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Introduction

Abstract

Background: T-LAK cell-originated protein kinase (TOPK), a member of the MEK3/6-related
mitogen-activated protein kinase kinase (MAPKK) family, is highly overexpressed in various
cancers. This overexpression is linked to the mitotic phase of the cell cycle, highlighting its
potential as a prognostic marker and therapeutic target. Unlike many other cancer targets,
TOPK exhibits limited expression or is even absent in non-proliferative tissues. Therefore, TOPK
inhibitors hold promise for developing anticancer agents with high selectivity and specificity for
cancer cells, potentially leading to fewer side effects compared to conventional therapies. This
study builds on our previous success in identifying TOPK inhibitors and aims to optimize them
for improved potency

Methods: An integrated approach combining computational modeling and organic synthesis
was employed. Ninety-two analogs of the lead compound (N?N’-dibenzyl-9-oxo-9H-fluorene-
2,7-disulfonamide) were designed virtually and assessed for binding affinity to TOPK using
docking simulations. Eight top-scoring analogs were synthesized and their inhibitory activity
against TOPK was evaluated in vitro.

Results: The in-silico analysis identified eight promising analogs. However, the most active
synthesized analog (compound 10) exhibited moderate inhibitory activity (IC,, = 86 uM)
compared to the lead compound (IC_ = 54 uM).

Conclusion: While the computational approach identified potential candidates, further
optimization of the synthetic analogs is necessary to achieve superior TOPK inhibitory activity.
This study highlights the value of a combined computational and synthetic strategy for TOPK
inhibitor development. TOPK inhibitory activity. This study highlights the value of a combined
computational and synthetic strategy for TOPK inhibitor development.

a significant field in treating various diseases including

Cancer is characterized by abnormal cell proliferation
resulting from genetic changes that impact the cell cycle."
Globally, cancer remains the second leading cause of
death. According to GLOBOCAN estimates on cancer
incidence and mortality rates, the number of new cancer
cases is projected to rise to 30 million in 2024, up from
19.3 million in 2020.? Despite an anticipated decline in the
number of deaths, the need for exploiting and targeting
new pathways is of utmost importance, primarily due to
the continuous development of resistance.* Small molecule
kinase inhibitors are a novel targeted therapy for various
cancers. It is a unique field in the development of anti-
cancer treatments with more selectivity and effectiveness
against cancer cells while minimizing harm to normal cells.>

Targeting protein kinases, that regulate the function of
other proteins through phosphorylation, has emerged as

hypertension, Parkinsons disease, inflammatory and
autoimmune diseases, and cancer.” Following the approval
of Gleevec (imatinib), a selective inhibitor of the BCR-ABL
tyrosine kinase specifically designed for the treatment
of chronic myeloid leukemia, the FDA has subsequently
approved 72 therapeutic agents.® This underscores the
significance of small molecule kinase inhibition as a pivotal
approach in treating various diseases, particularly cancer.’

TOPK  (T-lymphokine-activated killer-cell-originated
protein kinase) has recently emerged as a promising target
for cancer-specific drugs. It is a serine-threonine kinase
with 322 amino acids and plays a key role in cell division,
particularly cytokinesis.'”'> TOPK is overexpressed in
many tumor tissues, and its upregulation is significantly
correlated with the malignancy, poor prognosis and
drug resistance of these tumors.” The high expression
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of TOPK in proliferative tissues, coupled with lack of
expression in non-proliferative tissues, makes TOPK a
compelling target for achieving maximum selectivity
and minimal side effects compared to other prospective
kinase inhibitors.'>'*'5

The only available crystal structure of TOPK was
solved by Dong et al. who successfully crystalized a
double mutant TOPK dimer (PDB accession code is
5J0A).*® The N-lobe of the enzyme dimer is distorted, and
in a previous work of our group a 3D homology model of
the enzyme was constructed (Figure 1A) and utilized to
identify novel TOPK inhibitors (Figure 1B) using different
computational methods."”

This study is a continuation of our previous work aiming
to design new TOPK inhibitors with improved inhibitory
activities. Although less active than the other identified
hits, compounds 1 and 2 were chosen as leads for
optimization due to their synthetic feasibility and readily
available precursors. A set of analogs were proposed based
on their chemical structure, and their binding modes and
estimated binding energies were calculated using different
computational protocols available in Discovery Studio
(DS) 2020 from Biovia® Software Inc.”* The best scoring
analogs were then synthesized, fully characterized, and
their biological activities were evaluated using in vitro
biochemical assays.

Methods

Materials

Computational materials

All proposed analogs were sketched using ChemDraw
Professional 16 version (16.0.0.82). All in silico modeling

steps, including compounds preparation, molecular docking,
in situ ligand minimization, and binding energy calculations
were performed using Discovery Studio.

Experimental materials

All experiments were conducted under a dry nitrogen
atmosphere using pre-dried glassware. Commercially
available solvents and reagents were used directly without
further purification. Merck silica gel 60 F254 plates (0.25
mm thickness) were used for TLC. Visualization was
achieved with a 254 nm UV lamp.

