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ABSTRACT

Increasing interest towards the enzyme industry has led to studies exploring
possible applications of new enzymes for improving different manufacturing
processes. This study focuses on capitalizing the oil palm biomass rich in
lignocellulosic residues such as lignin, cellulose, and hemicellulose, which have an
array of biotechnological applications. Literature has shown that oil palm frond
leaves (OPFL) can be transformed into nanocellulose (NC) by fungal lignocellulosic
enzymes, particularly those produced by Trichoderma species. The study aimed to
comprehend this aspect by in silico approach of molecular docking, molecular
dynamics (MD) simulation and molecular mechanics Poisson-Boltzmann surface area
(MM- PBSA) analysis to identify the catalytic mechanism and selectivity of fungal
enzymes endocellulase, exocellulase, B-glucosidase, and xylanase degrading the
polymeric structures of OPFL. The study also seeks to identify the most stable
enzymes to catalyse the optimal degradation of OPFL to yield maximal production of
NC. It is an alternative greener avenue by a biotechnological approach to
enzymatically extract NC from OPFL in order to circumvent the environmentally
unfriendly use of corrosive acids and bases to extract NC. Energy minimized fungal
enzyme models revealed satisfactory scores of PROCHECK, Verify3D and ERRAT
according to the requirement of the validation which are >90%, >80% and >50%,
respectively. Catalytic residue prediction by blind docking, COACH meta-server and
multiple sequence alignment indicated the catalytic triads for endocellulase,
exocellulase, B-glucosidase and xylanase were Serl16-His205-Glu249, Ser382-
Arg124-Asp385, Glul65-Asp226-Glu423 and Argl55-Glu210-Serl160, respectively.
The binding affinity of endocellulase for the substrates are as follows: hemicellulose
(-6.0 kcal mol1) > lignin (5.6 kcal mol?) > cellulose (—4.4 kcal mol?), while
exocellulase showed its preference on lignin (8.7 kcal mol?) > cellulose (—8.5 kcal
mol1) > hemicellulose (—8.4 kcal mol-1). The binding affinity of B- glucosidase for the
substrates are as follows: cellulose (—8.1 kcal mol1) > lignin (=7.9 kcal mol?) >
hemicellulose (—7.8 kcal mol?), whereas xylanase showed a corresponding
preference for hemicellulose (—6.7 kcal mol?t) > cellulose (—5.8 kcal molt) > lignin
(—5.7 kcal mol-1). Selectivity of the enzymes was reiterated by MD simulations where
interactions between endocellulase-hemicellulose, exocellulase-lignin, B-glucosidase-
cellulose and xylanase- hemicellulose were the strongest. Notably low free-binding
energy (AGbind) of endocellulase- hemicellulose (—141.50 +/— 74.59 kJ/mol),
exocellulase-lignin (—149.73 +/— 39.00 kJ/mol), B-glucosidase-cellulose (—207.23 +/—
47.13 kJ/mol) and xylanase-hemicellulose (—131.48 +/— 24.57 kJ/mol) were
observed. The findings thus successfully identified the specific actions of sugar-
acting enzymes for NC production and cellulose component selectivity of the
polymer- acting endocellulase, exocellulase, B-glucosidase and xylanase of T.
asperellum UC1.

Vi



ABSTRAK

Minat yang meningkat terhadap industri enzim telah membawa kepada kajian
penerokaan aplikasi enzim baharu untuk menambah baik pelbagai  proses
pembuatan. Kajian ini tertumpu kepada memanfaatkan biomas kelapa sawit yang
kaya dengan sisa lignoselulosa misalnya lignin, selulosa, dan hemiselulosa, yang
mempunyai pelbagai aplikasi bioteknologi. Literatur telah menunjukkan bahawa daun
pelepah kelapa sawit (OPFL) boleh ditukar menjadi nanoselulosa (NC) oleh enzim
kulat lignoselulosa, terutamanya yang dihasilkan oleh spesies Trichoderma. Kajian ini
menggunakan pendekatan in silico kemasukan molekul, simulasi dinamik molekul
(MD) dan analisis mekanik molekul keluasan permukaan Poisson-Boltzmann (MM-
PBSA) untuk mengenal pasti mekanisma pemangkin dan kepilihan bagi enzim kulat
endoselulase, eksoselulase, B-glukosidase, dan xilanase menguraikan struktur polimer
OPFL. Kajian ini juga bertujuan untuk mengenal pasti enzim yang paling stabil untuk
memangkinkan penguraian optimum OPFL untuk pengeluaran hasil NC yang
maksimum. la merupakan jalan alternatif yang lebih hijau dengan pendekatan
bioteknologi untuk mengekstrak NC daripada OPFL untuk mengelak penggunaan
asid dan bes yang tidak mesra alam sekitar dan bersifat menghakis. Model enzim
kulat tenaga minimum menunjukkan skor yang memuaskan bagi PROCHECK,
Verify3D dan ERRAT mengikut keperluan pengesahan iaitu masing-masing >90%,
>80% dan >50%. Ramalan residu mangkin oleh pemasukan molekul, COACH meta-
server dan pelbagai penjajaran urutan menunjukkan triad mangkin bagi
endoselulase, eksoselulase, PB-glukosidase dan xilanase adalah Ser116-His205-
Glu249, Ser382-Argl24- Asp385, Glul65-Asp226-Glud23 dan Argl55-Glu210-
Ser160, masing-masing. Tenaga pengikatan endoselulase dengan substrat adalah
seperti berikut: hemiselulosa (—6.0 kcal molt) > lignin (—5.6 kcal mol?1) > selulosa
(—4.4 kcal mol1), manakala eksoselulase menunjukkan keutamaan pada lignin (—8.7
kcal mol1) > selulosa (—8.5 kcal molt) > hemiselulosa (—8.4 kcal mol?). Tenaga
pengikatan B-glukosidase dengan substrat adalah seperti berikut: selulosa (—8.1 kcal
mol-L) > lignin (—7.9 kcal mol) > hemiselulosa (7.8 kcal mol1), sedangkan xilanase
menunjukkan keutamaan yang sepadan untuk; hemiselulosa (—6.7 kcal mol?l) >
selulosa (—5.8 kcal mol1) > lignin (—5.7 kcal mol1). Kepilihan enzim telah diulang
menggunakan simulasi MD di mana enteraksi antara endoselulase-hemiselulosa,
eksoselulase-lignin, B-glukosidase-selulosa dan xilanase-hemiselulosa adalah
terkuat. Tenaga pegikatan bebas (AGbind) yang paling rendah  bagi
endoselulase-hemiselulosa (—141.50 +/— 74.59 kJ/mol), eksoselulase-lignin (—149.73
+/— 39.00 kJ/mol), B-glukosidase-selulosa (—207.23 +/— 47.13 kJ/mol) dan xilanase-
hemiselulosa (—131.48 +/— 24.57 kJ/mol) telah diperhatikan. Dengan demikian,
penemuan ini berjaya mengenal pasti tindakan spesifik enzim yang bertindak
terhadap gula untuk pengeluaran NC dan kepilihan komponen selulosa bagi
endoselulase, eksoselulase, B-glukosidase dan xilanase daripada T. asperellum UC1
yang bertindak terhadap polimer.
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CHAPTER 1

INTRODUCTION

1.1  Background of Study

Fungi of the genus Trichoderma are a very large group of microorganisms
which role has been investigated in different field of areas, for instance, as biological
control agents as well as producers of commercially relevant lignocellulosic degrading
enzymes (Btaszczyk et al., 2014). Silva et al. (2011) claimed that some species of the
genus Trichoderma are cost-effectively significant due to their versatility in the
production of antibiotics and industrial enzymes (e.g., cellulases, hemicellulases and
xylanases). Similarly, lignocellulosic enzymes of Trichoderma species are popular
bioremediation agents for the biodegradation and biotransformation of biomass into
commercially important platform chemicals (Hoseinzadeh et al., 2017). In recent study,
Ezeilo et al. (2019b) has reasserted that Trichoderma asperellum is an excellent
producer of cellulase and xylanase. Unlike most other enzymes, cellulase is a complex
of three enzymes which are endo-p-1,4-glucanases (EC 3.2.1.4), exo-B-1,4-glucanases
(EC 3.2.1.91) and B-glucosidases (EC 3.2.1.21) that work synergistically to attack
native cellulose (Raghuwanshi et al., 2014). On the contrary, xylanase (EC 3.2.1.8) has
a cellulose-binding domain which preferentially degrades the linear polysaccharide f3-
1,4-xylan into xylose. This action, thus breaks down the hemicellulose, which forms the
major component of plant cell walls (Chen & Wang, 2017; Mello et al., 2017). In actual
fact, the task to rid-off enormous quantities of post-harvest agricultural lignocellulosic
biomass presents an uphill battle, of which is faced by many nations worldwide
(Thushari et al., 2019).

In this study, the hydrolytic enzymes (endocellulase, exocellulase, f-
glucosidase, and xylanase) produced by T. asperellum UC1 were expected to cleave the
lignocellulosic component of oil palm frond leaves (OPFL) that consist cellulose,

hemicellulose, and lignin, into shorter precursor biopolymer to subsequently obtain



nanocellulose (NC). Like any other lignocellulosic wastes from agro-industrial biomass,
the OPFL is made up of three different components, with cellulose being the major
constituent (35-50%), ensued by hemicellulose (20-35 %) and lignin (10-25 %) (Ezeilo
et al., 2019c; Limkar et al., 2019). The inherently high cellulose content in OPFL is a
reservoir for the fabrication of different technologically important NC products (Elias et
al., 2017; Ariffin et al., 2018). The current popular route to extract NC from biomass,
are far from green, due to a heavy dependence on corrosive acids and bases to
breakdown the cell wall of the plant material to eliminate the interfering hemicellulose
and lignin components. This has created serious long-term environmental concerns,
especially when the processes are scaled up for mass treatment of the agricultural

cellulose feedstock.

In light of the aforementioned matter, the enzymatic route to harvest the
cellulosic materials from OPFL, the largest contributing biomass in Malaysia (Ezeilo et
al., 2019c; Limkar et al., 2019), into biopolymer precursors to produce NC, may prove
useful in alleviating environmental problems as a consequence of surplus OPFL in the
environment. Moreover, scientifically effective enzyme-assisted extraction and
purification methods to obtain the cellulosic component from OPFL is a technological
avenue that is yet to be fully explored. Thus, the feasibility of this approach using
cellulases from T. asperellum UC1 as the bioremediation agent, remains unknown.
Since the topic of NC is gaining popularity and discussed in many research fields (Elias
et al.,, 2017; Elias et al., 2018b; Elias et al., 2019b), economical and sustainable

protocols using greener processing pathways for its extraction, should be developed.

