moustafa M, Said AH. Investigating the binding affinity,
molecular dynamics, and ADMET properties of curcumin-IONPs as a mucoadhesive
bioavailable oral treatment for iron deficiency anemia. Sci Rep 2024;14.
https://doi.org/10.1038/s41598-024-72577-8.

Chen YH, Shen HL, Chou SJ, Sato Y, Cheng WH. Interference of Arabidopsis N-
acetylglucosamine-1-P uridylyltransferase expression impairs protein N-Glycosylation and



[52]

[53]

[54]

induces ABA-mediated salt sensitivity during seed germination and early seedling development.
Front Plant Sci 2022;13. https://doi.org/10.3389/fpls.2022.903272.

Thoma J, Grabherr R, Staudacher E. Determination, expression and characterization of an UDP-
N-acetylglucosamine:a-1,3-D-mannoside -1,2-N-acetylglucosaminyltransferase I (GnT-I) from
the Pacific oyster, Crassostrea gigas. Glycoconj J 2024;41:151-62.
https://doi.org/10.1007/s10719-024-10148-9.

Millan-Casarrubias EJ, Garcia-Tejeda YV, Gonzéalez-De la Rosa CH, Ruiz-Mazon L,
Hernandez-Rodriguez YM, Cigarroa-Mayorga OE. Molecular docking and pharmacological in
silico evaluation of camptothecin and related ligands as promising HER2-targeted therapies for
breast cancer. Curr Issues Mol Biol 2025;47. https://doi.org/10.3390/cimb47030193.

Giurini EF, Pappas SG, Gupta KH. Sweet surprises: Decoding tumor-associated glycosylation in
cancer progression and therapeutic potential. Cells 2026;15.
https://doi.org/10.3390/cells15030233.