Products were purified by normal-phase chromatography
using a Buchi™ system (Switzerland). Flash columns
(Salicycle” silica gel, particle size: 40-63 pm, mesh: 230-
400) were purchased from Buchi Laboratory Equipment.
The purification process employed a flow rate of 4.7 mL/
min with detection at Amax = 366 nm. The purity of the
synthesized compounds was further evaluated using
high-performance liquid chromatography (HPLC). A
gradient mobile phase system was employed, consisting of
a phosphate buffer (pH 7) and acetonitrile. The separation
was achieved on a Kinetex XB-C18 column (30 x 2.1 mm,
2.6 microns) from Phenomenex.

'"H NMR spectra were recorded on a Bruker 400 MHz
spectrometer using the specified solvent. The experiments
were run at 17 °C, except for DMSO-d6 (run at 25 °C).
Chemical shifts are reported in § units (ppm) relative to
tetramethylsilane (TMS) with reference to solvent peaks
(chloroform: 7.26 ppm, methanol: 3.31 ppm, acetone: 2.05
ppm, dimethyl sulfoxide: 2.50 ppm). Similar referencing
was used for '*C NMR spectra (chloroform: 77 ppm,
methanol: 49 ppm, acetone: 29.8 ppm, dimethyl sulfoxide:
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Figure 1. A. The 3D homology model of TOPK with its subdomains and loops being highlighted. B. The chemical structure of the

previously identified TOPK inhibitors.
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39.5 ppm) with 'H decoupling. High-Resolution Mass
Spectrometry (HRMS) Data were obtained using an
Agilent liquid chromatography/mass spectrometry (LC/
MS) system.

Computational Methods

Design of new potential TOPK inhibitors

The design of new analogues was guided by thorough
analysis of the binding interactions and binding modes
of the lead compounds 1 and 2, particularly focusing on
varying the chemical space of the nitrogen substituents.
This approach aimed to explore a broader range of potential
interactions with the TOPK binding pocket.

Preparation of proposed analogs

All proposed analogs were prepared using the Prepare
Ligands protocol to generate isomers, tautomers, and
ionization states of the analogs. The parameters for generate
isomer was set to false, and that for generate tautomer was
set to canonical tautomer.

Molecular docking

The previously refined 3D homology model of the TOPK
enzyme was used as a structural model for docking
study. The prepared analogs were docked into the ATP-
binding site of the enzyme (previously defined) using the
Dock Ligands (CDOCKER) protocol in DS with default
parameters."’

In situ ligand minimization, and calculation of binding
energy

The generated docked poses were in situ minimized within
the binding site of the enzyme using the In Situ Ligand
Minimization protocol using default parameters except
for hydrogen flexibility which was set to true. Then, the
free binding energies of all docked poses were calculated
using the Calculate Binding Energies protocol, where
solvents effects were accounted for using the molecular
Mechanics Poisson Boltzmann with non-polar surface

9-fluorenone
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5

area (MM-PBSA) implicit solvent model."”

Analyze ligand pose

All docked poses of the proposed compounds were
analyzed using the Amalyze Ligand Poses protocol
which calculates and statistically analyze non-bonded
interactions (such as hydrogen bonds, electrostatics,
hydrophobic, and others) between a target and ligand
poses. All parameters were kept at their default values.
The docked poses of the four previously identified hit
compounds were also included in the calculation to aid in
the analysis and selection of potential inhibitors from the
proposed set of analogs.

Synthesis

The best scoring selected analogs were synthesized following
the general procedure outlined in Figure 2. In this scheme,
9-fluorenone was reacted with chlorosulfonic acid to generate
the meta-dichlorosulfonated intermediate 5. Subsequently,
this intermediate was coupled with the substituted amine to
give the corresponding analogs 1, 6-13.%

Biological evaluation
The in vitro biological activity of the synthesized
compounds was assessed by the TOPK enzyme assay
performed by the Reaction Biology Corp. (Malvern, PA,
USA). Compounds were dissolved in DMSO to a final
stock concentration of 10 mM. TOPK inhibition was
assessed at 10 different concentrations with 3-fold serial
dilution starting at 50 uM and descending to 2.54 nM.
The percentage of inhibition was calculated in duplicate,
and the IC, was determined using PRISM. Staurosporine,
which is used as the control compound, underwent a
4-fold serial dilution starting at 20 uM and was tested in
10-dose IC,  mode. Reactions were conducted with a 10 uM
ATP. Two controls were employed in the IC, determination
of which are the MAX (DMSO, 100% activity) and MIN
(25 mM EDTA, final concentration, MIN activity).*!