Although literature on empirical enzymatic hydrolysis of cellulases from
different microbial sources is abundantly available, it is important to note that
selectivity of a particular source of cellulase to degrade or hydrolyze the different
lignocellulosic components may differ from microorganism to another (Luterbacher et
al., 2013).The same can be assumed for the preferential action of the T. asperellum
UC1 cellulases and xylanase on OPFL. Thus, to better understand the structure-to-
function of T. asperellum fungal cellulases and xylanase to digest OPFL, this study
focused on the in silico or computational investigation using molecular docking and
molecular dynamics (MD) simulations, to uncover the preferential action of the fungal



cellulases and xylanase on the different lignocellulosic components. Firstly, the initial
in silico investigation would begin with the docking of target substrates (lignocellulosic
components) into the active sites of the cellulases; endocellulase, exocellulase, [-
glucosidase, and xylanase. This step provides preliminary data to this study to identify
the selectivity of each enzyme to cleave the three lignocellulosic components in OPFL,
founded on the estimated binding energies of the amino acid residues docked with the
substrates. In principle, substrate docking enables the prediction of the preferred
orientation of one molecule to a second when bound to each other to form a stable
complex, alongside predicting the binding conformation of small molecule ligands to
the appropriate target binding site (Farzaneh et al., 2016; Ciemny et al., 2018; Jin et al.,
2018). By docking cellulose, hemicellulose and lignin into the active site of the fungal
cellulases, the strength and type of signals from the generated conformation of the
catalytic triad that interacted with the enzymes, can be estimated. The next step in this
in silico investigation involves molecular dynamic (MD) simulation to elucidate the
flexibility and to computationally investigate the structural stability of the target
protein-ligand (enzyme-substrate) complexes (Saadhali et al., 2016; Kumar et al.,
2019a).

For such an investigation, the three-dimensional (3D) structures of the four
fungal enzymes must be solved, in order to obtain the molecular organization and
function of conserved enzymes’ residues that will interact with the different OPFL
components (Bienert et al., 2017). The use of bioinformatics has gradually taken centre
stage to aid for in silico studies of proteins to modulate their properties. However, the
use of molecular docking and MD simulation to predict the selectivity of the enzyme-
substrate in this study, may not be adequate. Literature have should that an additional
calculation to validate data from earlier assessments is needed. Many studies have
employed molecular mechanics Poisson-Boltzman Surface Area (MM-PBSA) analysis
to estimate the binding affinities of the complexes. The MM-PBSA data have been
proven useful for reproducing and rationalizing experimental findings, alongside
improving the results of virtual screening and docking (Karami et al., 2017; Wang et
al., 2017; Kumar et al., 2019a).



1.2 Problem Statement

In view of the greener biotechnological approach of using cellulases and
xylanase from T. asperellum UC1 extract and purify cellulose from OPFL, the
feasibility of this approach should therefore be assessed. This is because selectivity of
a particular source of microbial cellulases and xylanase to degrade or hydrolyze the
different lignocellulosic components may differ from microorganism to another. To
expedite understanding on the feasibility of the approach and improve comprehension
on the enzymatic action that occur on the lignocellulosic components in the OPFL, this

study proposed the use of a computational approach.

The work was aimed to carry out in silico assessment of endocellulase,
exocellulase, B-glucosidase, and xylanase of Trichoderma asperellum UC1, to
hydrolyze the lignocellulosic components in the OPFL. This approach may be a
useful preliminary study to understand the selectivity of the fungal enzymes, before
embarking on laborious and time-consuming empirical studies. To the best of our
knowledge, an in silico study to identify the order of selectivity of the hydrolysis of the
lignocellulosic components of OPFL by endocellulase, exocellulase, B-glucosidase, and

xylanase of Trichoderma asperellum UC1, remains unreported.

It is hypothesized that production of NC can be expedited by identifying the
preference of each enzyme for the cellulose, hemicellulose or lignin components. So
much so, the solid-state fermentation (SSF) conditions of the fungus can be modulated
to enable the production of a large quantity of a particular enzyme into the growth
supernatant. Only then, the right order of cellulase-containing supernatant can be added
at intervals to the SSF system, to enzymatically remove the interfering lignin and
hemicellulose components from OPFL. Higher yields of NC is expected if the
dominant acting enzymes first cleaves the interchain [B-glycosidic bonds, as a-
glycosidic acting enzymes will mostly yield monomers of sugar subunits, and not the

nanosized cellulose (Saai Anugraha et al., 2016).



1.3 Objectives of the Study

As the study aimed to predict the specific order of action for the fungal
enzymes to cleave the multi cellulosic polymer layer in OPFL, the specific objectives

of this study are therefore, as follows:

1. To evaluate the interaction of xylanase, endocellulase, exocellulase and -
glucosidase with lignin, cellulose and hemicellulose by substrate docking and
MD simulation.

2. To estimate free binding energies (AGpinding) Of lignin, hemicellulose and
cellulose with xylanase, endocellulase, exocellulase and B-glucosidase using

MM/PBSA method.

1.4 Scopes of Study

This study begins with the use of AutoDock version 4.2.6 and AutoTools
1.5.6 software for both blind docking and binding site-based docking which involves
the substrate (cellulose, hemicellulose, lignin) with the fungal enzymes in order to
resolve the interaction energy of protein-ligand complexes. This technique is used to
determine the active site residues of the tested substrates (cellulose, hemicellulose,
lignin) that act upon during the programs i.e. molecular docking that can predict how
a ligand interacts with the amino acid residues binding site of a receptor in order to
enable catalysis. Next, AutoDock Vina was used as a successor docking analysis of
AutoDock as it significantly improves the accuracy and performance compared to
Lamarckian Genetic Algorithm. For the MD simulation, protonation of enzymes
model surface residues (endocellulase, exocellulase, B-glucosidase, and xylanase
from T. asperellum UC1) to a molecular dynamic simulation by GROningen
MAchine for Chemical Simulations (GROMACS) version 2018.6 were used to
identify the reaction of enzyme-substrate complex in order to understand
macromolecular structure-to-function relationships, MD simulations allows the

motion of the enzymes to be simulated in defined conditions on the basis of classical



molecular dynamics. Moreover, protein modelling might be the only way to obtain

structural information where the experimental techniques are inapplicable.

In the final objective of the study, the estimation of ligand-binding affinities
by molecular mechanics Poisson-Boltzmann surface area (MM-PBSA) was used to
reproduce and rationalize experimental findings and to improve the results of virtual
screening and docking. Gibbs free energy was calculated using GROMACS and the
method adapted from an open-source software MM-PBSA. In this study, MM-PBSA
method was utilized to compute of the average free energies of solvation (AGiinding)
between the fungal enzymes (endocellulase, exocellulase, B-glucosidase and
xylanase) and set of designed ligands i.e. cellulose, hemicellulose, lignin. Thus, it
shows the final values of free binding energies of enzyme-substrate complex, and
will validate the data seen in MD simulation studies protein complexes with

cellulosic materials viz. cellulose, hemicelluloses and lignin.

1.5  Significance of Study

The information derived by this study is valuable for comparing the
tendencies and efficacies of each cellulase and xylanase in T. asperellum UC1 in
removing the interfering lignin and hemicellulose, before pure cellulose can be
obtained from OPFL. The findings of this study may contribute to the body of
knowledge, in terms of identifying the correct order to add different fungal cellulases
and xylanase obtained from SSF fermentation, to produce NC using OPFL as the

starting biomass.



REFERENCES

Abdul, H. P. S., Jawaid, M., Hassan, A., Paridah, M. T., & Zaido, A. (2012). Qil
Palm Biomass Fibres and Recent Advancement in Oil Palm Biomass Fibres
Based Hybrid Biocomposites. Composites and Their Applications.(pp.1-27).
Books on Demand. doi: 10.5772/48235

Abdul Khalil, H. P. S., Siti Alwani, M., Ridzuan, R., Kamarudin, H., & Khairul, A.
(2008). Chemical Composition, Morphological Characteristics, and Cell Wall
Structure of Malaysian Oil Palm Fibers. Polymer-Plastics Technology and
Engineering, 47(3), 273-280. doi:10.1080/03602550701866840

Abnisa, F., Arami-Niya, A., Wan Daud, W. M. A., Sahu, J. N., & Noor, I. M. (2013).
Utilization of Oil Palm Tree Residues to Produce Bio-Oil and Bio-Char Via
Pyrolysis. Energy Conversion and Management, 76, 1073-1082.
doi:10.1016/j.enconman.2013.08.038

Abraham, E., Deepa, B., Pothan, L. A., Jacob, M., Thomas, S., Cvelbar, U., &
Anandjiwala, R. (2011). Extraction of Nanocellulose Fibrils from
Lignocellulosic Fibres: A Novel Approach. Carbohydrate Polymers, 86(4),
1468-1475. doi:10.1016/j.carbpol.2011.06.034

Alam, M. Z., Mamun, A. A., Qudsieh, I. Y., Muyibi, S. A., Salleh, H. M., & Omar,
N. M. (2009). Solid State Bioconversion of Oil Palm Empty Fruit Bunches
for Cellulase Enzyme Production Using a Rotary Drum Bioreactor.
Biochemical Engineering Journal, 46(1), 61-64.

Aliyu, AoB10AIdd/mEp 2009 08HYH) A., & Abdul Lattiff, Z. (2015). Potential of Qil
Palm Frond Liquid Extract and Fiber as Feedstock for Bio-Butanol
Production. Jurnal Teknologi, 74(10). doi:10.11113/jt.v74.4835

Anbarasu, K., & Jayanthi, S. (2018). ldentification of Curcumin Derivatives as
Human LMTK3 Inhibitors for Breast Cancer: A Docking, Dynamics, and
MM/PBSA Approach. 3 Biotech, 8(5), 228. doi:10.1007/s13205-018-1239-6

Anoop Kumar, V., Suresh Chandra Kurup, R., Snishamol, C., & Nagendra Prabhu,
G. (2019). Role of Cellulases in Food, Feed, and Beverage Industries. Green
Bio-Processes (pp. 323-343).

105



Ariffin, H., Norrrahim, M. N. F., Yasim-Anuar, T. A. T., Nishida, H., Hassan, M. A.,
Ibrahim, N. A., & Yunus, W. M. Z. W. (2018). Oil Palm Biomass Cellulose-
Fabricated Polylactic Acid Composites for Packaging Applications.
Bionanocomposites for Packaging Applications (pp. 95-105).

Arnold, K., Bordoli, L., Kopp, J.,, & Schwede, T. (2006). The Swiss-Model
Workspace: A Web-Based Environment for Protein Structure Homology
Modelling. Bioinformatics, 22(2), 195-201.

