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Abstract: Within this study, a unique 3D structure-based pharmacophore model of the
enzyme glyoxalase-1 (Glo-1) has been revealed. Glo-1 is considered a zinc metalloenzyme
in which the inhibitor binding with zinc atom at the active site is crucial. To our
knowledge, this is the first pharmacophore model that has a selective feature for a “zinc
binding group” which has been customized within the structure-based pharmacophore
model of Glo-1 to extract ligands that possess functional groups able to bind zinc atom
solely from database screening. In addition, an extensive 2D similarity search using three
diverse similarity techniques (Tanimoto, Dice, Cosine) has been performed over the
commercially available “Zinc Clean Drug-Like Database” that contains around 10 million
compounds to help find suitable inhibitors for this enzyme based on known inhibitors from
the literature. The resultant hits were mapped over the structure based pharmacophore and
the successful hits were further docked using three docking programs with different pose
fitting and scoring techniques (GOLD, LibDock, CDOCKER). Nine candidates were
suggested to be novel Glo-1 inhibitors containing the “zinc binding group” with the highest
consensus scoring from docking.
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1. Introduction

Cancer is defined as a renegade system of growth that originates in human body. It is characterized,
regardless of its type, by one common feature, which is unchecked growth that progresses toward
limitless cell expansion. This process of unlimited proliferation is due to the fact that cells have lost
their ability to undergo programmed suicide based on a process called apoptosis [1]. According to the
World Health Organization [WHO] statistics, cancer is considered the leading cause of death
worldwide, responsible for 7.6 million deaths in 2008. Lung, stomach, liver, colon and breast cancers
cause the highest numbers of cancer deaths each year, distributed between males and females. The rate
of cancer incidence continues to increase, with around 13.0 million cases expected in 2030. In
addition, it is expected that more than 70% of the casualties are from medium and low income
countries [2,3].

For many years, there have been continuous efforts by the scientists to find new valid targets for
cancer treatment and to discover new chemotherapeutic agents; consequently, their efforts have
contributed to a decline in the mortality rate, but until today, there is still no chemotherapeutic agent
that possesses the optimal characteristics for cancer treatment due to the lack of selectivity between
normal cells and cancer ones. Based on this fact, there is a continuous search to find candidate drugs
that provide the best treatment and medical relief for suffering patients [4,5].

One of the valid targets acknowledged to be pivotal for cancer treatment is the glyoxalase system
enzymes. This system is composed of two enzymes, glyoxalase-1 (Glol) and glyoxalase-2 (Glo2).
These enzymes are mainly involved in the detoxification mechanism of metabolic byproducts,
especially the reactive aldehydes such as methylglyoxal (MG), that are produced inside the cells during
the normal process of metabolism. Glol is the first enzyme in the series that is responsible for the
isomerization process of the toxic metabolite (MG), followed by Glo2 that performs the hydrolysis
step to produce innocent bystanders that are safely excreted outside the body [6-9]. The glyoxalase
system has been proven to be found in both normal and malignant cells, however, with much higher
rate expression in tumor cells. Moreover, it has been emphasized that this over-expression confers
resistance to anti-tumor agents such as adriamycin and etoposide [10-13].

Based on Scheme 1 scientists have proposed that inhibition of either Glo1 or Glo2 will result in an
accumulation of toxic and reactive aldehydes, which can lead to self-destruction of cancer cells.
Cancer cells are characterized by being very active metabolically; they do not stop growing and
usually consume abundant amounts of nutrients. Therefore, inhibition of Glol and/or Glo2 should
result in production of toxic metabolites including aldehydes MG inside these malignant cells, which

can lead to the death of cancer cells due to toxins accumulation [14—16].
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Scheme 1. Mechanism of methylglyoxal detoxification utilizing the glyoxalase system enzymes.
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Glol has received particular attention in the last decade as an anti-cancer target with many
publications assuring its importance as an anti-cancer valid target. Structurally, Glo1 is a metallo-enzyme,
i.e., it has zinc metal as an essential cofactor inside the active site, which plays a structural and catalytic
role in the isomerization of the reactive and toxic aldehydes. In addition, it is composed of two identical
polypeptide chains forming a homodimer, where each chain is composed of 183 amino acid with a
molecular weight of 43 kDa. The active site of Glol is situated in the interface of the two polypeptide
chains and the zinc atom has a square pyramidal coordination with the adjacent amino acids [17,18].

Designing competitive inhibitors for Glol has been performed mainly by three research groups.
First, More et al. have designed competitive inhibitors based on the transition state of MG inside the
active side (Figure 1), so they build their inhibitors based on S-p-bromobenzyl glutathione which was
discovered to be a valid inhibitor[19].

Figure 1. Transition state inside the active site of Glo]1.
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The strategy adopted by More ef al. was to design an inhibitor that has zinc binding group and resist
hydrolysis by peptidases especially Gamma glutamyltranspeptidase (Figure 2).

