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Abstract: The implementation of computational tools in pharmaceutics has proven an effectual strategy in creating
harmony between the physical and chemical aspects of proteins and potential inhibitors. This is achieved by
bringing to life the three dimensional retrospect of biological systems, which takes into consideration
computational approaches such as quantum mechanics and molecular dynamics to facilitate drug design and
discovery. In this work, we aim to provide a summary of the computational aspects of naturally derived anti-cancer
inhibitors targeting the enzyme family of glycosidases. Our study offers insight into the evolution of drug
discovery, molecular modelling and molecular binding modes of natural product inhibitors associated with

glycosidase enzymes.
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INTRODUCTION

Natural Products in Drug Discovery

Since the beginning of time man has exploited the use of plant
and animal based products for their medicinal application. Ancient
Eastern traditional healers have documented the healing properties
of roots, bulbs, flowers and other herbs like ginseng, for at least
4,500 years [1]. European healers dating back to the 1o century
used foxglove (Digitalis purpurea L.), which was found to contain
the active ingredient digitoxin which is effective in the management
of congestive heart failure, along with its many structure based
analogues [2]. The pharmacological use of natural products was,
however, only established in Western culture by the 19" century the
most famous being the synthesis of the anti-inflammatory, aspirin,
derived from salicin, isolated from the bark of the willow tree (Salix
alba L.). By 1803 the alkaloid morphine was isolated from opium
poppy (Papaver somniferum L.) which had been used by the
Sumerians and Ancient Greeks, and dubbed by the Arabs as being
addictive. Later during the 1870’s crude morphine treated with
acetic anhydride yielded heroin, which was found to readily convert
to codeine, a painkiller [2, 3]. The track record of nature lending
itself as a curative, preventative or symptomatic treatment has been
our only saving grace in eradicating infection and alleviating
disease and other syndromes. The current status of pharmaceutics
worldwide indicates that approximately 40% of all dispensable
medicines are either natural or semi-synthetic analogues of natural
derivatives [4]. We are only at the precipice in drug discovery in
terms of natural products and have yet to uncover and explore
hidden secrets in different species genome using genome
sequencing or single molecule real-time methods. Such discovery
would allow new introspection in our management of disease, how
some organisms remain immune to certain infections, as well as it
would provide a new mechanism by which alternate biocatalysts
and natural products may be identified.

The bulk of natural product derivatives currently in clinical
study are dedicated to the treatment of cancer [5]. There are a
multitude of natural products sanctioned as leads in anticancer,
there exists four main plant based drug classes, these include: 1)
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vinca alkaloids, 2) epipodophyllotoxins, 3) taxanes, and 4)
camptothecines. Each class targets different stages or pathways of
the cell cycle of cancerous cells. The alkaloids vinblastine and
vincristine (Fig. 1), block mitosis with metaphase arrest by binding
to tubulin resulting in its depolymerisation. In combination with
other cancer chemotherapeutic drugs the alkaloids can be used in
the treatment of a variety of cancers including leukemias,
lymphomas, advanced testicular cancer, breast and lung cancer, and
Kaposi’s sarcoma. Podophyllotoxin derivatives etoposide and
teniposide (Fig. 2), bind to tubulin, leading to DNA strand
degradation irreversibly inhibiting topoisomerase II. These two
derivatives are used in the treatment of lymphomas, as well as
bronchial and testicular cancers. The class of taxane, which include
paclitaxel (taxol®) and other like derivatives act by disrupting the
assembly of tubulin, they show specific activity in patients
diagnosed with breast, ovarian and non-small cell lung cancer.
Camptothecin analogues selectively inhibit topoisomerase 1. The
more effective and safer analogues being topotecan, an ovarian and
small cell lung cancer chemotherapy and irinotecan, used in
patients with colorectal cancer (Fig. 3). There exists many other
natural products implicated in the treatment of different cancers,
which only amplifies the cause for continued research efforts toward
investigating natural products and their derivatives for their
medicinal activity [6-8].