Asad, MqiSHha 08B/AsinfoAmblics/awdit) M., Indarti, E., & Wanrosli, W. D. (2018).
Preparation and Characterization of Nanocomposite Films from Oil Palm
Pulp Nanocellulose/Poly (Vinyl Alcohol) by Casting Method. Carbohydrate
Polymers Journal, 191, 103-111. doi:10.1016/j.carbpol.2018.03.015

Aspeborg, H., Coutinho, P. M., Wang, Y., Brumer, H., & Henrissat, B. (2012).
Evolution, Substrate Specificity and Subfamily Classification of Glycoside
Hydrolase Family 5 (Gh5). BMC Evolutionary Biology,, 12(1), 186-195.
doi:doi:10.1186/1471-2148-12-186

Awasthi, M., Jaiswal, N., Singh, S., Pandey, V. P., & Dwivedi, U. N. (2015).
Molecular Docking and Dynamics Simulation Analyses Unraveling the
Differential Enzymatic Catalysis by Plant and Fungal Laccases with Respect
to Lignin Biosynthesis and Degradation. Journal of Biomolecular Structure
and Dynamics, 33(9), 1835-1849. doi:10.1080/07391102.2014.975282

Awasthi, M. K., Wong, J. W. C., Kumar, S., Awasthi, S. K., Wang, Q., Wang, M.,
Ren, X., Zhao, J., Chen, H., & Zhang, Z. (2018). Biodegradation of Food
Waste Using Microbial Cultures Producing Thermostable Alpha-Amylase
and Cellulase under Different pH and Temperature. Bioresource Technology,
248(Pt B), 160-170. doi:10.1016/j.biortech.2017.06.160

Awasthi, S., Sharma, A., Saxena, P., Yadav, J., Pandiyan, K., Kumar, M., Singh, A.,
Chakdar, H., Bhowmik, A., Kashyap, P. L., Srivastava, A. K., & Saxena, A.
K. (2019). Molecular Detection and in Silico Characterization of Cold Shock
Protein Coding Gene (Cspa) from Cold Adaptive Pseudomonas koreensis.
Journal of Plant Biochemistry and Biotechnology, 28(4), 405-413.
d0i:10.1007/s13562-019-00500-8

Babu, B. K., & Mathur, R. K. (2016). Molecular Breeding in Oil Palm (Elaeis
guineensis): Status and Future Perspectives. Progressive Horticulture, 48(2).
d0i:10.5958/2249-5258.2016.00051.8

106



Badieyan, S., Bevan, D. R., & Zhang, C. (2012). Study and Design of Stability in
GH5 Cellulases. Biotechnology and Bioengineering, 109(1), 31-44.
d0i:10.1002/bit.23280

Bao, L., Huang, Q., Chang, L., Zhou, J.,, & Lu, H. (2011). Screening and
Characterization of a Cellulase with Endocellulase and Exocellulase Activity
from Yak rumen Metagenome. Journal of Molecular Catalysis B: Enzymatic,
73(1-4), 104-110. d0i:10.1016/j.molcatbh.2011.08.006

Batumalaie, K., Edbeib, M. F., Mahat, N. A., Huyop, F., & Wahab, R. A. (2018). In
Silico and Empirical Approaches toward Understanding the Structural
Adaptation of the Alkaline-Stable Lipase KV1 from Acinetobacter
haemolyticus. Journal of Biomolecular and Structure Dynamic, 36(12), 3077-
3093. do0i:10.1080/07391102.2017.1377635

Bech, L., Busk, P. K., & Lange, L. (2014). Cell Wall Degrading Enzymes in
Trichoderma asperellum Grown on Wheat Bran. Fungal Genomics &
Biology, 04(01), 1-10. doi:10.4172/2165-8056.1000116

Berendsen, H. J. C., van der Spoel, D., & van Drunen, R. (1995). Gromacs: A
Message-Passing Parallel Molecular Dynamics Implementation. Computer
Physics  Communications,  91(1-3), 43-56.  do0i:d0i:10.1016/0010-
4655(95)00042-e

Bernard, H. (1991). A Classification of Glycosyl Hydrolases Based on Amino Acid
Sequence Similarities. Journal of Biochemistry, 280(309-316).

Bhattacharya, D., & Cheng, J. (2013). 3drefine: Consistent Protein Structure
Refinement by Optimizing Hydrogen Bonding Network and Atomic-Level
Energy Minimization. Proteins, 81(1), 119-131. doi:10.1002/prot.24167

Bhattacharya, S., Dhar, S., Banerjee, A., & Ray, S. (2019). Structural, Functional,
and Evolutionary Analysis of Late Embryogenesis Abundant Proteins (LEA)
in Triticum aestivum: A Detailed Molecular Level Biochemistry Using in
Silico Approach. Computational Biology and Chemistry, 82, 9-24.
doi:10.1016/j.compbiolchem.2019.06.005

Bienert, S., Waterhouse, A., de Beer, T. A., Tauriello, G., Studer, G., Bordoli, L., &
Schwede, T. (2017). The Swiss-Model Repository-New Features and
Functionality. Nucleic ~ Acids  Residue, 45(D1), D313-D319.
doi:10.1093/nar/gkw1132

107



Btaszczyk, L., Siwulski, M., Sobieralski, K., Lisiecka, J., & Jedryczka, M. (2014).
Trichoderma Spp. — Application and Prospects for Use in Organic Farming
and Industry. Journal of Plant Protection Research, 54(4), 309-317.
d0i:10.2478/jppr-2014-0047

Bourne, Y., & Henrissat, B. (2001). Glycoside Hydrolases and Glycosyltransferases:
Families and Functional Modules. Current Opinion in Structural Biology,
11(5), 593-600. doi:doi:10.1016/s0959-440x(00)00253-0

Brigo, A., Lee, K. W., Mustata, G. I., & Briggs, J. M. (2005). Comparison of
Multiple Molecular Dynamics Trajectories Calculated for the Drug-Resistant
Hiv-1 Integrase T66i/M154i Catalytic Domain. Biophysical Journal, 88(5),
3072-3082.

Chatzou, M., Magis, C., Chang, J. M., Kemena, C., Bussotti, G., Erb, I, &
Notredame, C. (2016). Multiple Sequence Alignment Modeling: Methods and
Applications.  Briefings in  Bioinformatics, 17(6),  1009-1023.
d0i:10.1093/bib/bbv099

Chaudhary, N., & Aparoy, P. (2017). Deciphering the Mechanism Behind the Varied
Binding Activities of Coxibs through Molecular Dynamic Simulations, Mm-
Pbsa Binding Energy Calculations and Per-Residue Energy Decomposition
Studies. Journal of Biomolecular Structure and Dynamics, 35(4), 868-882.
d0i:10.1080/07391102.2016.1165736

Chen, H., & Wang, L. (2017). Enzymatic Hydrolysis of Pretreated Biomass. In
Technologies for Biochemical Conversion of Biomass (pp. 65-99).

Chen, M., Himmel, M. E., Wilson, D. B., & Brady, J. W. (2016). Simulation Studies
of Substrate Recognition by the Exocellulase Celf from Clostridium
cellulolyticum. Biotechnology and Bioengineering, 113(7), 1433-1440.
d0i:10.1002/bit.25909

Cheng, F., Yang, J., Bocola, M., Schwaneberg, U., & Zhu, L. (2018). Loop
Engineering Reveals the Importance of Active-Site-Decorating Loops and
Gating Residue in Substrate Affinity Modulation of Arginine deiminase (an
Anti-Tumor  Enzyme). Biochemical and Biophysical Research
Communications, 499(2), 233-238. doi:10.1016/j.bbrc.2018.03.134

Chieng, B., Lee, S., lbrahim, N., Then, Y., & Loo, Y. (2017). Isolation and
Characterization of Cellulose Nanocrystals from Oil Palm Mesocarp Fiber.
Polymers, 9(12). doi:10.3390/polym9080355

108



Ciemny, M., Kurcinski, M., Kamel, K., Kolinski, A., Alam, N., Schueler-Furman,
0., & Kmiecik, S. (2018). Protein-Peptide Docking: Opportunities and
Challenges. Drug Discovery Today, 23(8), 1530-1537.
d0i:10.1016/j.drudis.2018.05.006

Costa, C. H. S., Oliveira, A. R. S., Dos Santos, A. M., da Costa, K. S., Lima, A.,
Alves, C. N., & Lameira, J. (2019). Computational Study of Conformational
Changes in Human 3-Hydroxy-3-Methylglutaryl Coenzyme reductase
Induced by Substrate Binding. Journal of Biomolecular Structure and
Dynamics, 37(16), 4374-4383. d0i:10.1080/07391102.2018.1549508

Craveur, P., Joseph, A. P., Esque, J., Narwani, T. J., Noél, F., Shinada, N., Goguet,
M., Sylvain, L., Poulain, P., & Bertrand, O. (2015). Protein Flexibility in the
Light of Structural Alphabets. Frontiers in Molecular Biosciences, 2, 20.

Dias, F. M., Vincent, F., Pell, G., Prates, J. A., Centeno, M. S., Tailford, L. E.,
Ferreira, L. M., Fontes, C. M., Davies, G. J., & Gilbert, H. J. (2004). Insights
into the Molecular Determinants of Substrate Specificity in Glycoside
Hydrolase Family 5 Revealed by the Crystal Structure and Kinetics of
Cellvibrio ixtus mannosidase 5A. Journal of Biological Chemistry, 279(24),
25517-25526. doi:10.1074/jbc.M401647200

Dong, Y.-w., Liao, M.-l., Meng, X.-l., & Somero, G. N. (2018). Structural Flexibility
and Protein Adaptation to Temperature: Molecular Dynamics Analysis of
Malate Dehydrogenases of Marine molluscs. Proceedings of the National
Academy of Sciences, 115(6), 1274-1279.

Dong, Z., Tang, C., Lu, Y., Yao, L., & Kan, Y. (2019). Microbial Oligo-A-1,6-
Glucosidase: Current Developments and Future Perspectives. Starch - Starke,
72(1-2). doi:10.1002/star.201900172

Dutta, B., Banerjee, A., Chakraborty, P., & Bandopadhyay, R. (2018). In silico
Studies on Bacterial Xylanase Enzyme: Structural and Functional Insight.
Journal of Genetic Engineering Biotechnology, 16(2), 749-756.
d0i:10.1016/j.jgeb.2018.05.003

Edbeib, M. F.,, Wahab, R. A, Kaya, Y. & Huyop, F. (2017). In silico
Characterization of a Novel Dehalogenase (Dehhx) from the Halophile
pseudomonas halophila Hx Isolated from Tuz Goliu Lake, Turkey: Insights
a Hypersaline-Adapted Dehalogenase. Annals of Microbiology, 67(5), 371-
d0i:10.1007/s13213-017-1266-2

109



Elias, N., Chandren, S., Attan, N., Mahat, N. A., Razak, F. I. A., Jamalis, J., &
Wahab, R. A. (2017). Structure and Properties of Oil Palm-Based
Nanocellulose Reinforced Chitosan Nanocomposite for Efficient Synthesis of
Butyl Butyrate. Carbohydrate Polymer, 176, 281-292.
doi:10.1016/j.carbpol.2017.08.097

Elias, N., Chandren, S., Razak, F. I. A., Jamalis, J., Widodo, N., & Wahab, R. A.
(2018a). Characterization, Optimization and Stability Studies on Candida
rugosa Lipase Supported on Nanocellulose Reinforced Chitosan Prepared
from Oil Palm Biomass. International Journal of Biological Macromolecules,
114, 306-316. doi:10.1016/j.ijbiomac.2018.03.095