Figure 2. More et al. structural modifications to synthesize transition state competitive inhibitors of Glol1.
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Hydroxamic acid was chosen as a zinc binding group which also resembles the transition state. This
group was found to be unstable due to its feature of being a good leaving group. Therefore, a retro-



Molecules 2012, 17 13743

synthesis was performed to reverse the orientation of hydroxamic acid and this produced a stable zinc
binding group. The other strategy was to protect the compound from enzymatic hydrolysis, so an
amide bond was isosterically replaced by an ureido derivative, which is more resistant to hydrolysis.
Moreover, for simplification purposes, his group has emphasized that the sulfur atom is not necessary
for pharmacodynamic purposes. It was replaced by a carbon atom to facilitate synthesis of new
derivatives. Due to the difficulties that involved in the hydroxamic acid synthesis, More et al. shifted
the synthesis from hydroxamic acid derivatives to acetoacetate transition state inhibitors. This shift
was required to enrich the diversity of the synthesized compounds to find a suitable inhibitor with an
acceptable activity [20-24].

Takasawa et al., on the other hand, have exploited the presence of the planar C-4 ketone and C-5
hydroxy groups found in natural flavonoids to test them as Glol binders (Figure 3). Luckily, he
discovered that these compounds possess the needed structure to chelate the zinc atom inside the active
site. Further studies performed by his group have proved that the polyhydroxyl groups on the B ring
found in the flavonoid structure plays an important role in binding to the amino acids at the mouth of
the active site such as Asn and Arg. He described the structure activity relationship in this flavonoid
scaffold by assuring that there should be a hydroxyl and ketone groups that are planar to each other
and are separated by 2.5 + 0.5A while they are not surrounded by bulky substituents. Another natural
compound belong to the anthocyanidines (Figure 4, delphinidin) has been discovered to bind to Glo1
and act as competitive inhibitor. The anthocyanidines’ positive charge undergoes ionic-pi interactions with
aromatic amino acids inside the active site in addition to the OH interaction with the zinc atom. Like the
flavonoids, the terminal hydroxyl groups are hydrogen bound with basic amino acids at the mouth of the
active site [25-27].

Figure 3. Takasawa vision of the expected pharmacophore and the SAR of flavonoids binding to Glol1.
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A third major study conducted by Yuan et al. has investigated the binding mode of the natural
substrate curcumin (Figure 4) by using molecular modeling and molecular dynamics. Their results
showed that the enol form of curcumin possessed zinc binding properties and was much more stable
than the keto form of the same compound [28,29].

In the present study, a series of potential Glol inhibitors are suggested based on structure-based
pharmacophore design which has been conducted using Discovery Studio 3.1 (DS 3.1) from Accelrys
to extract a 3D pharmacophore that reflects the important functional groups that are essential for
inhibitor binding. In addition, a 2D similarity search has been employed based on known active
inhibitors of Glo1 previously reported by literature to mine commercial databases for similar drug-like
molecules. Finally, molecular docking studies were performed relying on three different programs
employing different procedures for their docking and scoring.
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Figure 4. Structure of the five compounds reported as inhibitors of Glo-1 enzyme.
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2. Results and Discussion
2.1. Structure-Based Pharmacophore Generation

A Receptor-Ligand Pharmacophore Generation protocol produced ten pharmacophore models
ranking them according to their selectivity score, the higher the better. According to the results, ten
pharmacophores that scored selectivity scores from 8.54 to 7.59 were generated from eleven features
that matched the receptor-ligand interactions HBA,HBA,HBA,HBA ,HBD,HBD,HBD,HY ,HY ,NI,NI
(Table 1). These interactions revealed the important amino acids that were later used to help decide the
final structure-based pharmacophore model. The active site of Glo-1 enzyme can be described as
having three major binding areas (Figure 5). The first and the most important area is the zinc atom; it is
positioned at the bottom of the active site and forms coordinate bonds with three amino acids: GIn33,
His126 and Glu99. The zinc atom is able to form an extra coordinate bond with the zinc binding group
provided by the inhibitor and this justifies the essentiality of the presence of a zinc binding group when
the inhibitor is being designed. Secondly, a small hydrophobic pocket that is inserted deeply inside the
active site that can tolerate up to two aromatic rings can be exploited. This hydrophobic area is formed
from the following amino acids; Leu92, Phe71, Met179, Leul60, Leu69 and Phe62. Finally, the mouth
of the active site, which is composed of Argl22, Arg37, Lys150 and Lys156, is highly polar. All ten of
the pharmacophore models generated from the bound ligand to 1QIN considered the zinc atom as HBD
(which later will be customized to be the zinc binder feature). The hydrophobic pocket was filled by one or
two HY features in all ten generated pharmacophores. On the other hand, the mouth of the active site was
represented by HBD, HBA and NI features correlated to the polar amino acids that are present there.
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Table 1. The generated pharmacophore models with their selectivity scores based on Glo-1
enzyme bound to its ligand.