Cancer and the Role of Glycosylation

Cancer has been deemed one of the world’s major causes of
mortality. Characterised by the “out-of-growth” cell growth,
prohibiting normal bodily functions depending on the type of cell
infected. Cancer is a disease instigated by the function or
dysfunction of catalytic pathways or cellular proteins. Being a
heterogeneous disease there are a number of biological therapies
available to patients, which target specific genetic markers or
enzymes relevant to the development and growth of the condition.
Through high through-put screening/dock it has been established
that carbohydrates play an important role in cancer; and circulating
or cell surface tumour-associated carbohydrate antigens serve as
diagnostic markers [9-11]. Cell surface glycosylation is universal to
all living cells reflecting their physiological state, and are perfectly
positioned to mediate adhesion and motility. A shift from the
normal glycosylation pathway leads to altered glycan expression
due to one or more of the following changes: (1) under- or
overexpression of glycosyltransferases deregulated at the level of
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Fig. (1). Alkaloid anti-cancer derivatives vinblastine and vincristine [5].
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Fig. (2). Podophylltoxins (etoposide and teniposide) and taxane (taxol®) anti-cancer agents [5]
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Fig. (3). Camptothecins; topotecan and irinotecan cancer inhibitors [6].

epigenetics [12, 13], transcription [14-16], post-transcription [17],
and/or chaperone [18]; (2) altered glycosidase activity [19-21]; (3)
altered expression of glycoconjugate acceptor together with
availability and abundance of the sugar nucleotide donor [22]; (4)
modified sugar nucleotide transporter activity [23]; and (5)
malfunction of the Golgi structure, the warchouse of
glycosyltransferases [9, 24, 25]. Abundant literature has suggested
aberrant glycosylation contributes to various aspects of cancer
development and progression, including proliferation, invasion,
angiogenesis, metastasis and immunity [9, 26, 27].
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Fig. (4). Diagram of N-glycosylation pathway in human Golgi complex [28].
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Fig. 4, depicts the N-glycosylation pathway on the surface of
the Golgi apparatus. Overall the biosynthesis of N-glycans have
been deemed an expensive process in terms of the number of
actively participating enzymes in the synthesis and trimming of N-
glycans. Structural diversity of N-glycans in mature proteins in the
cell surface are introduced by glycosyltransferases in the Golgi
complex as a terminal step. The core glycans in the endoplasmic
reticulum are universal from yeast to mammal and are considered
intermediates [28].
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Glycosidases are a vast class of enzymes designated to cleave
glycosidic bonds of carbohydrates or polysaccharides to essentially
assist in biochemical processes such as protein folding in living
cells [27, 29]. Vocadlo and Davies provided insight into the
mechanistic behaviour of glycosidase enzymes by understanding
the enzyme reaction co-ordinates, through collective works in
computational and structural studies [27]. The fundamental function
of these enzymes is to hydrolyse glucose residues from glucosides.
Their specificity originates at a structural level, in terms of their a-
and/or - configurations as well as the configuration of its particular
substrate. The inability of a glycosidase to function correctly or
expressions of the enzyme have been implicated as a cause of
cancer. Related cancers include: breast cancer [30], brain tumours
[31], prostate [32], lung, gastric, bone and ovarian [33]. The
glycosylation pathway is an imperative target in the prevention of
development of cancer or further spread of the disease [34].

There are an estimated 16 enzymes steam rolling the
glycosylation pathway within the cellular framework. These sites
include the endoplasmic reticulum, golgi apparatus, cytosol and
nucleus. Each of the glycosidase enzymes, based on tissue loci and
organism, exists in either an o- and/or f-configuration and are
governed by the structural feature of the bond on which they exert
themselves [35]. A prime example of the uniqueness of this class of
enzyme is glucosidase. The a-glucosidase depicted in Fig. 5, is
derived from sugar beet and classified as an endoplasmic reticulum
inner membrane bound protein, which is responsible for the
cleavage of a-(1,2)- linked glucose units from amylose to extended
carbohydrate chains [36].

Fig. 6, highlights the covalent intermediate of human cytosolic
f-glucosidase. This enzyme has been associated with essential
organs of the human metabolism such as the small intestine,
kidneys and liver. It is thought to play a role in the detoxification of
xenobiotics (foreign chemical compounds which pose a toxic threat
to the healthy cells), by hydrolysing S-glucoside moiety providing a
site for conjugation which would lead to rapid excretion in the bile
and urine [38, 39].
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A vast array of natural product glycosidase inhibitors have been
explored due to their extensive ability in the treatment of cancer.
These include but are not limited to: castanospermine and
deoxynojirimycin (glucosidase I & II and lysosomal a-glucosidase
inhibitors), swainsonine (lysosomal and aryl-mannosidases
inhibitor, and a potent mannosidase II inhibitor), kifunensine (potent
mannosidase [ inhibitor), allosamidin, salacinol, nojirimycin,
mannostatin A & B, isogaomine, kojibiose, sophorose, nigerose,
trehalose and xanthone derivatives.