Elias, N., Chandren, S., Razak, F. I. A., Jamalis, J., Widodo, N., & Wahab, R. A.
(2018b). Characterization, Optimization and Stability Studies on Candida
rugosa Lipase Supported on Nanocellulose Reinforced Chitosan Prepared
from Oil Palm Biomass. International Journal of Biological Macromolecules,
114, 306-316. doi:10.1016/j.ijbiomac.2018.03.095

Elias, N., Wahab, R. A., Chandren, S., Abdul Razak, F. I., & Jamalis, J. (2019a).
Effect of Operative Variables and Kinetic Study of Butyl Butyrate Synthesis
by Candida rugosa Lipase Activated by Chitosan-Reinforced Nanocellulose
Derived from Raw Oil Palm Leaves. Enzyme and Microbial Technology, 130,
109367-109372. doi:10.1016/j.enzmictec.2019.109367

Elias, N., Wahab, R. A., Chandren, S., Abdul Razak, F. I., & Jamalis, J. (2019b).
Effect of Operative Variables and Kinetic Study of Butyl Butyrate Synthesis
by Candida rugosa Lipase Activated by Chitosan-Reinforced Nanocellulose
Derived from Raw Oil Palm Leaves. Enzyme and Microbial Technology, 130,
109367. doi:10.1016/j.enzmictec.2019.109367

Enari, T.-M., & Niku-paavola, M.-L. (1987). Enzymatic Hydrolysis of Cellulose: Is
the Current Theory of the Mechanisms of Hydrolysis Valid? . Critical
Reviews in Biotechnology, 5(1)(67—87). d0i:10.3109/07388558709044153

Ezeilo, U. R,, Lee, C. T., Huyop, F., Zakaria, Il, & Wahab, R. A. (2019a). Raw Qil
Palm Frond Leaves as Cost-Effective Substrate for Cellulase and Xylanase
Productions by Trichoderma Asperellum UC1 under Solid-State
Fermentation. Journal of Environmental Management, 243, 206-217.
doi:10.1016/j.jenvman.2019.04.113

110



Ezeilo, U. R., Lee, C. T., Huyop, F., Zakaria, Il, & Wahab, R. A. (2019b). Raw Oil
Palm Frond Leaves as Cost-Effective Substrate for Cellulase and Xylanase
Productions by Trichoderma Asperellum UC1 under Solid-State
Fermentation. Journal of Environmental Management, 243, 206-217.
doi:10.1016/j.jenvman.2019.04.113

Ezeilo, U. R, Lee, C. T., Huyop, F., Zakaria, I. I., & Wahab, R. A. (2019c). Raw Oil
Palm Frond Leaves as Cost-Effective Substrate for Cellulase and Xylanase
Productions by Trichoderma asperellum UC1 under Solid-State
Fermentation. Journal of Environmental Management, 243, 206-217.
doi:10.1016/j.jenvman.2019.04.113

Ezeilo, U. R., Wahab, R. A., & Mahat, N. A. (2019d). Optimization Studies on
Cellulase and Xylanase Production by Rhizopus oryzae UC2 Using Raw Oil
Palm Frond Leaves as Substrate under Solid State Fermentation. Renewable
Energy. doi:10.1016/j.renene.2019.11.149

Ezeilo, U. R., Wahab, R. A, Tin, L. C., Zakaria, I. I., Huyop, F., & Mahat, N. A.
(2019e). Fungal-Assisted Valorization of Raw Oil Palm Leaves for
Production of Cellulase and Xylanase in Solid State Fermentation Media.
Waste and Biomass Valorization. doi:10.1007/s12649-019-00653-6

Ezeilo, U. R., Wahab, R. A, Tin, L. C., Zakaria, I. I., Huyop, F., & Mahat, N. A.
(2019f). Fungal-Assisted Valorization of Raw Oil Palm Leaves for
Production of Cellulase and Xylanase in Solid State Fermentation Media.
Waste and Biomass Valorization, 344(6), 245-250. doi:10.1007/s12649-019-

Ezeilo, 0065B-6 Zakaria, 1. 1., Huyop, F., & Wahab, R. A. (2017). Enzymatic
Breakdown of Lignocellulosic Biomass: The Role of Glycosyl Hydrolases
and Lytic Polysaccharide = Monooxygenases.  Biotechnology &
Biotechnological Equipment, 1-16. doi:10.1080/13102818.2017.1330124

Falck, P., Linares-Pasten, J. A., Karlsson, E. N., & Adlercreutz, P. (2018).
Arabinoxylanase from Glycoside Hydrolase Family 5 is a Selective Enzyme
for Production of Specific Arabinoxylooligosaccharides. Food Chemistry,
242, 579-584. doi:10.1016/j.foodchem.2017.09.048

Farhadi, T., Fakharian, A., & Ovchinnikov, R. S. (2018). Virtual Screening for
Potential Inhibitors of Ctx-M-15 Protein of Klebsiella pneumoniae.
Interdisciplinary Sciences, 10(4), 694-703. doi:10.1007/s12539-017-0222-y

111



Farzaneh, H., Behzadmehr, A., Yaghoubi, M., Samimi, A., & Sarvari, S. M. H.
(2016). Stability of Nanofluids: Molecular Dynamic Approach and
Experimental Study. Energy Conversion and Management, 111, 1-14.
doi:10.1016/j.enconman.2015.12.044

Financie, R., Moniruzzaman, M., & Uemura, Y. (2016). Enhanced Enzymatic
Delignification of Oil Palm Biomass with lonic Liquid Pretreatment.
Biochemical Engineering Journal, 110, 1-7. doi:10.1016/j.bej.2016.02.008

Florindo, R. N., Souza, V. P., Mutti, H. S., Margarido, L. R. M., Camilo, C., Marana,
S. R., Polikarpov, 1., & Nascimento, A. S. (2017). Structural and Biochemical
Data of Trichoderma harzianum GH1 Beta-glucosidases. Data Brief, 15, 340-
343. doi:10.1016/j.dib.2017.09.044

Fuentes, D., Munoz, N. M., Guo, C., Polak, U., Minhaj, A. A., Allen, W. J., Gustin,
M. C., & Cressman, E. N. K. (2018). A Molecular Dynamics Approach
Towards Evaluating Osmotic and Thermal Stress in the Extracellular
Environment. International Journal of Hyperthermia, 35(1), 559-567.
d0i:10.1080/02656736.2018.1512161

Garcia-Viloca, M., Truhlar, D. G., & Gao, J. (2003). Importance of Substrate and
Cofactor Polarization in the Active Site of Dihydrofolate Reductase. Journal
of Molecular Biology, 327(2), 549-560. doi:10.1016/s0022-2836(03)00123-2

Gramany, V., Khan, F. I., Govender, A., Bisetty, K., Singh, S., & Permaul, K.
(2016). Cloning, Expression, and Molecular Dynamics Simulations of a
Xylosidase Obtained from Thermomyces lanuginosus. Journal of
Biomolecular Structure and Dynamics, 34(8), 1681-1692.
d0i:10.1080/07391102.2015.1089186

Hamid, A. A., Hamid, T. H., Wahab, R. A., Omar, M. S., & Huyop, F. (2015). An
S188V Mutation Alters Substrate Specificity of Non-Stereospecific Alpha-
Haloalkanoic Acid Dehalogenase E (Dehe). PLoS One, 10(3), e0121687.
doi:10.1371/journal.pone.0121687

Hamid, A. A. A., Wong, E. L., Joyce-Tan, K. H., Shamsir, M. S., Hamid, T. H. T.
A., & Huyop, F. (2014). Molecular Modelling and Functional Studies of the
Non-Stereospecific A-Haloalkanoic Acid Dehalogenase (Dehe) from
Rhizobium sp. RC1 and its Association with 3-Chloropropionic Acid (B-
Chlorinated Aliphatic Acid). Biotechnology & Biotechnological Equipment,
27(2), 3725-3736. doi:10.5504/bbeq.2012.0142

112



Hassan, N. M., Alhossary, A. A., Mu, Y., & Kwoh, C. K. (2017). Protein-Ligand
Blind Docking Using Quickvina with Inter-Process Spatio-Temporal
Integration. Scientific Reports, 7(1), 15451. doi:10.1038/s41598-017-15571-7

Hassim, H. A., Lourenco, M., Goh, Y. M., Baars, J. J. P., & Fievez, V. (2012).
Rumen Degradation of Oil Palm Fronds Is Improved through Pre-Digestion
with White Rot Fungi but Not through Supplementation with Yeast or
Enzymes. Canadian Journal of Animal Science, 92(1), 79-87.
d0i:10.4141/cjas2011-097

He, J., Tang, F., Chen, D., Yu, B., Luo, Y., Zheng, P., Mao, X., Yu, J., & Yu, F.
(2019). Design, Expression and Functional Characterization of a
Thermostable Xylanase from Trichoderma reesei. PLoS One, 14(1),
€0210548. doi:10.1371/journal.pone.0210548

Henrissat, B., Callebaut, I., Fabrega, S., Lehn, P., Mornon, J. P., & Davies, G.
(1995). Conserved Catalytic Machinery and the Prediction of a Common Fold
for Several Families of Glycosyl Hydrolases. Proceedings of the National
Academy of Sciences, 92(15), 7090-7094.

Hermosa, M. R., Grondona, I., Iturriaga, E. A., Diaz-Minguez, J. M., Castro, C.,
Monte, E., & Garcia-Acha, I. (2000). Molecular Characterization and
Identification of Biocontrol Isolates of Trichoderma Spp. Applied and
Environmental Microbiology, 66(5)(1890-1898).
d0i:10.1128/aem.66.5.1890-1898.2000

Hoseinzadeh, S., Shahabivand, S., & Aliloo, A. A. (2017). Toxic Metals
Accumulation in Trichoderma asperellum and T. harzianum. Microbiology,
86(6), 728-736. doi:10.1134/50026261717060066

Houston, D. R., & Walkinshaw, M. D. (2013). Consensus Docking: Improving the
Reliability of Docking in a Virtual Screening Context. Journal of Chemical
Information and Modeling, 53(2), 384-390. doi:10.1021/ci300399w

Ishak, S. N. H., Aris, S., Halim, K. B. A,, Ali, M. S. M., Leow, T. C., Kamarudin, N.
H. A., Masomian, M., & Rahman, R. (2017). Molecular Dynamic Simulation
of Space and Earth-Grown Crystal Structures of Thermostable T1 Lipase
Geobacillus zalihae Revealed a Better Structure. Molecules, 22(10).
doi:10.3390/molecules22101574

Jain, C. K., Gupta, M., Prasad, Y., Wadhwa, G., & Sharma, S. K. (2014). Homology
Modelling and Molecular Dynamics Simulations of a Protein

113



Phosphatase STP1 Instaphylococcus aureus: A Potential Drug Target.
Molecular Simulation, 41(7), 592-599. doi:10.1080/08927022.2014.902535

Jangir, M., Pathak, R., & Sharma, S. (2017). Trichoderma and Its Potential
Applications. Plant-Microbe Interactions in Agro-Ecological Perspectives
(pp. 323-339).

