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ABSTRACT

In this study, a computational fragment-based drug design approach was employed to design potential
glyoxalase-1 (GLO-I) inhibitors. GLO-lis overexpressed in various cancer types, which made it a viable target
for cancer treatment. The current approach was based on screening the Maybridge Ro3 diversity fragment library
using different computational techniques to select potential fragments that can be evoluted to putative drug-like
active compounds. Six fragments were selected that are complementary to the main binding regions within the
GLO-I active site. Fragments merging and linking had resulted in 21 potential GLO-I inhibitors. To assess the
applicability of this approach, one pilot compound (12) was synthesized and biologically evaluated. The % of
GLO-I inhibition by 12 at 50 uM was 44%,0ne fold lower than that of myricetin (86%) indicating that the
utilized approach was successful. Despite the weak activity, the percent of inhibition of 12 can be extrapolated to
get a rough estimate of the expected activities of other compounds within the evoluted set. Moreover, compound
12 could be considered as a new hit with a novel chemotype that can be further optimized towards designing

more potent inhibitors.
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INTRODUCTION

The glyoxalase enzyme system is one of the
detoxifying enzymes in the body and is composed of two
consecutive enzymes, namely glyoxalase-l (GLO-I) and
glyoxalase-1l (GLO-II) that sequentially catalyzes the
transformation of methylglyoxal (MG), a toxic metabolite,
into nontoxic lactic acid *. Detoxification is achieved by
isomerization of hemithioacetal, formed non-enzymatically
from methylglyoxal and glutathione (GSH), by GLO-I
enzyme into S-D-lactoylglutathione?. Then, GLO-II
catalyzes the hydrolysis of S-D-lactoylglutathione to
release D-lactic acid and regenerates GSH. MG is a highly
reactive species with potential ability to react with DNA,
RNA and proteins, subsequently causing cell damage °.
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Highly proliferating cells, such as tumor cells, have a high
glycolytic activity which is associated with elevated
concentrations of toxic metabolites such as MG. Tumor
cells respond to this by increasing the expression and
activity of the detoxifying glyoxalase system, particularly
the GLO-I enzyme * *. Overexpression of GLO-I has been
reported in various cancer types such as invasive ovarian
cancer, breast cancer, human lung carcinoma, prostate
carcinoma, and recently reported in melanoma *%, which
made it an attractive target for many research groups .
However, up to date, there is no clinically approved drugs
targeting the GLO-lI enzyme, hence, more efforts are
needed to achieve the desired inhibition.

Structurally, the human GLO-I enzyme is a
homodimeric zinc metalloenzyme. Each monomer is
made of 183 amino acids with a molecular weight of
approximately 42 kDa. The active site of the enzyme is
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situated at the interface of the two chains, and the Zn®*
ion is coordinated by four amino acids from both chains
1618 Beside the Zn** binding region, the GLO-I active
site can be divided into a hydrophobic pocket which is
next to Zn®* and composed of Met-157B, Met-183B, Phe-
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67A, Phe-62B, Leu-160B and Lys-156B, and a
hydrophilic positively charged mouth that is composed of
two arginine amino acids namely, Arg-37A and Arg-
122B (Figure 1).

B

4

Figure 1: (A) Cartoon representation of the GLO-1 enzyme (PDB code 3WOT). Chain A is in pale yellow and chain B
is in blue, the complexed ligands are in ball and sticks, and Zn?" as an orange sphere. The active site is shown as a surface
to highlight its location between the two chains. (B) A closer view of the active site represented as a hydrophobic surface

to illustrate the three main binding regions. The Zn®" ion (purple), the hydrophobic pocket (brown), and the positively
charged mouth (blue).

The GLO-I enzyme has been the focus of our research
group where different approaches have been applied in
which many compounds with diverse scaffolds have been
designed, synthesized, and screened *****°_ In this study,
computational fragment-based drug design (FBDD)
approach was applied in an attempt to design potent
GLO-I inhibitors with novel chemical scaffolds as
potential anticancer agents. The fundamental components
of the computational fragment-based design are a set of
building blocks (fragment library), a construction
process, an optimization procedure, and a scoring
function. Moreover, good knowledge of the target
binding site is invaluable in aiding the evolution of core
fragments towards putative active ligands which can be
achieved via either fragment growing, direct connection
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(merging or joining), or by fragments linking *°. To this
end, we utilized different protocols available in
Discovery Studio ?° such as MCSS (Multiple Copy
Simultaneous Search) docking, CDOCKER docking,
flexible docking, and calculation of binding energy using
MM-PBSA solvent model ?*. These protocols were used
to screen Maybridge Ro3 fragment library % to aid the
selection of core fragments that will eventually be
evoluted to drug-like compounds that will be biologically
evaluated.

1. MATERIALS AND METHODS

1.1 Computational Materials

Sketching of fragments and evoluted compounds was
performed using ChemBioDraw Ultra 12.0. All
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computational design steps were performed using
Discovery Studio (DS) 2017 from Biovia Software Inc.
(Accelrys Inc.: San Diego, CA, USA). Presentation
quality images were generated using the PyMOL
Molecular Graphics System 2 and DS. GraphPad Prism
2 was used for calculation of the % of GLO-I inhibition.