Evolution of Computational Techniques to Present Day

By the 1950°s much improvement had been made in the way of
instrumental techniques developed to analyse chemical reactions
and molecular structures. However, the lack of understanding in
terms of kinetic models, visualisation of dynamic interactions as
well as how and what the conformations, transition states and
reaction intermediates look like and existence in their natural
systems, left many an unanswered question. It was not until 1957
when researchers Alder and Wainwright, reported the first
successful molecular dynamic (MD) simulation. Even in its infancy
the pair brought to life phase transition. Their investigation was
based on a solid-fluid system evolution comprised of rigid spheres
colliding instantaneously. With limited computing, a 500-particle
system was designed, emulating collisions between particles with a
duration of one hour on an IBM 704 computer [41].

This sparked a ripple effect where in 1960, Gibson and
colleagues implemented the first continuous repulsive Born-Mayer
interaction potential in MD simulation. This attempt may have been
the first recorded MD method in materials science. Their study was
based on the radiation damage in a copper (Cu) target. This was
performed by applying a constant force towards each atom on the
boundary of the crystallite to account for the attractive part of the
interatomic interaction [42]. In 1964 Aneesur Rahman described the
attractive and repulsive forces in an 864 argon atom system using
the Lennard-Jones potential [43]. The computational methods
applied in his study, such as pair correlation function, velocity

Fig. (5). Crystal structure of sugar beet a-glucosidase (PDB code: 3WEO) [37].
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Fig. (6). Crystal structure of the covalent intermediate of human cytosolic S-glucosidase (PDB code: 2Z0X) [40].

autocorrelation function and mean square displacement calculated
for liquid Argon, are still relevant in current studies.

Current studies have observed the evolution of MD simulation
and the vast approaches and information that can be derived from
such analysis. MD studies have offered a remarkable platform in
the field of pharmaceutics; with regards to design and discovery of
new and effective drug therapies for a multitude of diseases [44].
Nobel prize winner Richard Feynman described the motion of
atoms being governed by probability functions, where chemical
bonds are not formed mechanically but rather by the shifting of
electron clouds which act as both waves and particles [45]. Thus the
standard of the ‘lock and key’ theory has been set aside to
accommodate the new age of binding models which accounts for
conformational changes as well as the random motions of receptors
and ligands. This seemingly minor difference allows molecular
dynamic simulations to stand apart from other static two
dimensional models, thus playing an important role in drug
discovery.

With the ability to analyse a three dimensional (3D) crystal
structure of protein or target, we may gain perspective into the key
features that enable such structures to function and possibly
enhance or inhibit the expression of the protein species. Such
techniques which exploit these attributes are molecular dynamics
and quantum mechanics, homology modelling and virtual screening.
Each of which offers different introspection into the specific aim of
study [46].

COMPUTATIONAL APPROACHES ON NATURAL
AGENTS AGAINST CANCER
Homology Modelling

Homology modelling is a technique applied in the prediction
of protein structure based on the fact that proteins of similar
sequences bear similar structures. The technique has promoted the

identification of protein function and mechanism, drug binding to
specific sites and rationalisation of select amino acids in the
discovery of pertinent biological function ascribable to mutagenesis.
Due to computational methods being economically viable high
throughput docking is an ideal method to select promissory
compounds of appropriate chemical nature from extensive virtual
chemical libraries, since they incur minor errors. Lead optimisation
is a monotonous process of modifying the chemical structure of a
known hit by modifying its physico-chemical and pharmacological
properties to improve bioavailability, minimize unwanted toxicity
and obtain the admissible drug profile appropriate for animal model
studies and clinical trials [47].

Protein-ligand interaction comprehension is crucial in
homology-based lead optimization, since the character of the
structure obtained can steer ligand optimization towards enhanced
pharmacological profiles. Homology modelling has a significant
contribution to structure-based drug discovery through prediction
and generation of rational 3D models for drug targets. It generates
plausible protein structures by presenting a 3D model from a
protein template sequence subject to previously reported
homologous protein structures. When building a homology model
for proteins, the following typical procedure should be adhered to:
1) 3D protein structures with ~30% primary structure similarity
over the protein of unknown structure should be used [46, 48]; 2)
the alignment of template and target protein sequences; 3)
identification of variable and structurally conserved regions; 4)
generation of structurally conserved residues of the unknown
structure from template structure(s); 5) generation of loop
conformations for the unknown structure; 6) generation of side
chain conformations for the modelled protein; 7) refinement and
evaluation of the generated unknown structure. The RMSD (root of
mean square deviation distance between C, atoms) of the homology
model is compared to that of the experimental structure, which
should be ~ 1-2 A, to verify the accuracy of the homology model
[49]. The accuracy of a homology model is defined by the template
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of choice, alignment accuracy and application of efficient
refinement methods [47]. Homology models generated with over
50% sequence identity have satisfactory accuracy for drug
discovery applications; whereas models of sequence identities of
25% to 50% can be applied in target druggability assessment and
design mutagenesis. Homology models have proven invaluable as a
rationalising tool of SAR data and the prediction of binding modes
of experimental compounds [50, 51].