The in vitro assay was performed as follows; TOPK/

1: R1=H, R2=Benzyl

6: R1, R2=4-(4-fluorophenyl)piperazin-1-yl
7: R1=H, R2=dimethylaminoethyl

8: R1=H, R2=2,4-dimethoxyphenyl

9: R1, R2=4-(2-hydroxyethyl)piperazin-1-yl)
10: R1=H, R2=3-hydroxyphenyl

11: R1, R2=4-methylpiperazin-1-yl

12: R1=H, R2=4-methylbenzyl

13: R1=H, R2=pyridin-3-ylmethyl

Figure 2. General synthetic scheme of N2 N’-disubstituted-9-oxo-9H-fluorene-2,7-disulfonamide Analogs. Reagents and conditions: (i)

CISO,H, 150 °C, 5 days. (ii) R'R?NH, Et,N, DCM, r.t, 24 h.
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substrate (Myelin Basic Protein) pair along with required
cofactors were prepared in reaction buffer; 20 mM Hepes
pH 7.5, 10 mM MgCl,, 1 mM EGTA, 0.01% Brij35, 0.02
mg/ml BSA, 0.1 mM Na,VO,, 2 mM DTT, and 1% DMSO.
Compounds were delivered into the reaction, followed
~20 min later by the addition of a mixture of ATP (Sigma)
and 33P ATP (PerkinElmer) to a final concentration of
10 uM. Reactions were carried out at 25°C for 120 min,
followed by spotting of the reactions onto P81 ion exchange
filter paper (Whatman). Unbound phosphate was removed
by extensive washing of filters in 0.75% phosphoric acid.
After subtracting the background derived from control
reactions containing inactive enzyme, kinase activity data
were expressed as the percent remaining kinase activity
in test samples compared to vehicle (dimethyl sulfoxide)
reactions.”!

Results and Discussion

TOPK s highly expressed and activated in rapidly dividing cells.
This recognition of TOPK's role in cancer cell proliferation has
driven researchers to discover and develop inhibitors targeting
this promising therapeutic target.** OTS514 (IC, =3 nM)
was identified via high throughput screening. Extensive
structural optimization of OTS514 led to OTS964, which
offered improved bioavailability despite slightly lower potency
(IC,, =28 nM).”* However, both OTS514 and OTS964, while
effective in inhibiting tumor growth in both cell culture and
animal models, caused hematopoietic toxicity (Figure 3).%
Despite the identification of over 20 additional potent TOPK
inhibitors, none have surpassed the efficacy and safety profile
of the phenyl phenanthridinone derivatives, OTS514 and
OTS964. Therefore, the search for novel chemical scaffolds to
discover more effective and well-tolerated TOPK inhibitors
remains ongoing.

The TOPK homology model, constructed by our research
team, has demonstrated success in the identification of
promising hits."” This success has prompted us to employ this
model in the optimization of these hits, aiming to elucidate the
structure-activity relationship of the diverse chemical scaffolds
and improve their potency.

ON
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Hi-TOPK-032
ICsp=2 uM

OTS514
ICsp=3nM

While not the most potent hits, the selection of the
fluorenone compounds 1 and 2 in the initial round of
optimization is based on several key considerations.
The symmetrical nature of the 2,7-disulfonylamide
fluorenone facilitates the feasibility of chemical synthesis.
Moreover, the flat configuration of the fluorenone ring,
combined with a high aromatic ring count and low
percentage of sp3 carbons, corresponds with recognized
determinants of kinase inhibitors.”” It is worth mentioning
that other biomolecules such as Telomerase*® and urea
transporters® are among established targets of symmetrical
2,7-disubstituted fluorenone highlighting the diverse
pharmacological activity of these compounds.

In this stage of optimizing potential TOPK inhibitors,
the 9H-flourenone flat ring along with the sulfonamide
groups were conserved and modification focused on
diversifying the chemical space of the N-substituents to
include primarily alicyclic, aromatic, and heteroaromatic
rings. Our proposal includes a total of 92 compounds,
which were sketched using ChemDraw and subsequently
exported to Discovery Studio (DS) for further
computational investigation and analysis.

Computational approach

Design and preparation of proposed analogs

A new set of 92 analogs were proposed as new potential
TOPK inhibitors based on the chemical structure of
previously identified hits. Before docking the proposed
compounds into the active site of the TOPK homology
model, the compounds were prepared using the Prepare
Ligands protocol in DS. This protocol generates the most
stable tautomer(s) (canonical tautomer), ionization states
of ionizable functional groups of the compounds at a pH
range of 6.5 to 8.5, and coordinates for 3D structures. The
92 proposed analogs along with the two leads produced
118 prepared compounds.

Molecular docking
The Dock Ligands (CDOCKER) protocol was used in
docking the prepared compounds into the active site of the

Figure 3. Structures of TOPK inhibitors
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TOPKhomology model. CDOCKER usesa CHARMm-based
molecular dynamics (MD) and simulated annealing
algorithm to generate randomligand conformations poses
(conformations) followed by a final minimization step of
the selected poses in the binding site of the rigid target.
Further, it uses a force-field scoring function to score
and rank the docked poses.*® The calculated CDOCKER
scores are the CDOCKER Energy (interaction energy
plus ligand strain) and the CDOCKER interaction
energy, which indicate ligand binding affinity. The lower
(more negative) the values the better the binding affinity.
The 118 prepared hits were docked into the ATP-binding site
of the TOPK homology model to generate 1180 poses with
-CDOCKER energy ranging from -29.5891 (unfavorable) to
67.7221 (favorable) kcal/mol and -CDOCKER interaction
energy ranging from 35.6737 to 92.5352 kcal/mol.

