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ABSTRACT: Multicomponent reactions involving zwitterion gen-

erated from dimethyl acetylenedicarboxylate, aryl sulfonamide, and \,:‘) & X ‘

isocyanide to generate sulfonamide-conjugated ketenimines is R 1 i
reported. The synthetic strategy adopted is highly atom economical \ £ !

and stereoselective. Ketenimine sulfonamide analogues are key

intermediates for further synthetic conversions to generate a K

combinatorial library of compounds. Furthermore, sulfonamide = -« T "-ﬁ:ﬁimm b

compounds are known to possess a broad spectrum of biological res
applications. All the novel molecules synthesized exhibit the potential S

to target the nonhomologous DNA end-joining (NHE]J) pathway

with cytotoxic ability. Computational studies compliment the in vitro

biological assays of the 8 small-molecule inhibitors. DNA double-

strand breaks (DSBs) are considered as the most lethal among

different DNA damages. NHE] repairs about 70% of the DSBs generated in cells within mammals. The DNA-dependent protein
kinase catalytic subunit is one of the PI3 kinases associated with NHE]. Compounds DK01—DKO08 were investigated for their ability
to induce cancer cell death by treating with two leukemic cell lines where NHE]J is high. Results showed that bromoaryl (DK04)-
and nitroaryl (DKOS)-conjugated molecules showed excellent biological activity, having ICg, values of ~2 uM in Nalmé cell lines.

1. INTRODUCTION

Cancer remains as a global health concern and a leading cause
of death worldwide." Even though there is significant
improvement in medicinal chemistry research recently leading
to treatment options for cancer, especially when it is in the
early stage, the mortality rate is still high across the globe.”’
The number of mortalities due to leukemia, colon, and liver
cancer is increasing rapidly. Synthetic development of potential
anticancer agents having low side effects is highly desirable to
combat this deadly disease. A large number of mutagenic
processes allow cancer cells to acquire properties of unlimited
proliferation potential, self-sufficiency in growth signals, and
resistance to both antiproliferative and apoptotic cues which
would, otherwise, contain their growth.4_8

Maintenance of genomic integrity is critical for the existence
of any organism.”~"” DNA in our cells encounters thousands
of lesions on a daily basis. Among DNA damages, double-
strand breaks (DSBs) are one of the most harmful lesions to a
cell."®" Failure in DSB repair could lead to genomic instability
and cancer.”™** Nonhomologous DNA end joining (NHEJ) is
the major DNA double strand repair pathway in mammals.'”**
Cancer cells differ in the efficiency of NHEJ.*"** Major
proteins involved in NHE] are the Ku70/80 heterodimer, the
DNA-dependent protein kinase catalytic subunit (DNA-PKcs),
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Artemis, and the NHE] ligase complex (LigIV/XRCC4/
XLF).>>*® DNA-PK is a 460 kDa kinase and the kinase
activity is essential for NHE]. Tyrosine kinase is another family
member of kinases, which helps to send growth signals in cells,
and blocking them stops the cell growth and division.””
Inhibitors of tyrosine kinases are potential anticancer agents.””

Specific targeting of NHE] machinery by novel synthetic
molecules offers a strategy for the development of cancer
therapeutics.”*”® Among the NHE] inhibitors, metabolite
Wortmannin and KU-0060648 are dual inhibitors of DNA-
PK and phosphatidyl inositol 3-kinase (PI3K).”' NU7441 (or
KUS7788) and M3814 are selective inhibitors for DNA-PK,
currently undergoing clinical trial for cancer.”” Novel synthetic
agents targeting the NHE] pathway are in high demand in
therapeutic development.
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Heterocyclic systems with cytotoxic potential are recently
reported.* Ketenimines are known as synthetic intermediates
targeting the core of potent topoisomerase inhibitor Tas-103.%
Interestingly, there are no reports of ketenimines targeting
DNA-PK or other proteins in the NHE]J pathway. The
synthetic applications of ketenimines are comparable to that of
the isoelectronic species ketenes and allenes.”*” A variety of
procedures including couplings, eliminations, rearrangements,
and click chemistry are known till date for ketenimine
synthesis.** %