Pharmacophore Summary

Pharmacophore Number of Features Feature Set  Selectivity Score
Pharmacophore 01 6 DDDHNN * 8.5416
Pharmacophore_02 6 ADDHNN 8.0771
Pharmacophore 03 6 ADDHNN 8.0771
Pharmacophore_04 6 DDHHNN 7.9040
Pharmacophore 05 6 DDDHNN 7.9040
Pharmacophore_06 6 ADDHNN 7.7474
Pharmacophore 07 6 ADDHNN 7.6186
Pharmacophore_08 6 ADDHNN 7.6186
Pharmacophore 09 6 ADDHNN 7.5951
Pharmacophore 10 6 ADDHNN 7.5951

*D = Hydrogen bond Donor; H = Hydrophobic; N = Negative ionizable; A = Acceptor.

Figure 5. A 3D view representing the three main areas that forms the active site of Glo-1
enzyme. Zn atom is represented by CPK and the hydrophobic pocket and the active site
mouth residues are represented by scaled balls and sticks.

LYS156

The Interaction Generation protocol has also been used in building the structure-based
pharmacophore model. However, this protocol differs from the previous one in that it maps the polar
and apolar areas in the active site regardless of any ligands bound to the active site. The results have
shown a similar trend to the Receptor-Ligand Pharmacophore Generation protocol by indicating the
presence of a hydrophobic pocket, and the HBD feature points to the zinc atom and polar areas in the
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mouth of the active site, so by combining the results of the two pharmacophores, a final
pharmacophore model has been achieved that satisfies the essential features inside the active site.

The produced pharmacophore model has been customized in order to add a zinc binding feature
inside the active site instead of HBD, so the coordinates of zinc atom inside the active site were
assigned and the zinc feature was added (Figure 6). This new pharmacophore model contains seven
features; ZB points to zinc atom, 2HY features filling the hydrophobic pocket, 2HBD pointing to
amino acids near the active site mouth Asnl103 and Thr101, HBA points to Lys156 and NI that is
complimentary to Argl22 and Arg37. The final generated pharmacophore will be used later to help
filter drug candidates from 2D similarity search.

Figure 6. Structure-based pharmacophore of the active site of Glo-1 enzyme. (A) 3D
representation of this pharmacophore; HY: sky-blue; NI: blue; HBD: magenta, HBA:
green; ZB: purple. (B) simplified structure-based pharmacophore with no tolerance spheres
to facilitate visualization of inter feature distances; HY: sky-blue; NI: blue; HBD: purple;
HBA: green; ZB: purple.
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2.2. 2D Similarity Search

Within this work, a 2D similarity search was used to virtually screen a large database called Zinc-Clean
Drug-Like Database containing 9,542,593 compounds based on five active compounds reported as active
inhibitors of Glo-1. The five compounds shown in Figure 4 were selected based on the fact that compound
2-amino-5-(1-(carboxymethylamino)-3-(hydroxy(4-iodophenyl)carbamoylthio)- 1 -oxopropan-2-ylamino)-
5-oxopentanoic acid is co-crystallized inside the active site of Glo-1 enzyme as an inhibitor; consequently,
the compound 2-amino-3-(3-(3-((4-bromophenyl)(hydroxy)carbamoylthio)-1-(carboxymethylamino)-1-
oxopropan-2-yl)ureido)propanoic acid was suggested as potential inhibitor by More ef al. based on
transition state inhibitor design. Curcumin, myricetin and delphinin have been reported to be potential
inhibitors for Glo1 enzyme and contain zinc binding scaffolds [25-27].

2D similarity virtual screening techniques have been extensively used to find similar molecules to
known inhibitors based on the idea that “molecules that are structurally similar are likely to have
similar properties”, first enunciated explicitly by Johnson and Maggoria [30-33]. Each screening run
of this database will produce the 500 molecules most similar to the queried active structures using 2D
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similarity measures (Tanimoto, Dice, and Cosine) and each measure will use two fingerprints (FCFP_6
and ECFC_6). Using three measures will add credibility to the produced results as each similarity
measure applies different equation with different parameters; so, a total of 1,500 returned similar
compounds can be obtained by applying the three measures for each queried compound. In addition,
each measure uses two fingerprints which also adds further credibility to the results. FCFP_6 searches
for similarity that is based on the functional class such as HBD, HBA, and RA properties that are
shared between the queried reference molecule and the target molecules in the database. On the other
hand, ECFC-6 searches for similarity based on atom types such as hybridization and charge.
Combining both methodologies will produce diverse results and expand the similarity to its maximum
as the number 6 at the end of these fingerprints is indicative to the maximum range searched by the
algorithm. Consequently, each searched molecule will return 3,000 molecules similar to it. Since five
molecules needed to be queried, the total compounds returned by this research is 15,000 molecules
(Figure 7) The 15,000 compounds are further filtered in order to narrow the possible candidates
starting by merging these compounds in one sd file, as each run returns 500 molecules. The next step is
to remove duplicate structures that are produced from these runs by applying the Prepare Ligands
protocol and activate remove duplicate option only,; this step reduces the candidate structures to 4,623.
Furthermore, the resulting structures are reduced to 4,439 by applying Filter by Lipinski and Veber
Rules protocol which filters molecules according to their drug likeness and their suitability to be orally
bioavailable drug candidates. These rules limit the structures to be good orally active to have five or
less HBDs, 10 or less HBA, a logP value of 5 or less, molecular weight less than 500, rotatable bonds
10 or less and polar surface area not exceeding 140A% More filtration steps were conducted by
applying ADMET rules, so the candidates will be more drug-like structures within this protocol.
Structures were filtered according to their solubility, intestinal absorption and Blood Brain Barrier
penetration and 3,375 passed this step. The following step resulted in an increase of the candidate
structures rather than a reduction of their number. This is related to preparing the filtered compounds
for 3D structure-based pharmacophore screening and molecular docking, so the 3,375 structures were
approximately doubled to 7,686 structures after applying the Prepare Ligands protocol which performs
tautomerization, ionization to pH range 6.5-8.5 and creates isomers of the selected structures. This
step is essential because it expresses all the expected chemical forms that the structure could form
while it is inside the body at physiological conditions. Moreover, it has been reported that
tautomerization is an essential step in the process of virtual docking of compounds containing zinc
atoms in the active site [34-36].
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Figure 7. Steps in the drug discovery process to find potential inhibitors of Glo-1 enzyme.
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2.3. Mapping 2D Similarity Search Compounds over Structure-Based Pharmacophore