Jin, H., Chen, B., Zhao, X., & Cao, C. (2018). Molecular Dynamic Simulation of
Hydrogen Production by Catalytic Gasification of Key Intermediates of
Biomass in Supercritical Water. Journal of Energy Resources Technology,
140(4). d0i:10.1115/1.4037814

Junaid, M., Muhseen, Z. T., Ullah, A., Wadood, A., Liu, J., & Zhang, H. (2014).
Molecular Modeling and Molecular Dynamics Simulation Study of the
Human Rab9 and Rhobtb3 C-Terminus Complex. Bioinformation, 10(12),

Jusoh, M57Zainal, H., Hamid, A. A. A., Bunnori, N. M., Halim, K. B. A., & Hamid,
S. A. (2018). In silico Study of Carvone Derivatives as Potential
Neuraminidase Inhibitors. Journal of molecular modeling, 24(4), 93.

Karami, M., Jalali, C., & Mirzaie, S. (2017). Combined Virtual Screening,
MMPBSA, Molecular Docking and Dynamics Studies against Deadly
Anthrax: An In silico Effort to Inhibit Bacillus anthracis Nucleoside
Hydrolase.  Journal  of  Theoretical Biology, 420, 180-189.

Karim, doi; 1810164t 2607,09018 Danish, R. (2017). Necessity of Enzymatic
Hydrolysis for Production and Functionalization of Nanocelluloses. Critical
Reviews in Biotechnology, 37(3), 355-370.
d0i:10.3109/07388551.2016.1163322

Kelley, L. A., & Sternberg, M. J. (2009). Protein Structure Prediction on the Web: A
Case Study Using the Phyre Server. Nature Protocols, 4(3), 363-371.
doi:10.1038/nprot.2009.2

Khersonsky, O., Lipsh, R., Avizemer, Z., Ashani, Y., Goldsmith, M., Leader, H.,
Dym, O., Rogotner, S., Trudeau, D. L., Prilusky, J., Amengual-Rigo, P.,
Guallar, V., Tawfik, D. S., & Fleishman, S. J. (2018). Automated Design of
Efficient and Functionally Diverse Enzyme Repertoires. Molecular Cell,
72(1), 178-186 e175. doi:10.1016/j.molcel.2018.08.033

Kist, R., Timmers, L., & Caceres, R. A. (2018). Searching for Potential Mtor
Inhibitors: Ligand-Based Drug Design, Docking and Molecular Dynamics

114



Studies of Rapamycin Binding Site. Journal of Molecular Graphics and
Modelling, 80, 251-263. doi:10.1016/j.jmgm.2017.12.015

Kolahi, M., Yazdi, M., Goldson-Barnaby, A., & Tabandeh, M. R. (2018). In silico
Prediction, Phylogenetic and Bioinformatic Analysis of Sopcs Gene, Survey
of Its Protein Characterization and Gene Expression in Response to Cadmium
in Saccharum officinarum. Ecotoxicol and Environmental Safety, 163, 7-18.
doi:10.1016/j.ecoenv.2018.07.032

Kovacic, F., Mandrysch, A., Poojari, C., Strodel, B., & Jaeger, K.-E. (2015).
Structural Features Determining Thermal Adaptation of Esterases. Protein
Engineering, Design and Selection, 29(2), 65-76.

Kumar, A., Srivastava, G., Negi, A. S., & Sharma, A. (2019a). Docking, Molecular
Dynamics, Binding Energy-MM-PBSA Studies of Naphthofuran Derivatives
to Identify Potential Dual Inhibitors against Bace-1 and Gsk-3beta. Journal of
Biomolecular Structure and Dynamics, 37(2), 275-290.
d0i:10.1080/07391102.2018.1426043

Kumar, C. V., Swetha, R. G., Anbarasu, A., & Ramaiah, S. (2014a). Computational
Analysis Reveals the Association of Threonine 118 Methionine Mutation in
Pmp22 Resulting in Cmt-1a. Advances in Bioinformatics, 2014.

Kumar, C. V., Swetha, R. G., Anbarasu, A., & Ramaiah, S. (2014b). Computational
Analysis Reveals the Association of Threonine 118 Methionine Mutation in
Pmp22 Resulting in Cmt-1a. Advances in Bioinformatics, 2014, 502618.
d0i:10.1155/2014/502618

Kumar, R., Singh, S., & Singh, O. V. (2008). Bioconversion of Lignocellulosic
Biomass: Biochemical and Molecular Perspectives. Journal of Industrial
Microbiology and Biotechnology, 35(5), 377-391. doi:10.1007/s10295-008-
0327-8

Kumar, S., Fazil, M., Ahmad, K., Tripathy, M., Rajapakse, J. C., & Verma, N. K.
(2019b). Computational Analysis of Protein-Protein Interactions in Motile T-
Cells. Methods in Molecular Biology, 1930, 149-156. doi:10.1007/978-1-
4939-9036-8_18

Kumari, R., Kumar, R., Open Source Drug Discovery, C., & Lynn, A. (2014).
G_Mmpbsa--a Gromacs Tool for High-Throughput MM-PBSA Calculations.
Journal of Chemical Information and Modeling, 54(7), 1951-1962.
d0i:10.1021/ci500020m

115



Lamaming, J., Hashim, R., Sulaiman, O., Leh, C. P., Sugimoto, T., & Nordin, N. A.
(2015). Cellulose Nanocrystals Isolated from Oil Palm Trunk. Carbohydrate
Polymer, 127, 202-208. doi:10.1016/j.carbpol.2015.03.043

Lani, N. S., Ngadi, N., Johari, A., & Jusoh, M. (2014). Isolation, Characterization,
and Application of Nanocellulose from Oil Palm Empty Fruit Bunch Fiber as
Nanocomposites. Journal of Nanomaterials, 2014, 1-9.
d0i:10.1155/2014/702538

Lee, B. D., Apel, W. A., Sheridan, P. P.,, & DeVeaux, L. C. (2018). Glycoside
Hydrolase Gene Transcription by Alicyclobacillus acidocaldarius During
Growth on Wheat Arabinoxylan and Monosaccharides: A Proposed Xylan
Hydrolysis  Mechanism.  Biotechnology for  Biofuels, 11, 110.
d0i:10.1186/s13068-018-1110-3

Lee, H. S., Qi, Y., & Im, W. (2015). Effects of N-Glycosylation on Protein
Conformation and Dynamics: Protein Data Bank Analysis and Molecular
Dynamics  Simulation ~ Study.  Scientific  Reports, 5,  8926.
doi:10.1038/srep08926

Lee, K. C., Tong, W. Y., lbrahim, D., Arai, T., Murata, Y., Mori, Y., & Kosugi, A.
(2017). Evaluation of Enzymatic Deinking of Non-Impact Ink Laser-Printed
Paper Using Crude Enzyme from Penicillium rolfsii C3-2(1) lbrl. Applied
Biochemistry and Biotechnology, 181(1), 451-463. doi:10.1007/s12010-016-
2223-4

Lehmann, L., Ronnest, N. P., Jorgensen, C. 1., Olsson, L., Stocks, S. M., Jorgensen,
H. S., & Hobley, T. (2016). Linking Hydrolysis Performance to Trichoderma
reesei Cellulolytic Enzyme Profile. Biotechnology and Bioengineering,
113(5), 1001-1010. doi:10.1002/bit.25871

Liang, C., Xue, Y., Fioroni, M., Rodriguez-Ropero, F., Zhou, C., Schwaneberg, U.,
& Ma, Y. (2011). Cloning and Characterization of a Thermostable and Halo-
Tolerant Endoglucanase from Thermoanaerobacter tengcongensis Mb4.
Applied Microbiology and Biotechnology, 89(2), 315-326.
d0i:10.1007/s00253-010-2842-6

Liban Utom, S., Mohamad, E. J., Mohmad Ameran, H. L., Abdul Kadir, H., Mohd
Muji, S. Z., Abdul Rahim, R., & Pusppanathan, J. (2018). Non-Destructive
Palm Fresh Fruit Bunch (FFB) Grading Technique Using Optical Sensor.

116



International Journal of Integrated Engineering, 10(2).
doi:10.30880/ijie.2018.10.01.006

Lieckfeldt, E., Samuels, G. J., Nirenberg, H. 1., & Petrini, O. (1999). Amorphological
and Molecular Perspective of Trichoderma viride: Is It One or Two Species.
Applied and Environmental Microbiology, 65, 2418-2428.

Limkar, M. B., Pawar, S. V., & Rathod, V. K. (2019). Statistical Optimization of
Xylanase and Alkaline Protease Co-Production by Bacillus Spp. Using Box-
Behnken Design under Submerged Fermentation Using Wheat Bran as a
Substrate. Biocatalysis and Agricultural Biotechnology, 17, 455-464.
d0i:10.1016/j.bcab.2018.12.008

Liu, X., Liu, T., Zhang, Y., Xin, F., Mi, S., Wen, B., Gu, T., Shi, X,, Wang, F., &
Sun, L. (2018). Structural Insights into the Thermophilic Adaption
Mechanism  of Endo-1,4-Beta-Xylanase  from  Caldicellulosiruptor
owensensis. Journal of Agricultural and Food Chemistry, 66(1), 187-193.
doi:10.1021/acs.jafc.7b03607

Loerbroks, C., Boulanger, E., & Thiel, W. (2015). Solvent Influence on Cellulose
1,4-Beta-Glycosidic Bond Cleavage: A Molecular Dynamics and
Metadynamics Study. Chemistry, 21(14), 5477-5487.
d0i:10.1002/chem.201405507

Luterbacher, J. S., Walker, L. P., & Moran-Mirabal, J. M. (2013). Observing and
Modeling Bmcc Degradation by Commercial Cellulase Cocktails with
Fluorescently Labeled Trichoderma reseii Cel7a through Confocal
Microscopy. Biotechnology and Bioengineering, 110(1), 108-117.