Herein, we report the design and synthesis of ketenimines by
multicomponent reactions (MCRs). MCRs offer a green
chemistry approach with regard to the atom economy. MCRs
are popular due to their simple procedure, high atom economy,
and wide variety of products.”’ > In one pot synthesis,
reactants for two or three steps are mixed initially, and under a
given set of conditions, the reactions occur in sequential order
to give a diverse variety of products that incorporates all the
reactants. These reactions will produce very little waste and
hence are eco-friendly and reduce the time/cost of synthesiz-
ing bioactive drugs.*”*' Isocyanide-based MCRs pass through
the formation of zwitterionic intermediate and give chiral
products, which possess the features of naturally occurring
drugs and are successfully used as drugs for targeting many
proteins.””™* The power of MCRs was revealed by the
discovery of a low-molecular-weight CCRS antagonist, which
can be used as a drug target to treat HIV infections.** The
biocompatibility and specificity of biomolecules such as
peptides, proteins, and antibodies make these macromolecules
ideal carriers for selective targeted therapies. A novel cytotoxic
anti-HER2 antibody drug conjugate was reported by Albericio
et al. through Ugi-MCR, elaborating the synthetic use of these
type of reactions.”

Sulfonamides constitute an important class of drugs, with
many types of pharmacological agents possessing antibacterial,
anticarbonic anhydrase, antiobesity, diuretic, hypoglycemic,
antithgrroid, antitumor, and antineuropathic pain activ-
ities.**™** Ketenimine derivatives from 2-pyridinone and 4-
quinazolinone have considerable antibacterial activity against
Staphylococcus aureus and Escherichia coli standard strains.
Trimethylated ketenimines and 1-aza butadienes derived from
4-quinazolinone showed acceptable antifungal activity against
Candida albicans.”” Ketenimines can potentially be synthesized
by MCRs by a variety of procedures.”” > They consist of
sulfonamide and amide functional groups, which form a part of
natural products and drugs possessing a wide spectrum of
inevitable bioactivity in medicinal chemistry.”> Ketenimines
derived from aromatic sulfonamide that contain both
sulfonamide and ketenimine scaffolds are expected to show
high bioactivity and can be used to target enzymes. Notably,
Chur Chin et al. synthesized a sulfonamide derivative that
specifically inhibits protein kinase A, a central factor in the
NHEJ process. Additionally, this compound has proven to
suppress stress-responsive genes, including DNA-PKcs (DNA-
PK catalytic subunit).”* A class of compounds belonging to the
ketenimine family are known to be potent pharmacology
relevant molecules.” Thus, we have attempted the synthesis of
ketenimine sulfonamides by efficient three-component reac-
tions to identify potential anticancer agents.

We have synthesized a series of 8 compounds (DKOI to
DKO08), and cytotoxic investigations were done. After
identifying the cytotoxic potential of the novel molecules, we
have done computational investigations based on molecular

docking using the popular autodock tool to check the potency
of the ketenimines as inhibitors of all known target proteins in
the NHE] pathway. As per the protein—ligand docking
algorithm of autodock, the higher negative value of docking
scores of ligands (DK compounds in the present case) to the
target proteins is an indication of strong binding afhinity.
Docking scores of all DK compounds (Supporting Informa-
tion) to all target proteins in the NHEJ pathway range from
—6.0 to —7.4 kcal/mol except in the case of the DNA-
dependent protein kinase (DNA-PK). However, the docking
scores of all DK compounds to the DNA-PK target range from
—8 to —9 kcal/mol. These results point out the significant
binding of DK compounds to the active site of the DNA-PK
(PDB ID: SY3R Chain C-Catalytic residues 3676—4100),
which potentially can act as the most probable target in the
NHE] pathway.'”*® Further, we performed the protein—ligand
molecular dynamics simulation investigations followed by
molecular mechanics Poisson—Boltzmann surface area (MM-
PBSA) binding energy calculations to confirm the inhibitory
activity of these compounds against protein kinase subunit.
The docking scores and MM-PBSA binding energies
confirmed the inhibitory activity of all compounds against
the protein kinase subunit, which is presumed to be a
prominent target in the NHE] pathway. Thus, our inves-
tigations have shown the effects of ketenimines for the first
time on DNA-PK.