Heparanase is an endo-$-D-glucuronidase, which has been
reported as a target for antimetastatic agents. Its unique function in
degrading heparin sulphate glycosaminoglycans in mammalian
tissue has highlighted the enzyme. Over expression would result in
invasive normal and malignant cells such as; immune cells,
lymphoma, melanoma, and carcinoma cells as well as human head
and neck tumours. Ishida er al, had proposed the design of
selective inhibitors of heparanase by using a homology model of
the enzyme. The homology modelled enzyme was based on the
sequence alignment of human heparanase and 1,4-f-xylanase from
Penicillium simplicissimum. Based on this model it was identified
that the interaction between inhibitor and heparanase enzyme was
stabilised by arylalkylation [52].

Glucosidases are last stage carbohydrate digestive enzymes.
They are responsible for hydrolysing the glycosidic bond of
oligosachharides. Park er al, wished to design new inhibitors
derived from structure based virtual screening. In order to
accomplish this they were required to obtain a high quality amino
acid sequence of the enzyme. This was achieved by the alignment
of sequence from baker’s yeast o-glucosidase and oligo-1,6-
glucosidase from Bacillus cereus. Such that these sequences shared
an amino acid identity and similarity of 38.5% and 58.4%
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respectively. The homology model was sufficient to perform
docking studies. It was observed that the target and the template
displayed highly similar folding structures, whereby the catalytic
residues were conserved in terms of position in the active site when
compared to the x-ray crystal structure of oligo-1,6-glucosidase
(Figs. 7 & 8) [53].

Researchers Moorthy, Ramos and Fernandes conducted
homology modelling of an o-glucosidase enzyme which was later
used in a quantitative structure activity relationship study of
xanthone derivatives. They had deduced that the active site of the
model retained residues aspartic acid, histidine and glutamic acid,
which contributed to the specific structural features of potential
inhibitors [54].

Human glycans which include N-linked glycans, ABO blood
group and Lewis antigens have prominent structural moieties of a-
L-fucose a residue by-product of reaction catalysed by a-L-
fucosidase [55, 56]. Many cancers are associated with the high
levels of fucosylation which increases with expression of the
enzyme [57, 58]. Bueren et al., analysed the reaction co-ordinate of
o-L-fucosidases by combining structural and quantum mechanical
approaches. They were able to interpret inhibitor binding by
deriving a homology model of enzyme from B. thetaiotaomicron as
the sequence identity was in high correlation with that of the human
enzyme [59].

Qualitative Structure Activity Relationship (QSAR)

QSAR is a technique that has infiltrated the scene of drug
design and discovery as an invaluable tool. It has been implemented
to identify ligands with high affinities for specific macromolecular

Fig. (7). Comparative view of (a) homology modelled structure of a-glucosidase and (b) the x-ray crystal structure of oligo-1,6-glucosidase [53].
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Fig. (8). Comparison of the ProSa energy profiles of the homology modelled structure of a-glucosidase (red) and the x-ray crystal structure of oligo-1,6-

glucosidase (green) [53].

targets, by screening drugs and providing potential outcomes of
synthesis and testing. It has also been applied in extended research
in predicting adsorption, distribution, metabolism, elimination,
toxicity properties as well as bioavailability of compounds. Such
studies can be undertaken on different dimensions ranging from
1D-QSAR, where only a single property of the ligand is exploited
correlating to its affinity; to 6D-QSAR which involves the ligand
being represented as an ensemble of configurations with the explicit
representation of different induced fit models and the representation
of different solvation scenarios [60].