1.2 Experimental Instrumentation and Materials

NMR data were collected using a JEOL ECS-400
NMR spectrometer equipped with a high sensitivity
JEOL Royal probe and a 24-slot autosampler (JEOL Ltd.)
or a Bruker AvanceUltrashield spectrometer (Bruker
Corp.), operating at 400 MHz for *H and 100 MHz for
BC. Residual solvent signals were utilized for
referencing. Infrared (IR) spectra were recorded on KBr
pellets using Shimadzu IR Affinity-1 FTIR (Shimadzu
Corp.). HRMS data were acquired using a
ThermoQExactive Plus mass spectrometer equipped with
an electrospray ionization source (Thermo Fisher
Scientific). However, LRMS data were collected using
Applied Biosystems MDS SCIEX API 3200 LC/MS/MS
systemequipped with an electrospray ionization
source(AB Sciex). Selected fragments were purchased
from ACROS Chemicals, New Jersey, USA; and Combi-
blocks, San Diego, USA.

1.3 Computational Methods

Generally, the computational approach of FBDD
involves three basic steps, which are: (1) the design of a
good fragment library; (2) computational docking,
ranking or screening of the fragments library; (3)
growing, linking or merging of fragments to yield the
final drug-like compounds. The last two steps were
performed within the binding site of the target protein;
therefore, a prepared 3D structure of the target of interest
was needed.

1.3.1 Preparation of the GLO-1 Enzyme
The structural model of the GLO-l1 enzyme was
prepared using Discovery Studio (DS) 2017 from Biovia

Software Inc. The initial coordinates for GLO-I were
obtained from the Protein Data Bank. Six GLO-I crystal
structures were available in the protein data bank with
accession codes 3VW9, 3W0T, 3W0U, 1QIN, 1QIP, and
1FRO. The selected crystal structure was the one with the
highest resolution (entry code 3WOT), which corresponds
to GLO-I in complex with N-hydroxypyridone derivative
inhibitor at 1.35 A resolution. The PDB file was checked
for missing loops, alternate conformations and
incomplete residues using Protein Report tool within DS.
Then, the structure was cleaned using the Clean Protein
protocol to standardize atoms names, correct connectivity
and bond order, and adding hydrogens at a pH of 7.4.
Finally, the enzyme was typed using the Simulation tools
by applying CHARMmM force field *°.

1.3.2 Fragment Library Design

The fragment library used in this research was the
predesigned Maybridge Ro3 diversity fragment library,
which contains 2,500 structurally diverse fragments. The
library was downloaded, and then was imported into DS
and prepared using the Prepare Ligand protocol within
DS using default parameters. Correct and good
preparation of ligands when studying receptor-ligand
interactions is very important. This is due to the facts that
different protonation states, isomers and tautomers
typically have different 3D geometries and binding
characteristics. Different tasks of ligand preparation can
be performed using this protocol, such as standardizing
charges for common groups, adding hydrogens,
enumerating different ionization states, generating
tautomers and isomers, fixing bad valencies, and
calculating the 3D coordinates. Then, the prepared library
was converted into a 3D database using the Build 3D
Database protocol, which uses the Catalystalgorithm %
" The generated 3D database is automatically indexed
with sub-structure, pharmacophore feature, and shape
information to allow fast database searching.
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1.3.3 Fragment Docking and Scoring

Prior to fragment docking, the GLO-I active site was
defined using the Define and Edit Binding Site tool
within DS into two regions, namely the zinc-hydrophobic
pocket region and the positively charged mouth region.
The zinc-hydrophobic pocket region, which is composed
of the Zn*" ion, Met-157B, Met-183B, Phe-67A, Phe-
62B, Leu-160B and Lys-156B, was defined by a sphere
of 7 A radius. The positively charged region, included
Arg-37A and Arg-122B, was defined by a sphere of 9 A
radius. Then the MCSS docking protocol was employed
using default parameters %,

1.3.4 Calculation of the Binding Energy of Docked
Fragments

The binding energy of the docked fragments in both
specified docking regions was calculated using the in Situ
Ligand Minimization and the Calculate Binding Energies
protocols #°. The in situ ligand minimization was
performed using the Adopted Basis Newton-Raphson
(NR) algorithm ** 3, The Calculate Binding Energies
protocol was applied using default parameters except for
the ligand conformation entropy which was set to true,
and the implicit solvent system for which the Poisson
Boltzmann with non-polar surface area (MM-PBSA)
model %! was selected.

1.3.5 Ligand Efficiency of Docked Fragments

Ligand efficiency (LE) was calculated for the top-
ranked fragments in terms of binding energy using
Calculate Ligand Efficiency protocol, using fragments
with estimated binding energies as input ligands 3 %,

1.3.6 Fragment Evolution

Different methods can be used to design drug-like
compounds from smaller fragments such as: fragment
growing, where a top binding fragment is considered as
an anchor within the active site of the target, and then
according to the empty pockets within the active site
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additional fragments would be added in a complimentary
manner to end up with lead compounds with enhanced
binding affinity. Fragment merging/hopping, where two
or more fragments binding in different neighboring
binding areas of the active site and overlapping with each
other are merged to generate the final lead compound.
Finally, fragment linking, where two fragments fitted in
different areas of the active site are connected using a
linker to obtain the final lead compound . In this study,
the top ranked fragments binding in both regions within
the active site were evoluted using two fragment
evolution strategies, fragment linking and fragment
merging depending on the distance separating the two
fragments.