At this step, it is important to find candidate structures that share similarity with active molecules
reported in the literature and fulfill the requirements of being able to fit in the generated structure-based
pharmacophore model which is a reflection of the active site geometry. Consequently, both 2D and 3D
criteria will be attained. The Screen Library protocol was run for the 7,686 compounds generated from
2D similarity search by applying Best Conformation generation of 255 conformers for each structure
with 20 kcal energy threshold. This screening step has returned 2,373 compounds able to match the
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structure-based pharmacophore with a minimum of four features out of seven being satisfied, and
every compound should map the zinc binding feature and the HY feature adjacent to it. Compound
zinc02230638 mapped to structure-based pharmacophore is depicted in Figure 8. Five features were
fulfilled; the 1-pyrrol-2-one ring fits the ZB, the two HY features were mapped with chlorobenzene
ring, and each of the two hydroxyl groups mapped to the two HBD features. The fit value for this
compound was 4.3, while the other two features were not mapped- the HBA and NI. For the final
selection of candidate inhibitors of Glo-1 enzyme, the fit values of these compounds will be compared
with the consensus scoring of the molecular docking step.

Figure 8. Zinc02230638 mapped over the generated structure-based pharmacophore.

2.4. Molecular Docking

The 7,686 compounds were next docked by using three docking programs with six scoring
functions. Consensus scoring was performed by summing the values of the six scoring functions and
then comparing them with the fitting values performed in the previous step. The candidate molecules
were selected based on the ability of the chemical structures to map the generated structure-based
pharmacophore, getting the highest ranks in the consensus scoring tactic and visually examining the
binding pattern of the docked poses. Consequently, nine compounds were chosen to be potential
inhibitors which contain various functional groups performing binding with zinc atom at the active site
(Table 2). For example, Zinc02120846 is a 2H-chromen-2-one based structure in which the 2H-pyran-2-
one ring coordinates with the zinc atom by the two oxygen atoms; the ketone oxygen with a 2.36 A
apart and the oxygen ring with 2.18 A. One of the carboxylic acid groups performs two hydrogen
bonds with Arg37 amino acid at the mouth of the active site. The lipophilic pocket of the active site is
filled with n-propyl group performing hydrophobic interactions (Figure 9). Zinc05528245 possesses a
4-ox0-4H-chromen-5-olate central ring which plays a crucial role in chelating zinc atom with enol and
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ketone oxygens distances 2.43 A and 2.12 A, respectively. The benzene ring attached to the ketone
points out to the mouth of the active site while the other benzene ring fills the hydrophobic pocket
(Figure 10). Zinc13100715 is sulfonamide-based structure which has a chelating zinc atom at the
active site, the bromobenzene ring points out to the opening of the active site while the adjacent ketone
forms H-bonding with Arg37. The hydrophobic pocket is occupied by phenyacetamide group (Figure 11).
Finally, Zinc08791976 is a benzimidazole-based structure in which the imidazole ring coordinated
with zinc atom at the pyridine-like nitrogen, whereas the pyrrole-like nitrogen forms a H-bond with the
sulfur atom of Met157. The benzene ring attached to the imidazole ring fills the hydrophobic pocket
whereas the hydroxy-2-oxo-2H-chromen-5-olate ring points out to the mouth of the active site (Figure 12).

Table 2. Structure, consensus scoring and zinc binding groups of candidate compounds as Glo-1 inhibitors.
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Figure 9. Zinc02120846 docked inside the Glo-1 active site.




Molecules 2012, 17 13752

Figure 11. Zinc13100715 docked inside the Glo-1 active site.
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3. Experimental
3.1. Preparing Glyoxlase-1 Enzyme

Glol enzyme was downloaded from Protein Data Bank (PDB code: 1QIN) [18]. The prepare
protein protocol available in DS 3.1 was employed to prepare the enzyme for further processing; this
protocol standardizes atoms names, inserts missing loops, calculates pKa and protonates the enzyme.
Default parameters were used.