Glycosidases have evolved finely tuned active site
configurations for the specific hydrolysis of glycosidic bonds. The
inhibition of glucosidases has offered a noteworthy effect on the
glycon structure ultimately affecting the maturation, transport,
secretion and function of glycoproteins. Thus this could potentially
have an altered recognition of cell-cell processes. Moorthy ez al.,
attempted QSAR studies on associated xanthone derivatives based
on the data set published by Yan et al., as inhibitors of a-
glucosidase. Xanthones are natural derivatives extracted from
different medicinal plant material (Fig. 9) [61, 62]. Due to the
limited information presented from current literature, they decided
to delve into the link of biological activity data and physiochemical
descriptors of molecules. By exploring structural features which
have a determining effect on the binding affinity, mechanism of
inhibition, topology and hydrophobicity. It was established that
heteroatoms such as; oxygen bonded to carbon, are favourable

o)
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Fig. (9). Xanthone and subsequent xanthone derivatives.
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features for enzyme inhibition. Using an E-state count descriptor,
the most favourable framework for inhibition of enzyme activity is
a carbon atom linked with three aromatic bonds and hydrogen or
other atoms [54, 63, 64]. Moorthy and colleagues performed additional
studies on the a-glucosidase enzyme of B. Stearothermophilus and
S. cerevisiae and their interaction with chlorogenic acid inhibitors
[65].

Virtual Screening

Virtual screening has offered a cost effective method by which
we may search for lead structures for further development as
therapeutic agents in different biological systems and against a
multitude of targets. An advantage of this technique is the resulting
computational prediction of binding affinity, which contributes to
bottlenecking and reduces the number of compounds required for
testing. In terms of drug design, a range of computational methods
are employed at distinctive stages of the procedure. As previously
mentioned, high through-put screening of large compound libraries
focuses on decreasing the number of potential ligands. Post lead-
optimization, reduction of experimental costs and time is
emphasized. Molecular dynamic simulations have improved
docking procedures in terms of Molecular Mechanics Poison-
Boltzman/ Generalised Born Surface Area (MM/PBSA or
MM/GBSA), Free Energy Perturbation (FEP), Thermodynamic
Integration (TI) and Linear Interaction Energy (LIE) approaches
[66-69]. They add invaluable insight into the dynamic behaviour of
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proteins at various time-frames, from speedy internal motions to
steady conformational changes or even protein folding processes.
Studying of the explicit solvent molecule effect [70] on protein
structure and stability to characterise a biomolecular system is
plausible. Such system characteristics include density, conductivity,
dipolar moment and thermodynamic parameters inclusive of
interaction energies as well as entropies [71, 72].

Several MD-based in silico methods for binding energy
predictions have been extensively applied in drug design as they
provide statistically meaningful conformational ensembles for
thermodynamic calculations at a reasonable computational cost.
MM/PBSA and MM/GBSA are considered more computationally
efficient calculations as opposed to FEP/TL. This is attributed to the
former free binding energy calculations having fewer constraint
rules to obey, as well as their capability to dissect total binding free
energy into different interaction terms [73]. MM-PBSA/GBSA are,
however, theoretically more rigorous as such calculations take into
consideration the conformation of free ligand, receptor and ligand-
receptor complex. The FEP theory was initially introduced by
Zwanzig in 1954, where he correlated the free energy distinction

X
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Fig. (10). Compounds 1 - 8 of newly identified a-glucosidase inhibitors [53].
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between reference and target state of a system to its average
function of energy estimated by sampling initial states [74]. Since
then much improvement has been made by way of calculating free
energy differences using this technique. These include coupling the
mathematical algorithm with advanced molecular dynamics and
Monte Carlo sampling to elucidate respective solvation free
energies, pK, values, medium-effects on conformational equilibria,
host-guest binding affinities, organic and biochemical reactions free
energy surfaces [75]. Alternatively, binding energies can be
calculated by scoring functions as they compute results faster than
the MM-GB/PBSA models. However, scoring functions lack
precision, with an average error of ~2.5 kcal/mol [69].

In 2008 Park and colleagues suggested discovering novel
inhibitors of a-glucosidase through virtual screening encouraged by
a homology-modelled protein structure [53]. The technique allowed
the screening of a library estimating 85,000 compounds, resulting in
the reduction of sample size to 200 of the highest scoring
compounds. It was later established that only 13 of these suggested
agents presented a 50% inhibition at a concentration range between
0 uM and 50 pM [53]. Figs. 10, 11, are representative inhibitors,
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Fig. (11). Chemical structures 9 - 13 of newly identified a-glucosidase inhibitors [53].

their scaffolds now form the templates for further development and
investigation of structure based de novo synthetic inhibitors.