1.3.7 Molecular Docking and Calculation of
Binding Energy of Evoluted Compounds

Prior to molecular docking of the evoluted
compounds, the GLO-I active site was defined using the
Define and Edit Binding Site tool within DS by a sphere
of 13 A radius based on the complexed ligand.
Afterwards, the evoluted compounds were docked into
the GLO-I active site using CDOCKER docking protocol
in DS using default parameters. Then, the binding
energies of the docked poses were calculated using the
Calculate Binding Energies protocol 2 after being
minimized using the In SituLigand Minimization protocol
using the same parameters used in calculating the binding
energies of the docked fragments.

To get a better insight of the binding modes of the
evoluted compounds they were redocked into the active site
of the GLO-I enzyme using Flexible Docking protocol
within DS. The Flexible Docking protocol was implemented
using default parameters except for generate ligand
conformation, which was set to “best”. Amino acids
corresponding to the GLO-I active site; namely Met157A,
Phel62A, Metl79A, Leul82A, Metl83A, Argl22A,
Met35B, Arg37B, Cys60B, Phe62B, and Leu69B were
defined as the flexible group that will be allowed to move
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during the docking process. A summary of the entire design

approach implemented in this study is illustrated in figure 2.
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Figure 2: General workflow of the employed design methodology.

1.4 Experimental Methods

1.4.1 Chemistry

Synthesis of the final evoluted compound was achieved
via a four-step scheme, as detailed below, where the
fragment binding the positively charged mouth was first
coupled to the 3-nitrobenzoyl chloride linker. Then the
linker’s nitro group was reduced into an amino group,
afterwards, the Zn-hydrophobic binding fragment was
coupled to the linker via its amino group. Finally, the ester

functionalities were hydrolyzed to afford the final desired
compound.
Synthesis of methyl 3-(3-nitrobenzamido)isonicotinate(1a)
The methyl 3-aminoisonicotinate fragment, binding
the positively charged mouth, (fragment 3B analogue)
(13.15 mmol, 2.00 g) was reacted with 3-nitrobenzoyl
chloride linker (13.15 mmol, 2.43 @) in tetrahydrofuran
(THF) using pyridine as a base. The product has appeared
quickly, once 3-nitrobenzoyl chloride was added a
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precipitate started to form. The reaction took around 15
min to complete. Thin Layer Chromatography (TLC) was
used to track the progress of product formation. Upon
completion of the reaction, the reaction mixture was
poured into acid water and left in fridge allowing the
product to precipitate. Then, the reaction mixture was
filtered, and 4.26 g of product was collected as yellow
crystals (96.2% yield). The product was found to be pure
enough and required no further purification. *H NMR
(400 MHz, DMSO-dg): 613.84 (3H, s, OCH3), 7.85 (1H,
d, J=5.2 Hz, Ar-H), 7.90 (1H, t, J = 8, Ar-H), 8.43 (1H,
d, J =8, Ar-H), 8.50 (1H, d, J = 8, Ar-H), 8.64 (1H, d, J
= 5.2, Ar-H), 8.79 (1H, s, Ar-H); 9.18 (1H, s, Ar-H),
11.32 (1H, s, CO-NH). *C NMR (400 MHz, DMSO-dy):
0ch2.9, 122.4, 123.6, 123.7, 126.9, 130.7, 132.9, 133.9,
134.9, 144.6, 144.9, 148.0, 163.6, 165.5.

Synthesis of methyl 3-(3-
aminobenzamido)isonicotinate (1b)

Compound 1a (12.61 mmol, 3.8 g) was dissolved in
methanol and a catalytic amount of Pd/C was added, all
in well-sealed round bottom flask where a long needle
was inserted and allowed to immerse into the reaction
solution to facilitate hydrogen gas to bubble within the
solution and reduce the nitro into an amino group *. The
reaction progress was checked by TLC and was left
overnight for completion. Afterwards, the reaction
mixture was filtered using suction filtration, filtrate was
concentrated in vacuum, and the product was
recrystallized using methanol and chloroform to obtain
1.9 g of yellow crystals (50% vyield). IR Vpax 1653, 1732
and 3370 cm™.

Synthesis of methyl  3-(3-((2-methoxy-2-oxo-1-
phenylethyl)amino)benzamido) (1c)

Compound 1b (1.1 mmol, 0.3 g) was reacted with
methyl 2-bromo-2-phenylacetate (fragment 2A analogue)
(1.1 mmol, 0.25 g) in THF with one equivalent of
potassium carbonate at room temperature. The reaction
progress was checked by TLC and was left overnight for
completion, then poured in ice water and put in fridge for
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product to precipitate. Formed product was collected and
recrystallized from ethyl acetate and hexane to obtain
0.018 g of yellowish white crystals (4% yield). *H NMR
(400 MHz, CDCly): d 3.69 (3H, s, OCH3), 3.95 (3H, s,
OCHjy), 5.12 (1H, s, -CH-), 6.67 (1H, d, J = 8 Hz, Ar-H),
7.17-7.46 (7H, Aromatic), 7.78 (1H, dd, J = 5.2, Ar-H),
8.34 (1H, d, J = 5.2, Ar-H), 10.14 (1H, s, Ar-H), 11.41
(1H, s, CO-NH). *C NMR (100 MHz, CDCls): é¢ 53.1,
53.3, 60.6, 112.7, 116.6, 117.4, 121.2, 122.9, 127.4,
127.4, 128.6, 129.1, 129.1, 129.9, 135.2, 136.9, 137.2,
143.7, 146.7, 146.5, 165.8, 167.7, 172.2.