3.2. Creation of Structure-Based Pharmacophore

Receptor-Ligand Pharmacophore Generation protocol available in DS 3.1 was used to investigate
the essential amino acids that participate in the binding of S-(N-hydroxy-N-p-iodophenylcarbamoyl)
glutathione (HIPC-GSH) with the enzyme (1QIN). This protocol acts by generating selective
pharmacophore models by employing Genetic Function Approximation (GFA) technique. The
resulting pharmacophore model is based on receptor-ligand interactions and adds certain features
such as hydrogen bond acceptor (HBA), hydrogen bond donor (HBD), hydrophobic (HY), negative
ionizable (NI), positive ionizable (PI) and ring aromatic (RA). The essential amino acids will be
identified in which the ligand interacts with and these amino acids will be considered later when the
final pharmacophore model being built using /nteraction Generation protocol. This protocol extracts
pharmacophore query from the Ludi interaction map which is created inside the active site sphere and
only assigns three main features namely HBA, HBD and HY. All the parameters within this protocol
were left as their default values [37].

3.3. Addition of “Zinc Binding Feature” to the Structure-Based Pharmacophore

As Glo-1 enzyme contains a zinc atom within the active site and inhibitor binding to this atom is
indispensible, a customization step is performed to modify the pharmacophore model by adding a zinc
binder feature, because this feature is not provided by the Interaction Generation protocol. The
available protocols in DS 3.1 treat zinc atom as a HBD feature; consequently, there will be no
selectivity and preference for the functional groups that specifically bind to zinc atom such as thiols,
hydroxamates, and imidazoles. Based on this fact, the HBD feature that orients to the zinc atom has
been replaced by zinc feature using Add Feature From Dictionary under Customize Pharmacophore
Features DS 3.1 tools. The zinc feature in the present study was modified to detect the following
functional groups (carboxyl, phosphate, imidazole, 1,2,3-triazole, 1,2,4-triazole, tetrazole, thiadiazole,
1-hydroxy-2-oxo derivatives) and we intentionally removed other functional groups although they
are considered famous for zinc binding such as (hydroxamates and thiols). Hydroxamates were
reported to suffer from poor in vivo absorption and liable for metabolism such as glucourination and
sulfonation [23,38,39]. Furthermore, hydroxamates could be metabolized to produce hydroxylamines
which have potential mutagenicity [40]. For thiols, they have been reported as causing taste
disturbances in addition to some cases of photosensitivity in some patients [41].
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3.4. 2D similarity Search

According to the literature, five compounds (Figure 4) were chosen to be reference structures for
extracting similar molecules from a commercial database. The ZINC Clean Drug-like Database which
contains 9,542,593 molecules was used for 2D similarity employed to discover similar molecules. To
boost our 2D search, three similarity measures search [42,43].

Find Similar Molecules By Fingerprints protocols were conducted, namely, Tanimoto:
SA/(SA+SB+SC), the number of “and” bits normalized by the number of “or” bits, Dice:
2*SA/(2*SA+SB+SC), the number of “and” bits normalized by the arithmetic mean of the number of
on bits in the target and reference and Cosine: SA/((SA+SB)*(SA+SC))"0.5, the number of “and” bits
normalized by the geometric mean of the number of on bits in the target and reference. The
abbreviations in the equations defined as; SA4: Bits present in both the target and the reference, SB: The
number of bits in the target but not the reference and SC: The number of bits in the reference but not
the target. Within each measure, two properties for similarity check were selected; FCFP_6 and
ECFC_6. FCFP_6 is the fingerprint which represents the atom abstraction method used to assign the
initial category for atom classes of queried compounds; F stands for “Functional class” which could be
HBD, HBA, RA, positive and negative ionizable; C represents the type of the fingerprint to generate
and refers to“Extended-Connectivity”, the third and fourth letter are F and P, which refer to
“FingerPrint”; P returns a list of the features present in a molecule with duplications removed; the
number after the underscore represents the maximum distance in generating the fingerprint. On the
other hand, for ECFC_6, the E is “Atom type” which represents charge and hybridization; the first C
“Extended-Connectivity”; and the last C refers to “Counts” which returns to a list of features present in
the molecule with duplicates returned [30]. (Figure 7) represents the methodology applied to find
similar molecules; within each step, 500 molecules are extracted to be the most similar to each of the
target molecules with a total of 15,000 molecules. The resulting molecules were then subjected to
further filtration steps such as removing duplicates, selecting drug like compounds according to
Lipiniski and Veber rules by applying Filter by Lipinski and Veber Rules protocol, Absorption,
Distribution, Metabolism, Excretion and Toxicity (ADMET) filtration according to solubility,
intestinal absorption and BBB penetration, and then the resulting molecules will be prepared for
pharmacophore mapping and docking by applying Prepare Ligands protocol which performs
ionization, tatumerization and isomerization steps of the resulting molecules [34-36]. All the
parameters used for the previous protocols were left as default, only the protocol Filter by Lipinski and
Veber Rules allows one violation of these rules to be tolerated, however, in our work we used strict
selection and no violation was allowed by changing the number of violation allowed to zero instead of one.