Molecular Modelling and Binding Modes

Molecular modelling is a fusion of structure and function of
molecules in the form of proteins, ligands and cellular entities. The
manipulation of chemistry and laws of protein folding allows
scientists to seek understanding of physiology of disease. The
essence of the technology utilises molecular biology, x-ray
crystallography and quantum mechanics [71, 76, 77]. The allure of
molecular modelling techniques lies in the atomistic level
description of molecular systems. There are three common stages
involved in molecular modelling studies. The first stage is a
selection process whereby a model is chosen to best describe the
intra- and inter- molecular interactions in a system. The two most
frequently used models are quantum mechanics and molecular
mechanics, both follow the fundamentals of the energy associated
with the arrangement of atoms and molecules within the system.
The second stage encompasses the actual mathematical calculation
of the system, this includes energy minimisation, molecular
dynamic or Monte Carlo simulations or a conformational search.
This leads directly into the final stage of post-analysis of the
calculations carried out in stage two. It is no small wonder that from
these stages computational chemistry or molecular modelling is
regarded as a classical example of scientific art [78]. From the post-
analysis of calculations performed a multitude of information may
be generated with respect to molecular geometry, energies,
electronic properties, spectroscopic properties and bulk properties
[78,79].

Allosamidin has been classified as a pseudo-trisaccharide
(Fig. 12), isolated from the mycelia of Streptomyces sp. [80].
Germer and colleagues performed molecular modelling studies on
the allosamidin and six additional analogues based on the

allosamidin framework in an effort to validate conformational
information extracted from 2D NMR studies. Of which it was
concluded that the results of each method were aligned. Proving
once again that computational approaches to scientific
investigations can act both as a tool of diagnosis and validation
[81]. Kara ef al., proposed a mechanism of action of allosamidin in
chitinase, which is regarded as a type of glycohydrolase enzyme.
With modelling, Kara and colleagues suggested that mechanism of
action of the enzyme involves the bending of acetalamido group to
oxygen of the substrate ring which subsequently neutralises the
charge. Allosamidin mimics the transition state of the catalytic
reaction and thus perpetuates competitive and selective inhibition of
the enzyme [82].

o-Mannosidase is a class II enzyme partaking in the N-
glycosylation reaction, with a function to link oligosaccharides to
distinct asparagine amino acids in incipient proteins. Thus
subsequent inhibitors show radical antitumour and antimetastatic
activity. Such inhibitors include kifunensine an alkaloid derived
from actinomycete Kitasatosporia kifunense, salacinol extracted
from Salacia reticulata and swainsonine [83-85].

Shah et al., compared the binding of kifunensine and
1-deoxymannojirimycin to  a-mannosidase (Fig. 13). 1-
Deoxymannojirimycin, once thought only a derivative of the natural
inhibitor nojirimycin a piperidine alkaloid isolated from
Streptomyces sp., was found naturally occurring from the extract of
mulberry leaves, Bacillus and Streptomyces sp. as well as
Micronesian marine sponge [5, 86, 87]. However, both entities
proved viable inhibitors of glycosidases and thus exerted an
effective activity as antitumor and anticancer agents. Shah and
colleagues performed energy directed studies which proposed
kifunensine inferring moderate inhibition to class II mannosidase as
compared to being more potent against class I mannosidase. With
kifunensine maintaining a ' C, conformation in each of the different
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Fig. (13). Structure of a-mannosidase inhibitors kifunensine, swainsonine and
1-deoxymannojirimycin [88].

active sites. 1-Deoxymannojirimycin being a smaller inhibitor
observed a *C; conformation in the class I mannosidase active site
but a ' C, conformation in the class II mannosidase active site [88].

Wen et al., investigated the binding mode off the previously
mentioned inhibitors docked in the glycosidase enzyme. The study
revealed that the five membered ring of kifunensine is planar. There
exists three distinct binding modes differing by the distance
between zinc and hydroxyl polar groups. In mode I the distance was
estimated to 2.3 A, mode II 3.31 A, whereas with mode III the
ligand appeared to turn completely within the active site and thus
the distance was of polar group to zinc was too far. With respect to
salacinol the inflexibility of its five membered ring offered pseudo-
rotation (Fig. 14). The three distinct binding modes of this system
reasoned that the relative conformations are independent of the
interaction between the polar species of the ligand and active site
interactive moieties. In conclusion these findings satisfied those
observed from x-ray crystallography [89].