Hydrolysis of methyl 3-(3-((2-methoxy-2-oxo0-1-
phenylethyl)amino)benzamido) isonicotinateto obtain
the final evoluted compound (12)

The final compound (humber 12 in table 3) was
obtained by hydrolyzing compound 1c. Compound 1c
(0.0429 mmol, 0.018 g) was added to a solution of 30 mL
of 0.3 mM sodium hydroxide and ethanol (1:1). The
mixture was heated under reflux for 30 min. Then, the pH
of the mixture was adjusted to 3.0 using 1 M HCI and the
mixture was left in a refrigerator overnight. The
precipitated compound was collected and recrystallized
from methanol and dichloromethane to obtain 0.007 g of
yellowish white crystals (36% yield). IR vy 1604, 1726,
3064 and 3370 cm™. '*H NMR (400 MHz, CD;0OD): dy
5.11 (1H, s, -CH-); 6.79 (H, d, J = 6.4 Hz, Ar-H); 7.20-
7.59 (7H, Aromatic); 7.99 (1H, d, J = 3.6, Ar-H); 8.29
(1H, d, J = 3.6, Ar-H); 9.93 (1H, s, Ar-H). *C NMR (100
MHz, CD30D): Jc 62.5, 113.6, 117.0, 117.6, 119.9,
128.7, 128.7, 128.9, 129.6, 129.6, 130.5, 130.6, 136.3,
136.4, 138.2, 142.2, 144.0, 148.9, 168.0, 171.7, 173.7.
HRESIMS m/z: 390.1094 (M-H") (calcd for CyH16N3O5
390.1095).

1.4.2 In vitro enzyme assay

The inhibitory activity of the synthesized compound
was performed in vitro using the human recombinant
Glo-1 (rhGlo-1) as detailed elsewhere ** *°.
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2. RESULTS AND DISCUSSION

2.1 Insilico drug design

The binding site of GLO-I is divided into three
regions as mentioned previously. However, for the
purpose of applying FBDD strategy and because the zinc
atom is very close to the hydrophobic pocket, the binding
site was divided into two regions, the Zn-hydrophobic
region and the positively charged mouth region.

2.1.1 Fragment Library Design

The design of a fragment library is a very crucial step in
FBDD. The properties of a good fragment library are
diversity of physicochemical properties, molecular diversity,
aqueous solubility, and drug-likeness **. A set of rules,
referred to as the “rule of three”, has been proposed to aid
the selection of fragments comprising a library. The rule of
three entails the following parameters: molecular weight less
than or equal 300 Da, LogP less than or equal to 3, hydrogen
bond donors less than or equal to 3, hydrogen bond
acceptors less than or equal to 3, rotatable bonds less than or
equal to 3, and polar surface area less than or equal to 60 A%
Once a fragment library has been prepared, it will be
followed by a screening step to identify potential hits. In this
study, the predesigned Maybridge Ro3 diversity fragment

Maybridge Ro3 diversity

fragment library
(2500 compounds)

(&

library, which is composed of 2,500 structurally diverse
fragments was downloaded and prepared. The preparation
step has resulted in 2,969 different fragments due to
ionization, isomerization, and tautomerization of input
fragments. Then, the prepared library was converted into a
3D database and was ready for virtual screening.

2.1.2 Screening of Fragment Library

In order to speed up the process of fragments docking
and to focus on fragments that are capable of forming
desirable interactions with the two specified docking
regions, a pharmacophore-based screening step of the 3D
fragment database was performed prior to fragment
docking. The first defined region within the GLO-I active
site is the Zn-hydrophobic region. Therefore, a
customized pharmacophoric zinc binding feature (ZBF) *
was used as a search query using the Search 3D Database
protocol within DS to identify fragments within the Ro3
library that possess zinc binding groups. This search
retained 409 fragment hits. Similarly, in order to identify
fragments’ complementary to the positively charged
mouth, a negative-ionizable (NI) pharmacophoric feature
was used and 306 hits were retained (Figure 3). The
retained hits were then docked into their corresponding
regions.