3.5. Mapping 2D Similarity Search Compounds over Structure-Based Pharmacophore

Further selection parameters for the candidate compounds which could be potential inhibitors of
Glo-1 are performed by subjecting the resulting compounds from 2D similarity step to be mapped over
the structure-based pharmacophore model of Glo-1 enzyme. This step will add further credibility to the
selection criteria where the candidate compound should satisfy both 2D similarity of known inhibitors
and maps well over the active site of the enzyme. Screen Library protocol provided by DS 3.1 was
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exploited in this step in which default parameters were left unchanged unless mentioned later; this
protocol has an advantage of enumerating many subset pharmacophores from a query and screens the
input ligands against each pharmacophore. Moreover, it enables pharmacophore features derived from
the query to be considered every time the protocol tries to find suitable pharmacophore from the query.
Within this work, zinc binder and hydrophobic features were required to be considered every time 2D
compounds screened with four minimum features for the numerated pharmacophore.

3.6. Molecular Docking

To increase the reliability and accuracy of Glo-1 inhibitors selection, the extracted compounds from
2D similarity search were further docked on the enzyme (PDB: 1QIN). Three docking programs have
been employed. GOLD 5.1 (Genetic Optimization for Ligand Docking; Cambridge Crystallographic
Data Centre) [44,45] uses a genetic algorithm to explore the conformational space of the ligands in
addition to some flexibility of active site residues. The active site was assigned by referring to a zinc
atom with a radius 11A to cover all the amino acids that are of paramount importance to ligand
bonding. GOLD parameters were set to give maximum flexibility to the active site and the ligands in
addition to using four scoring functions namely, Goldscore, Chemscore, ASP and CHEMPLP trying
to reach optimal accuracy for candidate compound selection, other parameters are not recommended
to be changed as this could affect the results. GOLD handles zinc atom by allowing the coordination
geometry number to be 4—6 which correlate to tetrahedral, trigonal bipyramidal and octahedral
geometries respectively. CDOCKER; provided by DS 3.1 uses a CHARMm-based molecular
dynamics (MD) scheme to dock ligands into a receptor binding site; then random conformation will be
produced using high temperature molecular dynamics. Once these conformations are translated to the
active site, candidate poses are then created using random rigid-body rotations followed by simulated
annealing [46]. LibDock, the third docking program used in this study provided by DS 3.1 is a
high-throughput algorithm where the ligand will be aligned in the active site based on polar and apolar
interaction sites termed as “Hotspots”. For more accurate docking, a CHARMm minimization step was
activated [47—49], both CDOCKER and Libdock parameters were left unchanged as this could affect
the results of the docking. A final step was performed by applying “consensus scoring” tactic, which is
based on summing all the docking score from the three docking programs and then the best compounds
with the highest scores will be chosen as candidate Glo-1 inhibitors.

4. Conclusions

The present work was intended to discover novel inhibitors of Glo-1 enzyme that selectively bind to
the zinc atom in the active site. Understanding the key structural features for Glo-1 inhibition has been
achieved by applying structure-based drug design, ligand-based 2D similarity search and molecular
docking techniques. The use of an X-ray crystal structure of Glo-1 enzyme has revealed a pharmacophore
model indicating the essential features for inhibitor binding especially the presence of zinc atom. The
generated pharmacophore contains seven features; a customized ZB, 2HY, 2HBD, HBA and NI.

Ligand-based 2D similarity search has been conducted by finding five ligands that are active
inhibitors for the Glo-1 enzyme based on the literature, and then a comprehensive search for similar
ligands from a commercial database called Zinc Clean Drug-Like Database, containing 9,542,593
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compounds, has been performed employing diverse similarity search methodologies. The selected
compounds were filtered by applying Lipinisks’ and Verbers’ rules in addition to ADMET filters. The
resultant candidates were further subjected to molecular docking techniques with consensus scoring to
prioritize them. Finally, nine compounds were selected to be candidate inhibitors of Glo-1 enzyme
based on the previous techniques in addition to visual investigation of the binding pattern. The nine
compounds essentially contain a “zinc binding group” which is considered as an essential functional
group for selective Glo-1 inhibitor. The obtained potential inhibitors will be purchased and tested in
vitro against the enzyme and different cancer cell lines.

References

1. National Cancer Institute. Available online: http://www.cancer.gov/ (accessed 2 June 2012).

2. Jemal, A.; Bray, F.; Center, M.; Ferlay, J.; Ward, E.; Forman, D. Global cancer statistics.
CA Cancer J. Clin. 2011, 61, 69-90.

3.  World Health Organization (WHO). The Global Burden of Disease: 2004 Update. WHO: Geneva,
Switzerland. Available online: http://www.who.int/topics/global burden of disease/en/ (accessed
2 June 2012).

4. Aziz, N.M.; Rowland, J.H. Trends and advances in cancer survivorship research: Challenge and
opportunity. Semin. Radiat. Oncol. 2003, 13, 248-266.

5. Petrelli, N.J.; Winer, E.P.; Brahmer, J.; Dubey, S.; Smith, S.; Thomas, T.; Vahdat, L.T.; Obel, J.;
Vogelzang, N.; Markman, M.; et al. Clinical Cancer Advances 2009: Major Research Advances in
Cancer Treatment, Prevention, and Screening: A Report from the American Society of Clinical
Oncology. J. Clin. Oncol. 2009, 27, 6052-6069.