Mannostatin A and B (Fig. 15), were discovered by Aoyagi and
collaborators in 1989 from isolates of Streptoverticilliu verticillus
variation quantum. Classed as novel aminocylcopentitol structures
they were found to be active inhibitors of a-mannosidase and
o-glucosidase [90]. Kawatkar et al., explored the ligand-protein
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Fig. (14). Structure of salacinol.
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Fig. (15). Structure of mannostatin A and B with correponding inhibition
values [92].

interactions of mannostatin A and a-mannosidase II. Their research
team had elucidated that mannostatin A mimicked covalently linked
mannosyl intermediate which adopts a 'Ss skew boat conformation.
It was established that the thiomethyl group is required for high
affinity binding, which was reported to have good overlay with the
C-6 hydroxyl of the covalently linked intermediate [91]. Kuntz et
al., had performed binding mode studies on a similar system. Their
findings were in cognito with corresponding literature, that
inhibition sees crucial contribution of zinc interactions, interactions
with Asp341 and Asp472, as well as hydrophobic interactions with
Phe206 of the enzyme [92].

Cardona et al., conducted molecular dynamic simulations on
glucoamylase Il from Aspergillus awamori with natural inhibitors
1-deoxynojirimycin and lentiginosine (Fig. 16) in an attempt to
understand binding for further investigation in the design of new
inhibitors in human systems as antitumour agents. It was then
determined that lentiginosine observed optimal conformation in the
enzyme cavity when hydrogen bonding to residues Arg54 and
Arg55. As well as inhibition was dominated by the interaction of
hydroxyl groups of the substrate with key enzyme residues [93].
Zhou et al., performed similar simulations, however, the system
involved comprised of 1-deoxynojirimycin and isogaomine. They
showed that 1-deoxynojirimycin bound to glucosidase in a protonated
chair conformation with a binding energy value of -46.76 kJ/mol.
Major thermodynamic contributions implying favourable enthalpy of
binding were attributed to strong hydrogen bonds and electrostatic
interactions between enzyme and ligand [94].

Pereira et al., performed a conformational and dynamical study
on disaccharides in water using explicit-solvent molecular dynamic
simulations [95, 96]. They analysed eight reducing disaccharides of
f-anomeric configuration isolated from honey: kojibiose, sophorose
and nigerose (Fig 17), as well as laminarabiose, maltose, cellobiose,
isomaltose and gentiobiose. In current literature most of the
disaccharides have been characterised and theoretically investigated
using MD simulations, molecular mechanics calculations or
quantum mechanics calculations. In the study a continuous 50 ns
run time was performed, during which time it was concluded that
the preference of dihedral angles which dictates that polar
substituents are to be orientated away from the ring [97].

Krautler er al., explored conformation, dynamic, solvation
and respective stabilities of specific S-hexopyranoses in water
using a molecular dynamic platform. Four f-D-aldohexopyranoses
monosaccharides were studied, namely: f-D-glucose, f-D-mannose,
f-D-galactose and S-D-talose; which were simulated in a series of
200 ns timescale. During the simulation the latter three substrates

Lentiginosine

Fig. (16). Structure if lentiginosine.
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Fig. (17). Structure of kojibiose, nigerose and sophorose disaccharides.

maintained a *C; chair conformation, unlike glucose which has
evolving boat and twisted configurations. Kréutler ez al., described
the intramolecular hydrogen-bonding pattern with each substrate,
and were deemed opportunistic contributors to the relative
conformation and stability of the structure. They had ranked the
estimated epimerisation energies in order of decreasing stability,
with talose exhibiting the least stability superseded by galactose and
mannose in turn, with glucose registered as most stable. This
confirmed results obtained from intramolecular effects and
hydrophilicity investigations [98].

Trehalose (Fig. 18), a sugar extract from yeast, exists as a
naturally occurring disaccharide in mushrooms and other fungi.
This  unique  combination of  a-D-glucopyranosyl-a-D-
glucopyranoside has been implicated as prominent inhibitor of the
glucosidase enzyme [99]. The dysfunction of the enzyme has
proven a target in the prevention of growth and development of
metastatic cancer. Trehalose has been shown to form direct
hydrogen bonds to proteins which endure the ligand requiring
occupation of specific active site in a specific orientation [100].
There have been a number of reported simulations investigating the
structural dynamics of binary sugar/water solution in an attempt to
elucidate physical properties [101-111]. Sum et al. [112] and
Pereira et al. [113, 114] had conducted a simulation of a lipid
membrane in the presence of sugars. They discovered that specific
hydrogen bonding governed the interaction between sugar and lipid
molecules. Lerbret et al. had decided to simulate a lysozyme in
aqueous solution of trehalose, sucrose and maltose. It was suggested
that trehalose was the most hydrated of all the three sugars as it
maintained a greater number of hydrogen bonds with water [115].