409 fragments

A customized ZBF

306 fragments

NI feature

Figure 3: Primary screening of the Maybridge Ro3 database using a customized zinc binding and a negatively
ionizablepharmacophoric search queries.
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2.1.3 Fragment Docking and Scoring

Different docking protocols are available within DS
that can be used in FBDD. Those protocols can be
grouped into Ludi-based protocols such as De Novo
Receptor, De Novo Link, and De Novo Evolution
protocols; and the CHARMm-based MCSS protocol 2 *"
% Although any of them can be used in a FBDD study,
yet, the nature of the active site of the target of interest
and the type of effective interactions it forms with a
prospective ligand can guide the choice of the most
appropriate approach. Based on the nature of the GLO-I
active site, mainly the central Zn?* ion and the positively
charged mouth, and the important electrostatic
interactions a ligand need to establish with them in order
to show good binding affinity, the MCSS protocol was
used. The scoring function of the MCSS protocol is a
force field-based function, i.e. electrostatic and van der
Waal interaction energies are summed up to total
interaction energy based on which a ligand is scored and
ranked, which are the main interaction types that govern
ligand binding affinity to the GLO-I enzyme.

The MCSS scores of the 409 docked fragments into
the Zn-hydrophobic region ranged from -6.86 to 214.69
Kcal/mol. The top 35% MCSS scored fragments were
retained and the alignments of their docked poses were
visually inspected and fragments forming favorable
interactions with the Zn** and the hydrophobic pocket
were selected. Out of the 409 docked fragments, 92 were
selected for further investigation. For the fragments
docked into the positively charged region, their MCSS
scores ranged from -41.15 to 183.20 Kcal/mol. Similarly,
the top 35% MCSS scored fragments were retained and
the alignments of their docked poses were inspected and
fragments forming favorable interactions with arginines
were selected. Out of the 306 docked fragments, 32 were
selected for further investigation.

2.1.4 Calculation of Binding Energies and Ligand
Efficiency of Filtered Fragments

Although the MCSS score is a force field-based and is
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considered robust, yet, it does not account for
solvation/desolvation energy, entropy, or AG of binding.
Therefore, the more accurate MM-PBSA method #,
embedded within the Calculate Binding Energy protocol
in DS, was used to estimate the binding energies of
docked fragments poses using equation 1.

E-Binding = E-Complex_ E-Ligand_ E-Receptor(Eq- 1)

Moreover, the ligand efficiency (LE) of docked
fragments was also calculated using the Calculate Ligand
Efficiency protocol in DS (equation 2). Ligand efficiency
is an attempt to normalize the activity of a compound by
its molecular size, thereby; it represents an indirect
measure of the number of constituent atoms that

participate in interactions with the target protein ** 33 3%
40

LE= AG / (Number of nonhydrogen atoms) (Eq.
2)

The binding energies of the 92 selected fragments
from the Zn-hydrophobic region were ranging from -
11.9881 to 30.5849 Kcal/mol (the more negative the
value the tighter the binding), and their ligand efficiency
values were ranging from -4.55562 to 3.02026. The
binding energies of the 32 selected fragments from the
positively charged region were ranging from -46.3394 to
21.8898 Kcal/mol and their ligand efficiency values were
ranging from -3.50089 to 1.56356. Hence, a more
negative value of LE is favorable since the estimated
binding energy of docked fragments is reported as a
negative value.

2.1.5 Selection of Core Fragments

In order to select the final core fragments that would be
used to build the final compounds, further inspection was
preformed to select the most suitable ones. The inspection
and assessment criteria included the docked pose alignment,

© 2020 DSR Publishers/The University of Jordan. All Rights Reserved.
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MCSS docking score, ligand efficiency, free binding energy,
feasibility of chemical synthesis, and fragment commercial

Moreover, three core fragments fitting the positively charged
region were selected, namely 2-(4-flourophenylthio)acetic

availability. Based on these criteria, three core fragments acid,  2-(3-methoxyphenyl)acetic ~ acid, and  4-
fitting the Zn-hydrophobic region were selected, namely 2- (trifluoromethyl)nicotinic acid (Table 2 and Figure 5).
hydroxy-3-phenylpropanoic acid, 2-hydroxy-2-phenylacetic

acid, and 2-ethylbenzoic acid (Table 1 and Figure 4).

Table 1. The selected fragments binding to the Zn-hydrophobic region.

Index Chemical Structure Code MCSS Score TBE? Ligand Efficiency M. Wt.
0
1A OH ACA27T77 156.19 10.74 0.90 166.2
OH
OH
2A © JFD03933 142.13 -3.59 -0.33 152.2
OH
o}
3A @éH AC37875 127.50 0.52 0.05 150.2
®Total Binding Energy Kcal/mol
e 7
Fragment 1A Fragment 2A Fragment 3A

1+

- Attractive Charge
- Conventonal Hydrogen Bond

6Ny N MET ‘gll'g\ [ Cobinyaisintvn —
8:3y 203 i cvs - B scepter LEU ()
) 8:60 % PHE [ Psur A:160 &
860 2N (8:62 o v
" A 8201 (eu 7 | e 8200 |
-157 < B:69 ’ ] Peasnt . . MET
S : D — : A179
. MET
HIS
A157 MET
&9 A:157
LEU
s B:69
(’9‘“5‘2‘)
GLU B:6: MET
172 N A:179
N b,

Figure 4: Upper panel: the docked poses of the selected fragments binding the Zn-hydrophobic region. The binding site is
represented as a hydrophobic surface (brown), the zinc atom as a grey sphere, and the docked fragments in balls and sticks
with carbon atoms colored green. Lower panel: 2D interaction map of the docked fragments with amino acid residues
within the binding region.
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Table 2.The selected core fragments binding the positively charged region.