MacCaldom] 0.1002+hia,2u5%Gchnieders, M. J., Pande, V. S., Jacobson, M. P., & Dill,
K. A. (2009). Assessment of the Protein-Structure Refinement Category in
Casp8. Proteins, 77(9), 66-80. doi:10.1002/prot.22538

MacCallum, J. L., Perez, A., Schnieders, M. J., Hua, L., Jacobson, M. P., & Dill, K.
A. (2011). Assessment of Protein Structure Refinement in Casp9. Proteins,
79(10), 74-90. d0i:10.1002/prot.23131

Mahajan, S., & Sanejouand, Y. H. (2017). Jumping between Protein Conformers
Using Normal Modes. Journal of Computational Chemistry, 38(18), 1622-
1630. d0i:10.1002/jcc.24803

Marx, I., van Wyk, N., Smit, S., Jacobson, D., Viljoen-Bloom, M., & Volschenk, H.
(2013). Comparative Secretome Analysis of Trichoderma asperellum S4F8

117



Trichoderma reesei Rut C30 During Solid-State Fermentation on Sugarcane
Bagasse. Biotechnology for Biofuels, 6(1)(172). doi: doi:10.1186/1754-6834-
172

Megashah, L. N., Ariffin, H., Zakaria, M. R., & Hassan, M. A. (2018). Properties of
Cellulose Extract from Different Types of Oil Palm Biomass. IOP
Conference  Series:  Materials Science and Engineering, 368.
d0i:10.1088/1757-899x/368/1/012049

Mello, B. L., Alessi, A. M., Riano-Pachon, D. M., deAzevedo, E. R., Guimaraes, F.
E. G., Espirito Santo, M. C., McQueen-Mason, S., Bruce, N. C., &
Polikarpov, 1. (2017). Targeted Metatranscriptomics of Compost-Derived
Consortia Reveals a GH11 Exerting an Unusual Exo-1,4-Beta-Xylanase
Activity. Biotechnology for Biofuels, 10, 254. doi:10.1186/s13068-017-0944-

Meyer, R. J., & Plaskowitz, J. S. (2018). Scanning Electron Microscopy of Conidia
and Conidial Matrix of Trichoderma. Mycologia, 81(2), 312-317.
d0i:10.1080/00275514.1989.12025665

Mirarab, S., Nguyen, N., Guo, S., Wang, L. S., Kim, J., & Warnow, T. (2015). Pasta:
Ultra-Large Multiple Sequence Alignment for Nucleotide and Amino-Acid
Sequences. Journal of Computational Biology, 22(5), 377-386.
d0i:10.1089/cmb.2014.0156

Mohaiyiddin, M. S., Lin, O. H., Owi, W. T., Chan, C. H., Chia, C. H., Zakaria, S.,
Villagracia, A. R., & AKkil, H. M. (2016). Characterization of Nanocellulose
Recovery from Elaeis guineensis Frond for Sustainable Development. Clean
Technologies and  Environmental Policy, 18(8), 2503-2512.
d0i:10.1007/s10098-016-1191-2

Mohamad Rosdi, M. N., Mohd Arif, S., Abu Bakar, M. H., Razali, S. A., Mohamed
Zulkifli, R., & Ya'akob, H. (2018). Molecular Docking Studies of Bioactive
Compounds from Annona muricata linn as Potential Inhibitors for Bcl-2, Bcl-
W and Mcl-1 Antiapoptotic Proteins. Apoptosis, 23(1), 27-40.
d0i:10.1007/s10495-017-1434-7

Molina, G., Contesini, F. J., de Melo, R. R., Sato, H. H., & Pastore, G. M. (2016). B-
Glucosidase from Aspergillus. New and Future Developments in Microbial
Biotechnology and Bioengineering (pp. 155-169).

Morais, J. P., Rosa Mde, F., de Souza Filho Mde, S., Nascimento, L. D., do
Nascimento, D. M., & Cassales, A. R. (2013). Extraction and

118



of Nanocellulose Structures from Raw Cotton Linter. Carbohydrate Polymer,
91(1), 229-235. doi:10.1016/j.carbpol.2012.08.010

Muhammed, M. T., & Aki-Yalcin, E. (2019). Homology Modeling in Drug
Discovery: Overview, Current Applications, and Future Perspectives.
Chemical Biology and Drug Design, 93(1), 12-20. doi:10.1111/cbdd.13388

Nachiappan, M., Jain, V., Sharma, A., Manickam, Y., & Jeyakanthan, J. (2019).
Conformational Changes in Glutaminyl-Trna Synthetases Upon Binding of
the Substrates and Analogs Using Molecular Docking and Molecular
Dynamics Approaches. Journal of Biomolecular Structure and Dynamics, 1-
15. doi:10.1080/07391102.2019.1617787

Nasir, S., Hussein, M., Zainal, Z., Yusof, N., & Mohd Zobir, S. (2018).
Electrochemical Energy Storage Potentials of Waste Biomass: Oil Palm Leaf-
and Palm Kernel Shell-Derived Activated Carbons. Energies, 11(12).
doi:10.3390/en11123410

Nordin, N. A., Sulaiman, O., Hashim, R., & Mohamad Kassim, M. H. (2017). Qil
Palm Frond Waste for the Production of Cellulose Nanocrystals. Journal of
Physical Science, 28(2), 115-126. doi:10.21315/jps2017.28.2.8

Onoja, E., Chandren, S., Abdul Razak, F. I., Mahat, N. A., & Wahab, R. A. (2018).
Oil Palm (Elaeis guineensis) Biomass in Malaysia: The Present and Future
Prospects. Waste and Biomass Valorization, 10(8), 2099-2117.
d0i:10.1007/s12649-018-0258-1

Onuma, H., Hara, K., Sugita, K., Kano, A., Fukuta, Y., & Shirasaka, N. (2019).
Purification and Characterization of a Glycoside Hydrolase Family 5
Endoglucanase from Tricholoma matsutake Grown on Barley Based Solid-
State  Medium. Journal of Bioscience and  Bioengineering.
d0i:10.1016/j.jbiosc.2019.05.012

Orbecido, A., Aprilia, S., Razali, N., Syamsuddin, Y., Khalil, A. H. P. S., Syafrina,
D., Bungay, V., Beltran, A., & Aviso, K. (2019). Composites Polyvinyl
Alcohol Filled with Nanocellulose from Oil Palm Waste by Formic Acid
Hydrolysis. MATEC Web of Conferences, 268.
doi:10.1051/matecconf/201926804012

Pal, D., & Chakrabarti, P. (2002). On Residues in the Disallowed Region of the
Ramachandran Map. Biopolymers, 63(3), 195-206. doi:10.1002/bip.10051

119



Pandey, B., Grover, A., & Sharma, P. (2018). Molecular Dynamics Simulations
Revealed Structural Differences among Wrky Domain-DNA Interaction in
Barley (Hordeum Vulgare). BMC genomics, 19(1), 132.

Pereira, J. H., Chen, Z., McAndrew, R. P., Sapra, R., Chhabra, S. R., Sale, K. L.,
Simmons, B. A., & Adams, P. D. (2010). Biochemical Characterization and
Crystal Structure of Endoglucanase Cel5a from the Hyperthermophilic
Thermotoga maritima. Journal of Structural Biology, 172(3), 372-379.
d0i:10.1016/j.jsh.2010.06.018

Raghuwanshi, S., Deswal, D., Karp, M., & Kuhad, R. C. (2014). Bioprocessing of
Enhanced Cellulase Production from a Mutant of Trichoderma asperellum
Rck2011 and Its Application in Hydrolysis of Cellulose. Fuel, 124, 183-189.
d0i:10.1016/j.fuel.2014.01.107

Rajan, K., & Carrier, D. J. (2016). Insights into Exo-Cellulase Inhibition by the Hot
Water Hydrolyzates of Rice Straw. ACS Sustainable Chemistry &
Engineering, 4(7), 3627-3633. doi:10.1021/acssuschemeng.5b01778

Robert, X., & Gouet, P. (2014). Deciphering Key Features in Protein Structures with
the New Endscript Server. Nucleic Acids Residue, 42(Web Server issue),
W320-324. doi:10.1093/nar/gku316

Robustelli, P., Piana, S., & Shaw, D. E. (2018). Developing a Molecular Dynamics
Force Field for Both Folded and Disordered Protein States. Proceedings of
the National Academy of Sciences USA, 115(21), E4758-E4766.
doi:10.1073/pnas.1800690115

Roslan, A. M., Zahari, M. A. K. M., Hassan, M. A., & Shirai, Y. (2014).
Investigation of Oil Palm Frond Properties for Use as Biomaterials and
Biofuels. Tropical Agriculture and Development, 58(1)(26-29).

Saadhali, S. A., Hassan, S., Hanna, L. E., Ranganathan, U. D., & Kumar, V. (2016).
Homology Modeling, Substrate Docking, and Molecular Simulation Studies
of Mycobacteriophage Chel2 Lysin A. Journal of Molecular Modeling,
22(8), 180. d0i:10.1007/s00894-016-3056-3

Saai Anugraha, T. S., Swaminathan, T., Swaminathan, D., Meyyappan, N., &
Parthiban, R. (2016). Enzymes in Platform Chemical Biorefinery. Platform
Chemical Biorefinery (pp. 451-469).

120



Saba, N., Jawaid, M., & Sultan, M. T. H. (2017). Thermal Properties of Oil Palm
Biomass Based Composites. Lignocellulosic Fibre and Biomass-Based
Composite Materials (pp. 95-122).

Sammond, D. W., Payne, C. M., Brunecky, R., Himmel, M. E., Crowley, M. F., &
Beckham, G. T. (2012). Cellulase Linkers Are Optimized Based on Domain
Type and Function: Insights from Sequence Analysis, Biophysical
Measurements, and Molecular Simulation. PLoS One, 7(11), e48615.
doi:10.1371/journal.pone.0048615

Sandhu, P., & Akhter, Y. (2017). Siderophore Transport by Mmpl5-Mmps5 Protein
Complex in Mycobacterium tuberculosis. Journal of Inorganic Biochemistry,
170, 75-84. doi:10.1016/j.jinorgbio.2017.02.013

Sandhu, S. K., Mathur, A., Gupta, R., Puri, S. K., & Adsul, M. (2018). Cellulosic
Biomass-Hydrolyzing Enzymes. Waste to Wealth (pp. 441-456).

Sanghvi, G., Patel, H., Vaishnav, D., Oza, T., Dave, G., Kunjadia, P., & Sheth, N.
(2016). A Novel Alkaline Keratinase from Bacillus subtilis DP1 with
Potential Utility in Cosmetic Formulation. International Journal of Biological
Macromolecules, 87, 256-262. doi:10.1016/j.ijbiomac.2016.02.067

Sansen, S., De Ranter, C. J., Gebruers, K., Brijs, K., Courtin, C. M., Delcour, J. A,
& Rabijns, A. (2004). Structural Basis for Inhibition of Aspergillus niger
Xylanase by Triticum Aestivum Xylanase Inhibitor-1. Journal of Biological
Chemistry, 279(34), 36022-36028. doi:10.1074/jbc.M404212200

Santos, C. R., Paiva, J. H., Sforca, M. L., Neves, J. L., Navarro, R. Z., Cota, J., Akao,
P. K., Hoffmam, Z. B., Meza, A. N., Smetana, J. H., Nogueira, M. L.,
Polikarpov, ., Xavier-Neto, J., Squina, F. M., Ward, R. J., Ruller, R., Zeri, A.
C., & Murakami, M. T. (2012). Dissecting Structure-Function-Stability
Relationships of a Thermostable Gh5-Cbm3 Cellulase from Bacillus subtilis
168. Biochemistry Journal, 441(1), 95-104. doi:10.1042/BJ20110869

Schindler, C. E., Chauvot de Beauchene, 1., de Vries, S. J., & Zacharias, M. (2017).
Protein-Protein and Peptide-Protein Docking and Refinement Using Attract
in Capri. Proteins, 85(3), 391-398. doi:10.1002/prot.25196

Sgobba, M., Caporuscio, F., Anighoro, A., Portioli, C., & Rastelli, G. (2012).
Application of a Post-Docking Procedure Based on Mm-Pbsa and Mm-Gbsa
Single and Multiple Protein Conformations. European Journal of Medicinal
Chemistry, 58, 431-440. doi:10.1016/j.ejmech.2012.10.024

121



Shahbaaz, M., Kanchi, S., Sabela, M., & Bisetty, K. (2018). Structural Basis of
Pesticide Detection by Enzymatic Biosensing: A Molecular Docking and Md
Simulation Study. Journal of Biomolecular Structure and Dynamics, 36(6),
1402-1416.