Park and collaborators, took their study of novel a-glucosidase
inhibitors a step further by exploiting the binding modes of the 13,
then, newly identified molecules in the active site of the enzyme
during which they noticed that the phenolic oxygen of the select
inhibitor was a key feature in the migration of a hydrogen bond
from His348 to Asp349, essentially translating to the phenol moiety
playing a pivotal role for binding to the active site. It was also
established that the stabilisation of docked ligands can be attained
by inducing hydrophobic interactions at across from the active site
[53].

Pistara et al., had provided in silico characterisation of cyclitols,
inosose the ketone structure of inositols found in mammalian

OH
HO O 7, : OH
W O ",
Ho™ OH “IoH
OH
OH
Trehalose

Fig. (18). Structure of trehalose.
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tissues and Streptomyces griseus. The inosose molecules were
docked in human maltase-glucoamylase which has been crystallised
with miglitol (Fig. 19). It was determined that nitrogen that engages
in a hydrogen bond with Asp443 in the catalytic residue is an
essential entity for inhibitory activity. Additional structural
components such as benzyl have the ability of filling the active site
[116]. The binding free energy of compound 1 was calculated to be
-6.0 kcal/mol and was found to possess the greatest inhibitory effect
with an inhibition constant of 36.9 uM.

HO
o
HO, OH HO, OBn
", N N
)
HO r HO Y~ oH
OH OBn
Miglitol Compound 1

Fig. (19). (left) structure of miglitol and (right) structure of compound 1
[116].

CONCLUSION

From the topics described above, it is evident that there exist
considerable gaps in the way of computational studies performed on
the natural element inhibitors of glycosidase enzymes. These
include the understanding of kinetic mechanisms of inhibitor-
enzyme interaction, conformational support within active site,
effects of mutagenesis, selective and competitive inhibition of
enzyme species; and many more. Thus, there is great opportunity
for continued research toward answering many of these essential
components by way of a computational approach.

Additional research toward understanding the reaction kinetics
and mechanism of glycosidase enzymes in their natural biological
system, would be imperative in our quest to discover and design
innovative anticancer inhibitors. Despite the large array of high
resolution crystal structures available within the protein databank,
much effort is required in acquiring crystal structures of human
glycosidase. Such that accurate study may be performed to
investigate possible inhibitors. Intensive molecular dynamic study
encompassing molecular biology techniques would aid research in
determining critical enzyme reactions that perpetuate cancerous
species. Thus by isolating specific drug targets, it would allow us to
build into the inhibitor, selective drug delivery systems exerting a
specialised response. An attractive feature of obtaining refined
crystal structures of human glycosidase enzymes, offers insight into
the active site residues. Thus accurate binding modes may be
established as well as chemical structuring of potential inhibitors
may be designed according to supported conformational and steric
properties.



944 Anti-Cancer Agents in Medicinal Chemistry, 2015, Vol. 15, No. 8

Despite limitations of the crystal library with the aid of
computational tools we may continue studies in this field by
accurately constructing best-fit homology models of associated
enzymes. Extensive studies based on QSAR and QM/MM of
biological systems will dramatically improve our understanding of
the influence of glycosidase enzymes in cancer development. As
well as it could bridge the gap between theoretical and experimental
studies, by economising on time, cost of study and prioritising
higher possibility enzyme structure and mechanistic predictions.

The above mentioned attributes contribute to the design and
development of new drugs as anticancer agents as well as provides
pivotal information with regards to the specific enzyme pathways
implicated in cancer. Molecular dynamic studies present an
opportunistic methodology whereby we may unlock and unveil the
mystery underlying the disease thus unleashing great strides in our
fight against cancer.

Computational techniques boast an arsenal to unravel and offer
a broad introspection into the molecular dynamics of glycosidase
enzymes. Thus the study of this family is not exclusive or restricted
to its effect on cancer but rather a multi-dimensional study on other
congenital disorders of glycosylation may be investigated. Armed
with computational tools the study of glycosidase enzymes remains
limitless, and with the limited literature available within this topic
much research is yet to be done in this field.
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