In situ ligand minimization and calculation of binding
energy
In order to obtain a more robust estimation of ligands’
binding energies, the Calculate Binding Energies protocol
was used. However, prior to that, all docked poses were
minimized within the TOPK active site using the In
Situ Ligand Minimization protocol. This protocol is
a CHARMm-based protocol of minimization that
minimizes the energy of docked poses within the active
sites of the target. This protocol calculates and then scores
the results as negative values of In-Situ Start Energy
and In-Situ Final Energy in kcal/mol before and after
minimization respectively.

Following the in situ minimization of the 1180 poses,
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their binding energies were calculated using the Calculate
Binding Energies protocol which uses CHARMm energies
and an implicit solvent model, to account for solvent effects,
for binding energy calculations. The favorable interaction
between the target and a ligand must give a negative value
of binding energy. Therefore, the most negative binding
energy values correspond to the most favorable interactions.
In this study, the Poisson Boltzmann with non-polar surface
area (PBSA) implicit solvent model was used.”>** The binding
energy values of the best scoring pose (most negative value)
for each of the 92 docked compounds ranged from -42.47
(favorable) to 21.52 (unfavorable) kcal/mol. It is worth
mentioning that the calculated binding energy values are
more accurate than those obtained from docking scores
since the solvent effects are accounted for in the former.

Analysis of the docked poses

All 1180 docked poses in addition to those of the two leads
were analyzed using the Analyze Ligand Poses protocol to
calculate the nonbonded interactions between the docked
poses and amino acids of the TOPK binding site (Figure 4).
By analyzing the amino acids that form hydrogen bonds
with the previously identified four lead compounds
and comparing them with those interacting with the
92 proposed analogs, six amino acids (Lys46, Ser104,
Lys151, Ser153, Asp168, and Asp238) were revealed as
the ones that form the highest number of hydrogen bonds
with the docked compounds. Similarly, the hydrophobic
interactions were formed mainly with (Leu20, Val28,
Met97, Vall56, and Cys167) (Figure 5). These findings
indicate that the four previously identified lead compounds

Hydrophobic
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Figure 4. A. Histograms of the intermolecular interaction counts for the four previously identified lead compounds. Left: the counts of hydrogen
bond interactions (in green) with active site’s amino acids. Right: the counts of the hydrophobic interactions (in pink). (B): Histograms of
the intermolecular interaction counts for proposed compounds. Left: the counts of hydrogen bond interactions. Right: the counts of the

hydrophobic interactions.
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Figure 5. The amino acids in the ATP binding site that formed hydrogen bonds (green carbons) and hydrophobic interactions (yellow

carbons) with the docked compounds.

and the proposed analogs occupy the same binding site in
the ATP pocket and form similar interactions. Interactions
with these amino acids can aid in the selection of proposed
analogs that will be later synthesized.

Selection of the best scoring compounds to be synthesized
The selection of potential TOPK inhibitor among the
proposed analogs followed a sequential filtration process
which involved different criteria including consideration of
the -CDOCKER energy and -CDOCKER interaction energy
scores which retrieved 84 compounds; then compounds
that showed binding energy values of less than -18 kcal/mol
(analogous to that of the lead compounds) were selected,
which resulted in 40 compounds. Further, consideration of
the structural diversity of the retrieved compounds; visual
inspection of their binding modes; and consideration of
the available budget had resulted in the final selection of 8
compounds (Table 1).

Based on the chemical structure of the selected
compounds, they can be classified into four groups, namely
the lead-like compounds (8,10,12), a heteroaromatic-
containing compound (13), piperazine-containing
compounds (6,9,11), and an aliphatic-containing
compound (7) (Figure 6).

Analysis of the binding modes of the selected compounds
Figure 7 shows the binding modes of the top scoring poses

for representative compounds (7 and 13) of the selected set
compared to that of the lead compound 1.

Based on the docking results, compound 1 (the lead)
occupies the ATP binding site and extends to the
hydrophobic pocket behind the adenine binding region.
Such that, the N-benzylsulfonamide part binds the
hydrophobic pocket where the phenyl ring forms a pi-alkyl
interaction with val169, the nitrogen forms a H-bond with
Aspl69, and the S=O forms another H-bond with Lys46.
The central fluorenone part binds the adenine binding
region and forms pi-sulfur interaction with Cys167, and
two pi-alkyl interactions with Val28 and Cys167. The other
N-benzylsulfonamide which points towards the solvent,
forms H-bond between the S=O and Serl04, carbon
H-bond between S=O and Serl53, and a pi-pi stacking
between the phenyl ring and Phe22.

Notably, compounds 7 and 13 showed different binding
orientation where they were traversing the ATP binding
site. However, they were forming interactions (H-bonding
and hydrophobic) with the same amino acids interacting
with the lead compound, namely Val28, Lys46, Ser104,
Cys167, and Asp168, (in addition to other ones) as detailed
in Figure 7. These numerous polar and hydrophobic
interactions are indicative of good binding affinities
which imply that they might show good TOPK inhibitory
activities.
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Table 1. The selected compounds for synthesis with -CDOCKER energies, -CDOCKER interaction energies, and total binding energies.