Shanmugarajah, B., Chew, I. M., Mubarak, N. M., Choong, T. S., Yoo, C., & Tan, K.
(2019). Valorization of Palm Oil Agro-Waste into Cellulose Biosorbents for
Highly Effective Textile Effluent Remediation. Journal of Cleaner
Production, 210, 697-709. doi:10.1016/j.jclepro.2018.10.342

Shaw, A., Bott, R., Vonrhein, C., Bricogne, G., Power, S., & Day, A. G. (2002). A
Novel Combination of Two Classic Catalytic Schemes. Journal of Molecular
Biology, 320(2), 303-309. doi:10.1016/s0022-2836(02)00387-x

Shinoj, S., Visvanathan, R., Panigrahi, S., & Kochubabu, M. (2011). Oil Palm Fiber
(OPF) and Its Composites: A Review. Industrial Crops and Products, 33(1),
7-22. d0i:10.1016/j.indcrop.2010.09.009

Shukla, R., Chetri, P. B., Sonkar, A., Pakharukova, M. Y., Mordvinov, V. A., &
Tripathi, T. (2018). Identification of Novel Natural Inhibitors of Opisthorchis
felineus Cytochrome P450 Using Structure-Based Screening and Molecular
Dynamic Simulation. Journal of Biomolecular Structure and Dynamics,
36(13), 3541-3556. d0i:10.1080/07391102.2017.1392897

Silva, B. D., Ulhoa, C. J., Batista, K. A., Yamashita, F., & Fernandes, K. F. (2011).
Potential Fungal Inhibition by Immobilized Hydrolytic Enzymes from
Trichoderma asperellum. Journal of Agricultural and Food Chemistry,
59(15), 8148-8154. doi:10.1021/jf2009815

Sinjaroonsak, S., Chaiyaso, T., & H-Kittikun, A. (2019). Optimization of Cellulase
and Xylanase Productions by Streptomyces thermocoprophilus TC13W Using
Low Cost Pretreated Oil Palm Empty Fruit Bunch. Waste and Biomass
Valorization. doi:10.1007/s12649-019-00720-y

Sinnott, M. L. (1990). Catalytic Mechanism of Enzymic Glycosyl Transfer.
Chemical Reviews, 90(7), 1171-1202.

Sledz, P., & Caflisch, A. (2018). Protein Structure-Based Drug Design: From
Docking to Molecular Dynamics. Current Opinion in Structural Biology, 48,
93-102. d0i:10.1016/j.sbi.2017.10.010

Srivastava, N., Rathour, R., Jha, S., Pandey, K., Srivastava, M., Thakur, V. K.,
Sengar, R. S., Gupta, V. K., Mazumder, P. B., Khan, A. F., & Mishra, P. K.

122



Vuong, T. V., & Wilson, D. B. (2010). Glycoside Hydrolases: Catalytic
Base/Nucleophile Diversity. Biotechnology and Bioengineering, 107(2), 195-
205. d0i:10.1002/bit.22838

Wang, C., Greene, D., Xiao, L., Qi, R., & Luo, R. (2017). Recent Developments and
Applications of the Mmpbsa Method. Frontiers in Molecular Biosciences, 4,
87. doi:10.3389/fmolb.2017.00087

Wang, F., Wu, J., & Chen, S. (2018). Preparation of Gentiooligosaccharides Using
Trichoderma viride Beta-Glucosidase. Food Chemistry, 248, 340-345.
doi:10.1016/j.foodchem.2017.12.044

Waterhouse, A., Bertoni, M., Bienert, S., Studer, G., Tauriello, G., Gumienny, R.,
Heer, F. T., de Beer, T. A. P., Rempfer, C., Bordoli, L., Lepore, R., &
Schwede, T. (2018). Swiss-Model: Homology Modelling of Protein
Structures and Complexes. Nucleic Acids Residue, 46(W1), W296-W303.
doi:10.1093/nar/gky427

Wilson, D. B. (2009). Cellulases and Biofuels. Current Opinion in Biotechnology,
20(3), 295-299. doi:10.1016/j.copbio.2009.05.007

Xu, Z., Yang, Y., & Huang, B. (2017). A Teaching Approach from the Exhaustive
Search Method to the Needleman-Wunsch Algorithm. Biochemistry and
Molecular Biology Education, 45(3), 194-204. doi:10.1002/bmb.21027

Yan, C., Xu, X., & Zou, X. (2016). Fully Blind Docking at the Atomic Level for
Protein-Peptide Complex Structure Prediction. Structure, 24(10), 1842-1853.
d0i:10.1016/j.str.2016.07.021

Yarbrough, J. M., Zhang, R., Mittal, A., Vander Wall, T., Bomble, Y. J., Decker, S.
R., Himmel, M. E., & Ciesielski, P. N. (2017). Multifunctional Cellulolytic
Enzymes Outperform Processive Fungal Cellulases for Coproduction of
Nanocellulose and  Biofuels. ACS Nano, 11(3), 3101-3109.
doi:10.1021/acsnano.7b00086

Yuan, J. S., Yang, X., Lai, J., Lin, H., Cheng, Z. M., Nonogaki, H., & Chen, F.
(2007). The Endo-B-Mannanase Gene Families in Arabidopsis, Rice, and
Poplar. Functional & Integrative Genomics, 7(1), 1-16.

Yuan, S. F., Wu, T. H., Lee, H. L., Hsieh, H. Y., Lin, W. L., Yang, B., Chang, C. K.,
Li, Q., Gao, J., Huang, C. H., Ho, M. C,, Guo, R. T., & Liang, P. H. (2015).
Biochemical Characterization and Structural Analysis of a Bifunctional

124



Cellulase/Xylanase from Clostridium thermocellum. Journal of Biological
Chemistry, 290(9), 5739-5748. doi:10.1074/jbc.M114.604454

Yulianshah, T., & Hirajima, T. (2009). Development of the Inodnesian Palm Oil
Industry and Utilization of Solid Waste. Journal of MMIJ, 125(583-589).

Zahari, M. A., Zakaria, M. R., Ariffin, H., Mokhtar, M. N., Salihon, J., Shirai, Y., &
Hassan, M. A. (2012). Renewable Sugars from Oil Palm Frond Juice as an
Alternative Novel Fermentation Feedstock for Value-Added Products.
Bioresource Technology, 110, 566-571. doi:10.1016/j.biortech.2012.01.119

Zechel, D. L., & Withers, S. G. (2000). Glycosidase Mechanisms: Anatomy of a
Finely Tuned Catalyst. Accounts of chemical research, 33(1), 11-18.

Zhang, Y. H., & Lynd, L. R. (2004). Toward an Aggregated Understanding of
Enzymatic Hydrolysis of Cellulose: Noncomplexed Cellulase Systems.
Biotechnology and Bioengineering, 88(7), 797-824. doi:10.1002/bit.20282

Zhao, Y., Zeng, C., & Massiah, M. A. (2015). Molecular Dynamics Simulation
Reveals Insights into the Mechanism of Unfolding by the A130T/V
Mutations within the Midl Zinc-Binding Bbox1 Domain. PloS one, 10(4),

Zheng, &01243%7, Liu, W., Chen, C. C., Ko, T. P., He, M., Xu, Z., Liu, M., Luo, H.,
Guo, R. T., Yao, B., & Ma, Y. (2016). Structural Insight into Potential Cold
Adaptation Mechanism through a Psychrophilic Glycoside Hydrolase Family
10 Endo-Beta-1,4-Xylanase. Journal of Structural Biology, 193(3), 206-211.
d0i:10.1016/j.jsh.2015.12.010

125



(2019). Microbial Beta Glucosidase Enzymes: Recent Advances in Biomass
Conversation  for  Biofuels  Application. Biomolecules,  9(6).
d0i:10.3390/biom9060220

Structure Sequence Prediction. (2005). Retrieved from
http://www.russelllab.org/gtsp/flowchart2.html

Sueb, M. S. M, Luo, J., Meyer, A. S., Jgrgensen, H., & Pinelo, M. (2017). Impact of
the Fouling Mechanism on Enzymatic Depolymerization of Xylan in

Different Configurations of Membrane Reactors. Separation and Purification
Technology, 178, 154-162. doi:10.1016/j.seppur.2017.01.038

Sukharnikov, L. O., Cantwell, B. J., Podar, M., & Zhulin, I. B. (2011). Cellulases:
Ambiguous Nonhomologous Enzymes in a Genomic Perspective. Trends in
Biotechnology, 29(10), 473-479. doi:10.1016/j.tibtech.2011.04.008

Sumathi, S., Chai, S. P., & Mohamed, A. R. (2008). Utilization of Oil Palm as a
Source of Renewable Energy in Malaysia. Renewable and Sustainable
Energy Reviews, 12(9), 2404-2421. doi:10.1016/j.rser.2007.06.006

Talamantes, D., Biabini, N., Dang, H., Abdoun, K., & Berlemont, R. (2016). Natural
Diversity of Cellulases, Xylanases, and Chitinases in Bacteria. Biotechnology
and Biofuels, 9, 133. doi:10.1186/s13068-016-0538-6

Thushari, 1., Babel, S., & Samart, C. (2019). Biodiesel Production in an Autoclave
Reactor Using Waste Palm Oil and Coconut Coir Husk Derived Catalyst.
Renewable Energy, 134, 125-134. doi:10.1016/j.renene.2018.11.030

Tian, X.-f., Fang, Z., & Guo, F. (2012). Impact and Prospective of Fungal Pre-
Treatment of Lignocellulosic Biomass for Enzymatic Hydrolysis. Biofuels,
Bioproducts and Biorefining, 6(3), 335-350. doi:10.1002/bbb.346

Tozakidis, I. E., Brossette, T., Lenz, F., Maas, R. M., & Jose, J. (2016). Proof of
Concept for the Simplified Breakdown of Cellulose by Combining
Pseudomonas putida Strains with Surface Displayed Thermophilic
Endocellulase, Exocellulase and Beta-Glucosidase. Microbial Cell Factories,
15(1), 103. doi:10.1186/s12934-016-0505-8

Ventura, H., Morén, M., & Ardanuy, M. (2014). Characterization and Treatments of
Oil Palm Frond Fibers and Its Suitability for Technical Applications. Journal
of Natural Fibers, 12(1), 84-95. doi:10.1080/15440478.2014.897670

123


http://www.russelllab.org/gtsp/flowchart2.html

LIST OF PUBLICATIONS

Conference Proceedings

1.