Index Chemical Structu re Code MCSS Score TBE? Ligand Efficiency M. Wt.

1B KM09206 104.72 -33.09 -2.76 185.0

3B RF03948 106.44 -29.37 -2.26 190.0

2B Q\)k BTB09242 99.48 -35.62 -2.97 165.1
T

*Total Binding Energy Kcal/mol

Fragment 1B Fragment 2B Fragment 3B

Interactions
Sat Bridge

Attractive Charge

Il Conventonal Hydrogen Bond

[ Carbon Hycrogen Bond
B HIS ARG ASN :
A:122 A-126 B:37 A:118 [ Mets-Accestor
A:125 B rrsuss

- P19 Stacked

[ R

ARG
A122

. ARG, _ .
B:37

ARG
B:37

Figure 5: Upper panel: docked poses of the selected fragments binding the positively charged region. The binding site is
represented as a hydrophobic surface (blue), and the docked fragments in balls and sticks with carbon atoms colored green.
Lower panel: 2D interaction map of the docked fragments with amino acid residues within the binding region.

Moreover, from a chemical synthetic point of view, selected fragments that possess functionalities deemed
the selected fragments need to have reactive handles, important for feasible synthesis of the final evoluted
functional groups, such that the synthesis of final compounds were selected (Table 3).

compounds would be feasible. Therefore, analogs for the
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Table 3. The selected core fragments binding the positively charged region and the Zn-hydrophobic regions along
with their respective functionalized analogs.

Core fragments binding the Zn-hydrophobic region

Index Selected fragment Analog fragment
o) o)
- -
OH Br
2-hydroxy-3-phenylpropanoic acid Methyl 2-bromo-3-phenylpropanoate
|
0 0.0
2A o Br
OH
2-hydroxy-2-phenylacetic acid
Methyl 2-bromo-2-phenylacetate
|
o) 0.0
A @é g)/v&
2-ethylbenzoic acid
Methyl 2-(2-bromoethyl)benzoate
Core fragments binding the positively charged region
0 0
o SO
1B
F H2N
2-(phenylthio)acetic acid 2-((4-aminophenyl)thio)acetic acid
R I
2B ~o o H,N o~
2-(3-methoxyphenyl)acetic acid Methyl 2-(3-aminophenyl)acetat
0 o}
- N o Ny o7
|
ZCF, N N,

4-(trifluoromethyl)nicotinic acid

Methyl 3-aminoisonicotinate

Fragment Evolution

The functionalized analogs of the selected core
fragments were evoluted towards generating the final
putative drug-like compounds using all possible
combinations between the two sets of fragments. The
evolution step was performed using two strategies,
fragment linking and fragment merging. In cases where
the fragment binding the positively charged region was

overlapping with that binding the Zn-hydrophobic region,
fragment-merging approach was used. Fragment 1B
(Table 3) that bind the positively charged region was
merged with fragments number 1A, 2A and 3A (Table 3)
that bind the Zn-hydrophobic region and led to the
generation of final compounds 10, 16 and 18 (Table 4).
An example of this approach is presented in figure 6A,
which shows how fragment 1B was merged with
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fragment 1A to give compound 10.0n the other hand, the
fragment linking approach, using a suitable linker, was
applied to small fragments that are not overlapping.
Fragments 2B and 3B were linked to Zn-hydrophobic
binding fragments (1A, 2A, and 3A) using suitable
linkers to generate compounds 1-9, 11-15, 17, and 19-21
(Table 4). Compound 12 is an example of this strategy
where fragments 3B and 2A were linked together as
illustrated in figure 6B.

The selection of suitable linkers was guided by the
distance between the reactive handles of the two

Nizar A. Al-Shar’i, et al.

fragments and the nature of the amino acid residues
within the binding site separating those fragments.
Hydrophobic  aromatic  linkers such as  3-
nitrobenzenesulfonyl  chloride and  3-nitrobenzoyl
chloride were selected since the tunnel separating the two
regions is composed mainly of aromatic amino acids
including Phel62 A, Phe67B, Trpl70A, and Met35B.
Using flexible linkers such as propyl and butyl linkers led
to mostly unfavorable and less stable binding modes as
inferred from docking such compounds.

ZN
B:201

Interactions

[] vander waals ::l’:’&:oe
E Attractive Charge —
Bl conventional Hydrogen Bond [ Pt
[[] Garbon Hydrogen Bond —
[[] Metal-Acceptor

[ Prakv

HIS GLU
MET A:126 A:l72
B:35

GLy
B:99 8203 MET

PHE
A:162

Figure 6: (A) The top ranked docked pose of compound 10, which is an example of fragments merging approach, into
the active site of GLO-I along with a 2D interaction map showing the essential interaction it forms with the enzyme. (B)
The top ranked docked pose and the 2D interaction map of compound 12 which is an example of fragments linking
approach. Residues are colored according to the type of their interactions with the ligand. The binding site is represented
as a hydrophobic surface (blue is positively charged areas and brown is hydrophaobic areas), docked compounds are shown
in balls and sticks with carbons colored green, and Zn atom as a grey sphere.
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2.1.6 Molecular Docking and Calculation of
Binding Energy of Evoluted Compounds