No Chemical structure -CDE? -CDIE TBE® IC,, (UM)

2 ’ 0.0 (%) 3526 5745  -18.70 NA
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Figure 6. Selected compounds for synthesis, categorized into four groups.
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Figure 7. The binding modes of representative compounds (7 and 13) compared to that of the lead. Upper panel: 3D binding mode of the
compounds. The binding site is shown as hydrophobic surface, and the docked compounds are in balls and sticks. Lower panel: The respective
2d interaction maps of the docked compounds with the active site’s amino acids. Different types of interactions are colored differently.
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ADME predictions of the selected compounds Tables 2 revealed that the selected compounds have acceptable properties which make
To assess the ADME profile of the selected compounds, different physicochemical, = them good candidates for further optimization. Moreover, the medicinal chemistry
pharmacokinetic parameters, druglikeness and medicinal chemistry friendliness were  friendliness predictions were encouraging where they showed no PAINS alerts and
calculated using the SwissADME webserver (http://www.swissadme.ch/index.php)  acceptable synthetic feasibility. Collectively, these predictions were promising to proceed
(Table 2). Establishing a preliminary ADME profile for lead compounds early in the drug  in the synthesis of these compounds.

discovery process is strongly advised to avoid dead ends. The predictions presented in

Table 2. Physicochemical, pharmacokinetics properties (ADME), drug-likeness, and medicinal chemistry friendliness for the selected compounds.

Index Physicochemical descriptors Pharmacokinetic (ADME) Drug-likeness Medicinal Chemistry

No. (g/l/;nmétl-) R(l))fr:?igle H-:gﬁg;rs TPSA® Liplgggi/i;:ity Water solubility abs;?pl)tion perBrrl?fant su:-sgif;)te CYP inhibition® Lipinski PAINS® ai?stiitiilﬁy'
1 518.60 8 9 126.17 3.63 Vo deg‘t’:l;'ys’oluble Low No No 1A2, 230/12' 28, Yes 0 3.58
2 546.66 8 9 126.17 4.10 Poorly soluble Low No No 2C9, 3A4 Yes 0 4.53
6 664.74 6 9 115.07 4.07 Poorly soluble Low No No 2C9, 3A4 Yes 0 4.24
7 480.60 10 1 132.65 1.32 Soluble High No Yes 2C9, 2C19, 3A4 Yes 0 3.70
8 610.65 10 1 163.09 3.56 P°°”yslo'\|’l'f;?:rate'y Low No No 2C9, 2C19, 3A4 No 0 4.05
9 564.67 8 13 155.53 0.31 Soluble low Low No Yes 2C9 No 0 4.06
10 52255 6 1 166.63 268 P°°”yslo'\|’l'fé?:rate'y Low No No 1A2, 23%?' 28, Yes 0 3.43
11 502.65 4 7 108.59 3.41 Moderately soluble High No Yes 2C9, 2C19, 3A4 Yes 0 3.69
12 546.66 8 9 126.17 4.37 Poorly soluble Low No No 1A2, 2;;3 2C9, Yes 0 3.80
13 520.58 8 11 151.95 217 Moderately soluble Low No No 1A2, 2;;2 209, Yes 0 3.46

a: Topological Polar Surface Area in A2,
b: Is it a P-glycoprotein substrate.

c: Inhibitor of which CYP450 enzyme.

d: Bioavailability: probability >10%.

e: Pan Assay Interference Structures.

f: Synthetic accessibility score: from 1 (very easy) to 10 (very difficult).
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Synthesis

Chemistry

The top-scoring proposed analogs which were selected for
synthesis were obtained following Figure 2. All analogs
were synthesized from the common intermediate, 9-oxo-
9H-fluorene-2,7-disulfonyl dichloride 5, derived through
electrophilic aromatic substitution of 9-fluorenone
using chlorosulfonic acid. Subsequently intermediate
compound 5 was reacted with the substituted amines to
form the corresponding sulfonamide.

Initially, the chlorosulfonation of 9H-flourenone
was attempted by stirring it with two equivalents of
chlorosulfonic acid in a sealed flask at room temperature
for 24 hours. The crude material was then used, without
further purification to avoid decomposition of the reactive
sulfonylchloride, to react with various alkyl amines.
However, proton NMR indicated monochlorosulfonation
of the aromatic ring.

Since no traces of the disulfonyl dichloride were
detected, the reaction conditions, namely temperature,
time and reagent equivalencies, were optimized to account
for the decreased reactivity of the monochlorosulfonated
fluorenone towards the second electrophilic aromatic
substitution. The optimal conditions involved heating the
aromatic ring with twelve equivalents of chlorosulfonic
acid at temperatures ranging from 130 to 150°C for a
duration of 5 days (24). Further attempts to enhance the
yield of compound 5 by further elevating the temperature
to 160 or 170°Cled to the unfortunate outcome of product
combustion.