Aina Hazimah Bahaman, Roswanira Abdul Wahab. (2019). Molecular
Dynamic Simulation and Substrate Docking to Predict Degradation Order of
Cellulosic in Oil Palm Leaves by Fungal Cellulases. 3" Asia International
Multidisciplinary Conference (AIMC) 2019. ISBN: 978-93-88786-10-2

Journal with Impact Factor

1.

Bahaman, A. H., Wahab, R., Abdul Hamid, A. A., Abd Halim, K. B., Kaya,
Y., & Edbeib, M. F. (2019). Substrate docking and molecular dynamic
simulation for prediction of fungal enzymes from Trichoderma species-
assisted extraction of nanocellulose from oil palm leaves. Journal of
Biomolecular Structure and Dynamics, 1-15.
doi:10.1080/07391102.2019.1679667 (Accepted at Journal of Biomolecular
Structure and Dynamics, Q2, IF: 3.31)

Bahaman, A. H., Wahab, R., Abdul Hamid, A. A., Abd Halim, & K. B,,
Kaya, Y. (2020). Molecular docking and molecular dynamics simulations
studies on B-glucosidase and xylanase Trichoderma asperellum to predict
degradation order of cellulosic components in oil palm leaves for
nanocellulose preparation. Journal of Biomolecular Structure and Dynamics,
1-17. doi: 10.1080/073911 02.2020.1751713. (Accepted at Journal of
Biomolecular Structure and Dynamics, Q2, IF: 3.31).

131



Bahaman, A. H., Wahab, R., Abdul Hamid, A. A., Abd Halim, K. B., Kaya, Y., &
Edbeib, M. F. (2019). Substrate docking and molecular dynamic simulation
for prediction of fungal enzymes from Trichoderma species-assisted
extraction of nanocellulose from oil palm leaves. Journal of Biomolecular

1-15. doi:10.1080/07391102.2019.1679667

(Accepted at Journal of Biomolecular Structure and Dynamics, Q2, IF: 3.31).

Structure and Dynamics,

e Taylor & Francis
Taylor & Francis Group

M) Check for updates

JOURNAL OF BIOMOLECULAR STRUCTURE AND DYNAMICS
https://doi.org/10.1080/07391102.2019.1679667

Substrate docking and molecular dynamic simulation for prediction of fungal
enzymes from Trichoderma species-assisted extraction of nanocellulose from oil
palm leaves

Aina Hazimah Bahaman®®, Roswanira Abdul Wahab®® (®, Azzmer Azzar Abdul Hamid®, Khairul Bariyyah Abd
Halim®, Yilmaz Kaya®™® (® and Mohamed Faraj Edbeib’

*Department of Chemistry, Faculty of Science, Universiti Teknologi Malaysia, Johor, Malaysia; “Enzyme Technology and Green Synthesis
Group, Universiti Teknologi Mal. Johor, ysia; “Research Unit for Bioinformatics and Computational Biology (RUBIC), Kulliyyah of
Science, International Islamic University Malaysia (IIlUM), Kuantan, Pahang, Malaysia; “Department of Agricultural Biotechnology, Faculty of
Agriculture, Ondokuz Mayis University, Samsun, Turkey; “Department of Biology, Faculty of Science, Kyrgyz-Turkish Manas University,
Kyrgyzstan; 'Department of Animal Production, Faculty of Agriculture, Baniwalid University, Baniwalid, Libya

Communicated by Ramaswamy H. Sarma

ABSTRACT

Fungi of the Trichoderma species are valued industrial enzymes in support of the zero-waste’ technol-
ogy to convert agro-industrial biomass into valuable products, i.e. nanocellulose (NC). In this study, an
in silico approach using substrate docking and molecular dynamic (MD) simulation was used to predict
the order of which the multilayers of cellulosic polymers, i.e. lignin, hemicellulose and cellulose in oil
palm leaves (OPL) are degraded by fungal enzymes, endocellulase and exocellulase. The study aimed
to establish the catalytic tendencies of the enzymes to optimally degrade the cellulosic components
of OPL for high yield production of NC. Energy minimized endocellulase and exocellulase models
revealed satisfactory scores of PROCHECK (90.0% and 91.2%), Verify3D (97.23% and 98.85%) and
ERRAT (95.24% and 91.00%) assessments. Active site prediction by blind docking, COACH meta-server
and multiple sequence alignment indicated the catalytic triads for endocellulase and exocellulase were
Ser116-His205-Glu249 and Ser382-Arg124-Asp385, respectively. Binding energy of endocellulase
docked with hemicellulose (—6.0 kcal mol~') was the most favourable followed by lignin (5.6 kcal
mol ') and cellulose (—4.4 kcal mol ). Exocellulase, contrarily, bonded favorably with lignin (—8.7 kcal
mol ™), closely followed by cellulose (—8.5 kcal mol~') and hemicellulose (—8.4 kcal mol~'). MDs simu-
lations showed that interactions of complexes, endocellulase-hemicellulose and the exocellulase-cellu-
lose being the most stable. Thus, the findings of the study successfully identified the specific actions
of sugar-acting enzymes for NC production.
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1. Introduction nanocellulose (NC) (Ariffin et al, 2018; Elias et al, 2018).
Moreover, current chemical route to extract NC from biomass

Lignocellulosic wastes from agro-industrial biomass are made 3
9 9 are far from sustainable due to the heavy dependence on

up of three different components, with cellulose being the
major constituent (35-50%), ensued by hemicellulose
(20-35%) and lignin (10-25%) (Ezeilo, Lee, Huyop, Zakaria, &
Wahab, 2019; Limkar, Pawar, & Rathod, 2019). While the
microbial-assisted transformation of complex lignocellulolytic
carbohydrates has gained considerable scientific attention
(Ezeilo, Wahab et al.,, 2019), the processing output is far from
satisfactory. This is because lignocellulosic sources and struc-
ture, composition, method of pre-treatment and reactor
design are the key determining factors (Ezeilo, Lee et al.,
2019; Ezeilo, Wahab et al., 2019). Consistently, the enormous
quantity of unwanted lignocellulosic source from oil palm
biomass such as oil palm leaves (OPL) in Malaysia, remains
uncharted for biotechnological applications. In fact, OPL con-
stitute a good renewable starting material to produce value-
added products, for instance, the nano-sized cellulose, i.e.

corrosive acids and bases that corrode reactors, and require
tedious downstream treatments (Elias et al, 2018; Elias,
Wahab, Chandren, Abdul Razak, & Jamalis, 2019). Since the
topic of NC is gaining popularity and discussed in many
research fields (Elias et al., 2017, 2018, 2019), economical and
sustainable protocols using greener processing pathways for
its extraction, should be considered.

Having said that, an alternative biotechnological approach
must be developed so as NC can be effectively extracted from
OPL. One way is to extract NC using a bio-enzymatic approach
whereby fungal cellulases from the glycoside hydrolase group
are used for degrading the cellulosic material in OPL. Glycoside
hydrolase is a large group of enzymes that hydrolyzes glyco-
sidic bonds between two or more carbohydrates, or between
carbohydrates and a non-carbohydrate subdivision (Falck,
Linares-Pasten, Karlsson, & Adlercreutz, 2018). In general,
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ABSTRACT
Literature has shown that oil palm leaves (OPL) can be transformed into nanocellulose (NQ) by fungal
lignocellulosic enzymes, particularly those produced by the Trichode ies. Hi , mechanism

Tric

speci
of B-glucosidase and xylanase selectivity to degrade lignin, hemicellulose and cellulose in OPL for NC
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production remains relatively vague. The study aimed to comprehend this aspect by an in silico ?:cvh:‘z}'::_ —
approach of molecular docking, molecular dynamics (MD) simulation and Molecular-mechanics docking“MM'vPBSA-

Poisson-Boltzmann surface area (MM-PBSA) analysis, to compare interactions between the B-glucosi-
dase- and xy from Trichodk llum UC1 in complex with each substrate. Molecular dock-
ing of the complex sh d residues Glu165-Asp226-Glu423 and Arg155-Glu210-
Ser160 being the likely catalytic re5|dues of B-glucosidase and xylanase, respemvely The binding affin-
ity of B-glucosidase for the substrates are as follows: cellulose (—8.1kcal mol ') > lignin (—7.9kcal
mol~ ") > hemicellulose (— 78kca| mol '), whereas, xylanase showed a :orrespondlng preference for;
hemicellulose (—6.7 kcal mol ') > cellulose (—5.8kcal mol ') > Ingmn (—5.7 keal mol ). Selectmty of
both y was rei d by MD simulations where interactions b B-glucosid,

and xylanase-hemicellulose were the strongest. Notably low free-binding energy (AGpnq) of B-glucosi-
dase and xylanase in complex with cellulose (—207.23 +/— 47.13 kJ/mol) and hemicellulose (—131.48
+/— 24.57 kJ/mol) were observed, respectively. The findings thus successfully identified the cellulose
component selectivity of the polymer-acting B-glucosidase and xylanase of T. asperellum UC1.

nanocellulose; molecular
dynamics simulation

1. Introduction Elias et al., 2018; Elias et al, 2019), a more economical and
greener alternative protocol to prepare this nanomaterial
should therefore be developed. In this milieu, an enzyme-
assisted preparation of NC from OPL using fungal glycoside
hydrolase enzymes, may prospectively be a greener option.
Not only that, it can alleviate environmental due to the sur-

Lignocellulosic materials from agro-industrial activities
remains the most abundant natural polymer on Earth while
the chemically/physically augmented cellulose derivative, the
nanocellulose (NC) is prized for its intrinsic functionality, as

well as reliability and sustainability of production (Chieng
et al, 2017; Chen et al, 2018). It is worth mentioning here
that NC may be prepared from oil palm leaves (OPL) as the
plant cell wall has a lignocellulosic content that is 50% cellu-
lose, 25% hemicellulose and 25% lignin (Financie et al., 2016;
Tan et al, 2018). Nonetheless, the current approach to pro-
duce cellulosic nanomaterials from biomass are non-eco-
friendly, predominantly relying on corrosive acids and bases
for extraction and purification of the biomaterial. Other proc-
essing complications also include corrosion of reactors, and
tedious downstream treatments. Since the subject of NC is
gaining acceptance in many research fields (Elias et al., 2017;

plus of OPL by converting the biomass into technologically
functional materials.

We previously cultivated the fungus Trichoderma asperel-
lum UC1 under solid-state fermentation with success, using
OPL as its sole carbon source to produce appreciable
amounts of cellulase and xylanase (Ezeilo et al., 2019a; Ezeilo
et al,, 2019b). The Trichoderma fungal genus is a well-docu-
mented prolific producer of lignocellulolytic enzyme cocktails
(Druzhinina & Kubicek, 2017), and the T. asperellum UC1 is
reportedly a hyper cellulase and xylanase producer when cul-
tivated in raw OPL (Ezeilo et al.,, 2019¢). The fungus secretes
B-glucosidase (EC 3.2.1.21) and xylanase (EC 3.2.1.8) that
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