Prior to molecular docking of the final evoluted
compounds, the GLO-I active site was defined by a
sphere of 13 A radius based on the complexed ligand in
the downloaded crystal structure. Then the evoluted final
compounds were docked using the CDOCKER Docking
protocol. The generated poses of the docked compounds
were ranked based on -CDOCKER energy, which
corresponds to ligand-receptor interaction energy plus
ligand strain; and the -CDOCKER interaction energy,
which corresponds to ligand-receptor interaction energy;
where higher values correspond to better binding affinity.
The -CDOCKER energy scores were ranging from
44.4002 to 68.6103Kcal/mol. Afterwards, the binding
energies of docked poses were calculated using the MM-
PBSA implicit solvent model in order to account for the

solvation/ desolvation energy, entropy, or AG of binding
that are missing in the CDOCKER scores. The binding
energy values of docked poses were ranging from -
41.1874 to 8.7012 Kcal/mol (Table 4).

Accounting for the flexibility of amino acid residues
within the binding site allows greater realism than other
docking formalisms, thereby, adding to the accuracy of
the docking scores. Therefore, a new cycle of docking
was initiated using the Flexible Docking protocol in DS.
Ranking of the docked compounds was based on the
empirical Libdock score, which is a Piecewise Linear
Potential (PLP) like score (steric and H-bonding
intermolecular functions) where higher PLP scores
indicate stronger binding affinity **. The libdock scores of
the evoluted compounds were ranging from 82.4295 to
116.98 Kcal/mol (Table 4).

Table 4. List of all possible evoluted final compounds sorted in a decreasing order of their Libdock score.

. Libdock CDOCKER
No. Chemical structure score M. wt. “CDIE® CDE BEC
(]
1 Q@' ; o] 116.98 452.48 61.45 49.20 -22.68
N O//S HmOH
(0]

112.20 438.45 73.40 62.40 -13.05

108.43 498.59 58.95 48.00 -25.51

N S.
H J/
H
(0}
OH N\
4 2l
N S\ ANF
| 777N
H (0]
HO™ ~O

103.43 438.43 58.39 47.42 -13.08

103.40 416.14 70.49 63.53 -4.44
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No. Chemical structure L;gg?gk M. wit. “CDIE® CD(_)CCD}TEER BEC
(6]
OH HO (0]
6 ) Q(H% 100.05 | 403.40 | 51.35 4250 | -13.68
H 5 IN/
(0]
OH
H
7 @N/QYN 98.60 46253 | 60.43 4424 | -31.55
H o \[:j\s o
OH
(o]
OH O N\
8 N N | 97.73 | 403.40 | 61.40 51.44 0.10
H
HO O
(0]
o o /[::rs\/le
9 HO?/N\©)J\H 96.91 44811 | 7153 60.28 | -13.81
o H
HO N
10 on 96.32 329.07 | 64.97 5770 | -22.68
s/\(
O
HO (0]
1% H o\\ N
- =
11 HO”™ ENUS\}) ] 96.15 | 42442 | 60.75 53.69 | -24.35
N
N
(0] H (@] /‘
HO N NN
12 N 96.15 391.37 | 6543 49.37 4.26
HO (6]
. H O\\S,H OH
13| " Oom 9594 | 45210 | 7440 | 6288 | -27.54
(@]
OH
14 @ Q(“ on | 9464 416.44 | 58.05 44.76 754
N
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. Libdock CDOCKER
No. Chemical structure score M. wit. “CDIE® CDE® BEC

OH O\\S/H

HO Y

”E > L |
15 Cf s 91.39 | 47006 | 68.91 57.69 1.54
16 Q Nt 90.12 | 315.06 | 61.77 5385 | -22.07
17 | H© ©/ @ A~ OM | 8877 | 43408 | 6809 | 5720 | 160

S
18 @iOH Q \/& 87.12 | 34442 | 53.06 59.72 | -17.80
N
H

Q H O\\S,H OH

19| ™ O/Om 86.82 | 438.09 | 68.85 50.96 | -15.20
(0]
Q H Q /®/S\/l(
N

20 | HO IO)LH 83.20 434.09 | 68.85 51.58 8.70

JSFS
21| " ﬁﬁ or 8319 | 40212 | 6560 | 5574 | -27.72

% The negative value of CDOCKER interaction energy.

b The negative value of CDOCKER energy.
°: The free binding energy.

2.2 Synthesis

In order to assess the applicability of our approach,
one of the final evoluted compounds was synthesized
(compound 12 in table 4). This compound was chosen as
a pilot compound because it showed a Libdock score
midway between the minimum and maximum score
values. Accordingly, its measured activity can be
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extrapolated to get a rough estimate of the activities of
other compounds within the evoluted set.

In general, the synthesis of compound 12 was
accomplished via four synthetic steps as illustrated in
scheme 1. The first step was the coupling of the arginine-
binding fragment, methyl 3-aminoisonicotinate (fragment
3B analog), with the 3-nitrobenzoyl chloride linker. Then,
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the nitro group of the linker was reduced into an amine to
which the Zn-binding fragment, methyl 2-bromo-2-
phenylacetate (fragment 2A analog), was coupled.