General procedure for the synthesis of 9-oxo-9H-fluorene-
2,7-disulfonyl Dichloride Intermediate 5

Chlorosulfonic acid (12 eq.) was added to 9-fluorenone
and the resulting solution was refluxed at (130-150) °C
for 5 days. The mixture was then allowed to cool to room
temperature, and it was poured over ice, forming an
insoluble yellow precipitate that was filtered and dried.
The crude was used in the proceeding step without further
purification.

General procedure for the synthesis of Analogs (1, 6 to 13)

Alkyl, aryl alkyl, or aryl amine (2eq.) was dissolved in
anhydrous dichloromethane (1M) at 0°C under argon.
Triethylamine (4eq.) and the disulfonyl dichloride 5
(1eq) were added at 0°C and then the mixture was stirred
at room temperature for 24 h. The mixture was then
washed with water and the organic layer was separated,
dried over magnesium sulfate, filtered and evaporated
under reduced pressure. The crude product was purified
by Flash column chromatography using either ethyl acetate/
hexane or methanol/ dichloromethane. High-performance
liquid chromatography (HPLC) was used to assess the purity
of most of the synthesized compounds, which exceeded 95%.

N2, N’-Dibenzyl-9-oxo-9H-fluorene-2,7-disulfonamide (1)
Residue was purified by flash column chromatography with

0-100% ethyl acetate in hexane over 30 min to afford the title
compound (0.053g, 13%) as a yellow powder. '"H NMR (400
MHz, DMSO-d6): § 8.37 (s,2H,NH), 8.06 - 8.03 (m, 4H, H3,
H4, H5 and H6), 7.87 (d, ] = 4.4 Hz, 2H, H1 and H8), 7.20-
7.14 (m, 10H, Ph-H), 4.05 (s, 4H, CH,).”C NMR (101 MHz,
DMSO-d6): 6 190.2, 145.7 (2C), 143 (2C), 137.4 (2C), 134.4
(2C), 133.8 (2C), 128.4 (4C), 127.9 (4C), 127.3 (2C), 123.0
(2C), 122.1 (2C), 46.4 (2C). HRMS (ESI) m/z: Calculated for
C_H,N,0.S, [M-H]: 517.0897, found 517.0899.
2,7-Bis((4-(4-fluorophenyl)piperazin-1-yl)sulfonyl)-9H-
fluoren-9-one (6)

Residue was purified by flash column chromatography with
0-100% ethyl acetate in hexane over 30 min to afford the title
compound (0.019g, 15%) as a yellow powder. '"H NMR (400
MHz, DMSO-d6): 6 8.25 (d, ] = 7.5 Hz, 2H, H4 and H5),
8.09 (d, ] = 7.5 Hz, 2H, H3 and H6), 7.88 (s, H2, HI and
H8),7.02-6.98 (m, 4H, H3, H3”, H5 and H5”), 6.90-6.89 (m,
4H, H2, H2”, H6'and H6”), 3.12 - 3.10 (m, 16H, pip-H). *C
NMR (101 MHz, DMSO-d6): § 190.4, 157.1 (d, J = 237.5
Hz, 2C, C-F), 147.8 (2C), 147.0 (2C), 137.5 (2C), 135.4 (2C),
135.2 (2C), 124.1 (2C), 123.2 (2C), 118.7 (d, ] = 7.7 Hz, 4C),
116.0 (d, J = 22.1 Hz, 4C), 49.3 (4C), 46.4 (4C). HRMS (ESI)
m/z: Calculated for C,H, FN,O.S [M+H]" 665.1698,
found 665.1711.

N?,N’-Bis(2-(dimethylamino )ethyl)-9-oxo-9H-fluorene-2,7-
disulfonamide (7)

Residue was purified by flash column chromatography with
0-100% methanol in dichlormethane over 35 min to afford the
title compound (0.094g,21%) as an orange powder. 'H NMR
(400 MHz, DMSO-d6) &: 8.24 (d, J = 8.2 Hz, 2H, H4 and
H5), 8.18 (d, J = 8.2 Hz, 2H, H3 and H6), 8.06 (s, 2H, H1
and H8), 3.10 (t, ] = 6.6 Hz, 4H, SONCH,), 2.83 (t, ] = 6.6
Hz, 4H, NCH,), 2.50 (s, 12H, NCH,). *C NMR (101 MHz,
DMSO-d6) &: 190.0, 145.7 (2C), 142.0 (2C), 134.3 (2C),
133.8 (2C), 123.0 (2C), 121.9 (2C), 56.5 (2C), 43.2 (4QC).
HRMS (ESI) m/z: Calculated for C, H N OS [M+H]"
481.1573, found 481.1551.