6. Davidson, S.; Milanesa, D.; Mallouh, C.; Choudhury, M.; Tazaki, H.; Konno, S. A possible regulatory
role of glyoxalase I in cell viability of human prostate cancer. Urol. Res. 2002, 30, 116—121.

7. Rabbani, N.; Thornalley, P. Glyoxalase in diabetes, Obesity and related disorders. Semin. Cell.
Dev. Biol. 2011, 22, 309-317.

8. Thornalley, P.; Rabbani, N. Glyoxalase in tumourigenesis and multidrug resistance. Semin. Cell.
Dev. Biol. 2011, 22, 318-325.

9. Xue, M.; Rabbani, N.; Thornalley, P. Glyoxalase in ageing. Semin. Cell. Dev. Biol. 2011, 22,293-301.

10. Sakamoto, H.; Mashima, T.; Kizaki, A.; Dan, S.; Hashimoto, Y.; Naito, M.; Tsuruo, T.
Glyoxalase I is involved in resistance of human leukemia cells to antitumor agent-induced
apoptosis. Blood 2000, 95, 3214-3218.

11. National Toxicology Program. Final Report on Carcinogens Background Document for
Formaldehyde. Rep. Carcinog. Backgr. Doc. 2010, 10-5981, 1-512.

12. Chaplen, F. Incidence and potential implications of the toxic metabolite methylglyoxal in cell
culture: A review. Cytotechnology 1998, 26, 173—183.

13. Suttisansanee, U.; Honek, J.F. Bacterial glyoxalase enzymes. Semin. Cell. Dev. Biol. 2011, 22,
285-292.

14. Feierberg, I.; Luzhkov, V.; Aqvist, J. Computer Simulation of Primary Kinetic Isotope Effects in
the Proposed Rate-limiting Step of the Glyoxalase I Catalyzed Reaction. J. Biol. Chem. 2000,
275,22657-22662.



Molecules 2012, 17 13757

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Thornalley, P. Protecting the genome: Defence against nucleotide glycation and emerging role of
glyoxalase I overexpression in multidrug resistance in cancer chemotherapy. Biochem. Soc. Trans.
2003, 31, 1372-1377.

Thornalley, P. Glyoxalase [—Structure, Function and a critical role in the enzymatic defence
against glycation. Biochem. Soc. Trans. 2003, 31, 1343—1348.

Cameron, A.; Olin, B.; Ridderstrém, M.; Mannervik, B.; Jones, T. Crystal structure of human
glyoxalase I-evidence for gene duplication and 3D domain swapping. EMBO J. 1997, 16, 3386-3395.
Cameron, A.; Ridderstrom, M.; Olin, B.; Kavarana, M.; Creighton, D.; Mannervik, B. Reaction
Mechanism of Glyoxalase I Explored by an X-ray Crystallographic Analysis of the Human
Enzyme in Complex with a Transition State Analogue. Biochemistry 1999, 38, 13480—-13490.
Vince, R.; Daluge, S.; Wadd, W. Inhibition of glyoxalase I by S-substituted glutathiones.
J. Med. Chem. 1971, 14, 402—404.

More, S.; Vince, R. A metabolically stable tight-binding transition-state inhibitor of glyoxalase-I.
Bioorg. Med. Chem. Lett. 2006, 16, 6039—6042.

More, S.; Vince, R. Design, synthesis, and binding studies of bidentate Zn-chelating peptidic
inhibitors of glyoxalase-1. Bioorg. Med. Chem. Lett. 2007, 17,3793-3797.

More, S.; Vince, R. Inhibition of Glyoxalase I: The First Low-Nanomolar Tight-Binding
Inhibitors. J. Med. Chem. 2009, 52, 4650—4656.

Takayoshi, N. Rational Design of Non-Hydroxamate Histone Deacetylase Inhibitors. Mini Rev.
Med. Chem. 2006, 6, 515-526.

Maingot, L.; Leroux, F.; Landry, V.; Dumont, J.; Nagase, H.; Villoutreix, B.; Sperandio, O.;
Deprez-Poulain, R.; Deprez, B. New non-hydroxamic ADAMTS-5 inhibitors based on the
1,2,4-triazole-3-thiol scaffold. Bioorg. Med. Chem. Lett. 2010, 20, 6213—-6216.

Takasawa, R.; Saeki, K.; Tao, A.; Yoshimori, A.; Uchiro, H.; Fujiwara, M.; Tanuma, S.
Delphinidin, a dietary anthocyanidin in berry fruits, inhibits human glyoxalase 1. Bioorg. Med.
Chem. 2010, 18, 7029-7033.

Takasawa, R.; Takahashi, S.; Saeki, K.; Sunaga, S.; Yoshimori, A.; Tanuma, S. Structure activity
relationship of human GLO I inhibitory natural flavonoids and their growth inhibitory effects.
Bioorg. Med. Chem. 2008, 16, 3969-3975.