Nizar A. Al-Shar’i, et al.

Finally, hydrolysis of the ester functionalities resulted in
the final desired compound.

O
|

o) 02N

@fl\o/
NS NH,

Fragment 3B

iss

Pyndme
THF, RT

H NaOH Ethanol

Reflux

Final compound (13)

Ferdy

_ PdCH,

Methanol

&1@

(1b)

el

(1a)

Fragment 2A

K,COs, THF, RT

(1c)

Scheme 1: The synthetic scheme of compound 12.

Specifically, methyl 3-(3-nitrobenzamido)isonicotinate
(1a) was prepared by stirring one equivalent of triethylamine
(TEA), one equivalent of methyl 3-aminoisonicotinate
(fragment 3B analog) and one equivalent of 3-nitrobenzoyl
chloride in anhydrous THF for 7 h at rt. Then the reaction
mixture was poured into acidic water where the product was
precipitated, collected, and then dried. The product was
found to be of enough purity as inferred from its *H-NMR
spectrum. Therefore, it was used as is in the next step
without further purifications.

Methyl 3-(3-aminobenzamido)isonicotinate (1b) was
prepared by stirring compound la with Pd/C and H,
overnight at room temperature. Then, Pd/C was discarded
by suction filtration and the filtrate was evaporated to
collect the product which was then recrystallized from

ethyl acetate and hexane. Later, methyl 3-(3-((2-
methoxy-2-0xo-1-
phenylethyl)amino)benzamido)isonicotinate  (1c) was

prepared by stirring one equivalent of potassium
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carbonate, one equivalent of compound 1b, and one
equivalent of methyl 2-bromo-2-phenylacetate (fragment
2A analog) in anhydrous THF overnight at rt. Upon
completion of the reaction, the reaction mixture was
poured into ice water and left in the fridge overnight, then
the precipitated product was collected, dried, and
recrystallized from ethyl acetate and hexane. The final
compound, 12, was prepared by dissolving compound 1c
in a basic solution of 0.3 mM of sodium hydroxide and
ethanol, and after completion of the reaction it was
acidified to pH 3 and the precipitated product was
collected and recrystallized from methanol and
dichloromethane.

The identity of intermediate compounds was confirmed
using *H and **C-NMR data, except for compound 1b, in
which the reduction of the nitro functionality into an amine
was verified using IR. The final compound (12) was fully
characterized using 'H and *C-NMR, HRESIMS, and IR
spectroscopy (Figures S1-S7).
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2.3 Invitro enzyme assay

The in vitro inhibitory activity of the synthesized
compound against GLO-I was performed using the
human recombinant GLO-I enzyme (rhGLO-I).
Generally, when the GLO-I interacts with its substrate,
hemithioacetal, S-D-lactoylglutathione starts forming.
The formation of S-D-lactoylglutathione can be measured
spectrophotometrically by monitoring the increase in
absorbance at 240 nm. The absorbance was plotted versus
time and the slope was calculated, then the percent of
GLO-I inhibition was calculated using equation 3 and
compared to myricetin which was used as a positive
control. The percent of GLO-I inhibition by compound 12
and myricetin at 50 pM was calculated in three
independent experiments.

slope of the tested compound

% inhibition = 1 —

(Ea. 3)

x 100%

slope of the negative control

The percent of GLO-I inhibition by compound 12 was
43.93% +6.00,which is one fold lower than that of
myricetin that was 86.13% +2.71. Although the activity
of 12 is moderate, yet, synthesis of only one compound
out of the proposed 21 with a percent of inhibition of
43.93 at 50 uM gives an indication that our approach
seems to be successful. Since compound 12 is not the
top-ranked in the series, probably, synthesis of all
evoluted compounds could have resulted in better results
upon which solid conclusions can be drawn. Figure 7
summarizes the overall approach implemented in this
work.

~ N
Binding pockets Docking C q 0
Binding
- energy
[ f Ranking
Fragment library
Docking 2L Linking/merging == .
an ;5
Ranking Binding : O “?
energy
‘ v x
Synthesis
New lead compound
Bioassa
Y ML‘JMMM HO \J T\/\/LL L/\L Jon
Cr
Figure 7: Summary of the overall approach implemented in this study.
CONCLUSION screening the Maybridge Ro3 diversity fragment library

In conclusion, a computational fragment-based drug
design approach was employed in this study to design
potential GLO-I inhibitors. The approach was based on

using different computational techniques in order to select
potential fragments that could be evoluted to obtain drug-
like active compounds. Six fragments were selected that are
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complementary to the main binding regions within the GLO-
| active site. Fragments merging and linking had resulted in
21 potential GLO-I inhibitors. However, due to the synthetic
constrains associated with fragment-based design, only one
compound (12) was synthesized and biologically evaluated.
This compound was chosen as a pilot compound to assess
the validity of our approach because it showed a Libdock
score, compared to other proposed compounds, midway
between the minimum and maximum score values. The
percent of GLO-I inhibition at 50 uM of compound 12 was
44% indicating the success of the utilized approach. Despite
the moderate activity, the percent of inhibition of compound
12 can be extrapolated to get a rough estimate of the
expected activities of other compounds within the evoluted
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