N?,N7-Bis(2,4-dimethoxyphenyl)-9-oxo-9H-fluorene-2,7-
disulfonamide (8)

Residue was purified by flash column chromatography with
0-50% ethylacetate in hexane over 45 min to afford the title
compound (0.016g, 48%) as an orange powder. "H NMR (400
MHz, CDCL,) 8: 8.05 (s, 2H, H1 and H8), 7.86 (d, ] = 8.4 Hz,
2H, Ar-H), 7.57 (d, ] = 8.8 Hz, 2H, Ar-H), 7.45 (d, ] = 8.4
Hz, 2H, Ar-H), 6.75 (s, 2H, NH), 6.45 (dd, ] = 8.8, 2.6 Hz,
2H, H5 and H5”), 6.26 (d, ] = 2.6 Hz, 2H, H3’ and H3”),
3.75 (s, 6H, CH,), 3.53 (s, 6H, CH,). "C NMR (101 MHz,
DMSO-d6) 6: 189.9, 158.8 (2C), 154.3 (2C), 145.1 (2C),
142.4 (2C), 133.5 (2C), 133.4 (2C), 128.7 (2C), 122.0 (2C),
121.8 (2C), 116.7 (2C), 104.4 (2C), 98.6 (2C), 55.0 (2C),
54.8 (2C). HRMS (ESI) m/z: Calculated for C,;H,.N.O,S,
[M-H]": 609.1007, found 609.1013.
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2,7-Bis((4-(2-hydroxyethyl)piperazin-1-yl)sulfonyl)-9H-
fluoren-9-one (9)

Residue was purified by flash column chromatography with
0-100% methanol in dichlormethane over 40 min to afford
the title compound (0.044g, 40%) as an orange powder. 'H
NMR (400 MHz, CDCI,) 6: 8.09 (s, 2H, H1 and HS), 8.00
(d, J=7.8 Hz, 2H, H4 and H5), 7.82 (d, ] = 7.8 Hz, 2H, H3
and H5), 3.59-3.57 (m, 4H, CH,), 3.12 (m, 8H, CH.), 2.63-
2.61 (m, 8H, , CH)), 2.57-2.54 (m, 4H, , CH,). "C NMR
(101 MHz, CDCI,) 8: 190.1, 146.6 (2C), 138.5 (2C), 135.2
(2C), 134.8 (2C), 124.1 (2C), 122.1 (2C), 59.2 (2C), 58.0
(2C), 52.2 (4C), 46.3 (4C). HRMS (ESI) m/z: Calculated for
C,H,N,0S, [M+H]": 565.1785, found 565.1759.
N?,N’-Bis(3-hydroxyphenyl)-9-oxo-9H-fluorene-2,7-
disulfonamide (10)

Residue was purified by flash column chromatography with
0-100% ethylacetate in hexane over 30 min to afford the title
compound (0.016g, 44%) as an orange powder. 'H NMR
(400 MHz, DMSO-d6) é&: 8.31 (d, ] = 7.9 Hz, 2H, H4 and
H5), 8.21 (d, ] = 7.9 Hz, 2H, H3 and H6), 7.96 (s, 2H, H1
and H8), 6.98-6.94 (m, 2H, H5" and H5”), 6.47 (d, ] = 7.9
Hz, 2H, HO-Ph-H), 6.29 (s, 2H, H2’ and H2”), 6.13 (d, 2H,
] =7.9 Hz, HO-Ph-H), 5.41 (s, OH). *C NMR (101 MHz,
DMSO-d6) 6: 188.5, 150.2 (2C), 149.6 (2C), 146.8 (2C),
136.5 (2C), 135.1 (2C), 134.3 (2C), 129.7 (2C), 123.6 (2C),
122.7 (2C), 112.5 (2C), 107.7 (2C), 106.1 (2C). HRMS (ESI)
m/z: Calculated for C, .H,,N,O.S, [M+H]*: 523.0628, found
523.0605.

2,7-Bis((4-methylpiperazin-1-yl)sulfonyl)-9H-fluoren-9-
one (11)

Residue was purified by flash column chromatography with
0-100% methanol in dichlormethane over 40 min to afford
the title compound (0.1g, 38%) as a yellow powder. '"H NMR
(400 MHz, DMSO-d6) 6: 8.38 (d, ] = 7.8 Hz, 2H, H4 and
H5), 8.18 (d, , ] = 7.8 Hz, 2H, H3 and H6), 7.98 (s, 2H, H1
and H8), 3.01 (s, 8H, Pip-CH,), 2.49 (s, 8H, Pip-CH,), 2.26
(s, 6H, NCH,). "C NMR (101 MHz, DMSO-d6) &: 189.7,
146.2 (2C), 137.2 (2C), 134.6 (2C), 134.4 (2C), 123.3 (2C),
122.4 (2C), 53.3 (4C), 45.6 (4C), 45.1 (2C). HRMS (ESI)
m/z: Calculated for C_ H N O.S [M+H]*: 505.1574, found
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N2, N7-Bis(4-methylbenzyl)-9-oxo0-9H-fluorene-2,7-
disulfonamide (12)