Takasawa, R.; Tao, A.; Sacki, K.; Shionozaki, N.; Tanaka, R.; Uchiro, H.; Takahashi, S.;
Yoshimori, A.; Tanuma, S. Discovery of a new type inhibitor of human glyoxalase I by myricetin-
based 4-point pharmacophore. Bioorg. Med. Chem. Lett. 2011, 21, 4337-4342.

Liu, M.; Yuan, M.; Luo, M.; Bu, X.; Luo, H.B.; Hu, X. Binding of curcumin with glyoxalase I:
Molecular docking, Molecular dynamics simulations, and kinetics analysis. Biophys. Chem. 2010,
147,28-34.

Yuan, M.; Luo, M.; Song, Y.; Xu, Q.; Wang, X.; Cao, Y.; Bu, X.; Ren, Y.; Hu, X. Identification
of curcumin derivatives as human glyoxalase I inhibitors: A combination of biological evaluation,
Molecular docking, 3D-QSAR and molecular dynamics simulation studies. Bioorg. Med. Chem.
2011, 79, 1189-1196.

Bender, A.; Glen, R. Molecular similarity: A key technique in molecular informatics.
Org. Biomol. Chem. 2004, 2, 3204-3218.

Mark, A.; Johnson, G. Concepts and Applications of Molecular Similarity, 1st ed.;
Wiley-Interscience: New York, NY, USA, 1990.



Molecules 2012, 17 13758

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.
42.

43.

44,

45.

46.

47.

48.

49.

Eckert, H.; Bajorath, J. Molecular similarity analysis in virtual screening: Foundations,
Limitations and novel approaches. Drug Discov. Today 2007, 12, 225-233.

Willett, P. Similarity-based virtual screening using 2D fingerprints. Drug Discov. Today 2006, 11,
1046-1053.

Irwin, J.; Raushel, F.; Shoichet, B. Virtual Screening against Metalloenzymes for Inhibitors and
Substrates. Biochemistry 2005, 44, 12316—12328.

Milletti, F.; Vulpetti, A. Tautomer Preference in PDB Complexes and its Impact on Structure-Based
Drug Discovery. J. Chem. Inf- Model. 2010, 50, 1062—1074.

Martin, Y. Let’s not forget tautomers. J. Comput.-Aided. Mol. Des. 2009, 23, 693—704.

Bohm, H. The computer program LUDI: A new method for the de novo design of enzyme
inhibitors. J. Comput. Aided Mol. Des. 1992, 6, 61-78.

Mulder, G.; Meerman, J. Sulfation and glucuronidation as competing pathways in the metabolism
of hydroxamic acids: the role of N,0O-sulfonation in chemical carcinogenesis of aromatic amines.
Environ. Health Perspect. 1983, 49, 27-32.

Vassiliou, S.; Mucha, A.; Cuniasse, P.; Georgiadis, D.; Lucet-Levannier, K.; Beau, F.; Kannan, R.;
Murphy, G.; Knduper, V.; Rio, M.C.; et al. Phosphinic Pseudo-Tripeptides as Potent Inhibitors of
Matrix Metalloproteinases: A Structure-Activity Study. J. Med. Chem. 1999, 42, 2610-2620.
Whittaker, M.; Floyd, C.D.; Brown, P.; Gearing, A.J. Design and Therapeutic Application of
Matrix Metalloproteinase Inhibitors. Chem. Rev. 1999, 99, 2735-2776.

Douglass, R.; Heckman, G. Drug-related taste disturbance. Can. Fam. Physician 2010, 56, 1142—1147.
Irwin, J.; Shoichet, B.; ZINC: A Free Database of Commercially Available Compounds for
Virtual Screening. J. Chem. Inf- Model. 2004, 45, 177—-182.

Irwin, J.J.; Sterling, T.; Mysinger, M.M.; Bolstad, E.S.; Coleman, R.G. ZINC: A Free Tool to
Discover Chemistry for Biology. J. Chem. Inf. Model. 2012, in press.

Jones, G.; Willett, P.; Glen, R.C..; Leach, A.R.; Taylor, R. Development and validation of a
genetic algorithm for flexible docking. J. Mol. Biol. 1997, 267, 727-748.

Verdonk, M.L.; Cole, J.C.; Hartshorn, M.J.; Murray, C.W.; Taylor, R.D. Improved protein—ligand
docking using GOLD. Proteins: Struct. Funct. Bioinf. 2003, 52, 609—623.

Wu, G.; Robertson, D.H.; Brooks, C.L.; Vieth, M. Detailed analysis of grid-based molecular
docking: A case study of CDOCKER—A CHARMmMm-based MD docking algorithm. J. Comput.
Chem. 2003, 24, 1549-1562.

Diller, D.; Merz, K. High throughput docking for library design and library prioritization.
Proteins: Struct. Funct. Bioinf. 2001, 43, 113—-124.

Diller, D.; Li, R. Kinases, Homology Models, and High Throughput Docking. J. Med. Chem.
2003, 46, 4638-4647.

Rao, S.N.; Head, M.S.; Kulkarni, A.; LaLonde, J.M. Validation Studies of the Site-Directed
Docking Program LibDock. J. Chem. Inf. Model. 2007, 47, 2159-2171.

Sample Availability: Not available.

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