Residue was purified by flash column chromatography with
0-100% ethylacetate in hexane over 40 min to afford the title
compound (0.017g, 35%) as a yellow powder. 'H NMR (400
MHz, DMSO-d6) &: 8.33 (s, 2H, NH), 8.07 (d, ] = 7.8 Hz,
4H, H4 and H5), 8.02 (d, ] = 7.8 Hz, 4H, H3 and H6), 7.83
(s, 2H, H1 and H8), 7.06 (d, ] = 7.8 Hz, 4H, H2, H6, H2”
and H6”), 6.98 (d, ] = 7.8 Hz, 4H, H3), H3”, H5 and H5”),
4.00 (s, 4H, NCH,), 2.13 (s, 6H, Ph-CH,). *C NMR (101
MHz, DMSO-d6) 6: 190.1, 145.6 (2C), 143.0 (2C), 136.4
(2C), 134.3(2C), 134.2(2C), 133.8 (2C), 128.9 (4C), 127.9
(4C), 122.9 (2C), 122.0 (2C), 46.2 (2C), 20.7 (2C). HRMS
(ESI) m/z: Calculated for C,,;H, N,O.S, [M+H]": 547.1356,
found 547.1334.

9-Ox0-N?,N’-bis(pyridin-3-ylmethyl)-9H-fluorene-2,7-
disulfonamide (13)

Residue was purified by flash column chromatography with
0-20% methanol in dichlormethane over 30 min to afford the
title compound (0.021g, 43%) as a yellow powder. 'H NMR
(400 MHz, DMSO-d6) &: 8.50 (d, 2H, NH), 8.42 (s, 2H, H2
and H2”), 8.39 (d, J = 3.8 Hz, 2H, Py-H), 8.13 (d,/=7.9 Hz,
2H, H4 and H5), 8.07 (d, ] = 7.9 Hz, 2H, H3 and H6), 7.92
(s, 2H, H1 and H8), 7.65 (d, ] = 7.9 Hz, 2H, Py-H), 7.28 (dd,
J=79,3.8 Hz, 2H, Py-H), 4.13 (s, 4H, NCH,). "C NMR (101
MHz, DMSO-d6) 6: 189.8, 148.9 (2C), 148.3 (2C), 145.4 (2C),
142.5 (2C), 135.3 (2C), 134.1 (2C), 133.6 (2C), 132.8 (2C),
123.2 (2C), 122.8 (2C), 121.8 (2C), 43.6 (2C). HRMS (ESI)
m/z: Calculated for C, H, N,O,S, [M+H]": 521.0948, found
521.0932.

Biological Evaluation

The nine synthesized compounds were biologically tested
to evaluate their inhibitory activities against the TOPK
enzyme. The in vitro assay was performed by Reaction
Biology Corp. (Malvern, PA, USA). The results are shown
in Table 2 with the average IC, . Figure 8 depicts the
dose-response curves of compound 13 as compared to
staurosporine (IC, = 17 nM).
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Figure 8. The dose-response curves of compound 13 and the positive control (staurosporine).

Pharmaceutical Sciences, 2024, 30(4), 456-468 | 466



Al-Sarhan et al.

The in vitro assay analysis revealed some key insights
into the structure-activity relationship of these
TOPK inhibitors. Substituents on the benzene ring
of the benzylamine moiety (compounds 8, 10, and
12) resulted in a complete loss of activity. Similarly,
replacing the benzylamine group with piperazine-
containing moieties (compounds 6, 9, and 11) or
an aliphatic moiety (compound 7) also abolished
inhibitory effects.

However, a promising finding emerged. Isosteric
replacement of the benzene ring with a pyridine ring
in compound 13 yielded moderate activity (IC, = 86
uM) compared to the lead compound I (IC, = 54 uM).
While the number of analogs tested is still limited,
these results suggest that the presence of a hydrophobic
moiety might be crucial for binding to the TOPK
enzyme’s active site. This hypothesis aligns with the
observation that bulky substituents (compounds 6, 8,
and 12) and increased polarity (compounds 7, 9, 10,
and 11) generally led to inactivity. The slightly lower
activity of compound 13 compared to compound
1 might be due to the pyridine ring’s slightly higher
polarity compared to benzene.

Further investigation with a larger and more diverse
set of analogs is warranted to solidify these initial
findings and optimize the design of potent TOPK
inhibitors.

Conclusion

TOPK plays a critical role in cancer by promoting
proliferation, metastasis, and impacting prognosis.
Inhibiting TOPK offers a potential avenue for cancer
treatment with reduced side effects due to its limited
expression in normal cells.

Building on our prior discovery of TOPK inhibitors
through computational modeling, 92 analogs were
designed based on a promising lead compound. These
analogs were docked into the TOPK homology model’s
ATP binding site, and the resulting poses were analyzed
for binding energy and visually inspected.  Nine
compounds (including the lead) were then synthesized
and tested for TOPK inhibitory activity in vitro. While
only compound 13 showed moderate activity (IC, = 86
uM) compared to the lead (compound 1, IC_ = 54 uM),
these results provide valuable insights for future inhibitor
design.

Biological evaluation revealed a clear structure-activity
relationship (SAR) for the N-substituents. Modifications
with bulky groups (substituted benzylamine, piperazine, or
aliphatic moieties) abolished activity. However, replacing the
benzene ring with a pyridine (compound 13) maintained
moderate inhibition, suggesting a potential path for future
design. Further analog exploration is necessary to refine the
SAR and identify optimal TOPK inhibitors.
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