2. RESULTS

The smooth 1:1:1 three-component reaction was carried out to
produce selectively stable ketenimine sulfonamides (DK01—
DKO8) in dichloromethane at room temperature to yield
crystalline products. Isocyanides, dialkyl acetylene dicarbox-
ylates, and sulfonamides were used as building blocks. A
published procedure was adogted for the synthesis of all novel
compounds (DK01—-DKO08).>

All compounds in the DK series possess only one
stereogenic center (Figure la) and thus, one pair of
enantiomers are expected. The single-crystal X-ray analysis of
the previously reported analogous compound (Figure 1b)
suggested that the reaction yields only one form, which is the
“S” configurational isomer.”> HPLC chromatograms of all the
crystalline compounds indicated the presence of a single
isomer (Supporting Information). A representative HPLC
profile is shown in Figure 2.

We were interested in investigating whether small molecules
were involved in inducing cell death in cancer cell lines.
Human B cell leukemic cell line, Nalmé6, and human T cell
leukemic cell line, CEM cell lines were used to evaluate the
cytotoxic potential of DK01-DKO08. Expression of NHE]
proteins including DNA-PK and the efliciency of end joining in
vitro are reportedly moderate to good in these cell lines.”*>">
Interestingly, after 48 h of incubation with the compounds,
several of them showed a cytotoxic effect in cancer cell lines. In
Nalmé6, DK01-DKOS showed increased cell death at
concentrations as low as 2 uM (Figure 3). Particularly at
high concentrations of 50 and 100 uM, very few viable cells or
no viable cells were observed in these cases (Figure 3). In the
case of DK06, DK07 and DKO0S8, viable cells were observed
even at the highest concentration of 100 uM, suggesting the
less cytotoxic potential of these compounds (Figure 3). ICs,
values were calculated with respect to % of viable cells and
concentrations of the compounds. Interestingly, the lowest
ICy, was obtained for DKOS at 2.57 uM, followed by DK04 at
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Figure 1. (a) Optimized structure of DKOI. (b) Structure (generated
using Gauss view software) of the ketenimine sulfonamide derivatives
synthesized by Shaabani et al.>® The structure is from ref 55 and is
reproduced after copyright permission from the Royal Society of
Chemistry [2011].

2.80 uM (Table 1). DK02exhibited ICs, of 8 uM, while DKO1
and DKO3 showed a similar 11 M IC, value (Table 1). ICs,
of DK07 and DK08 were >80 uM (Table 1), which is quite
high for any compound showing an anticancer effect. Thus,
among all of the compounds of the series, DK04 and DKO0S
showed the best cytotoxicity with the lowest IC, of ~2 yM in
Nalmé.

Cytotoxicity was also checked for the compounds in CEM
cell line. Cells were similarly treated with increasing
concentrations of the compounds (1, 2, 5, 10, 50, 100 M)
for 48 h. Very few viable cells (<20%) were obtained at the
highest concentration of 100 M for DK02, DKO0S, DK06, and
DKO7 (Figure 4). CEM cells were not sensitive to the other
compounds at 50 and 100 #M concentrations, suggesting a low
cytotoxic potential of these compounds (Figure 4). The cells
were the least sensitive to DKO1 treatment. Determination of

IC, values revealed that DK06 was the most cytotoxic, with
ICyy 23.43 uM (Table 2). DKO1 and DKO7 were the least
cytotoxic among the compounds, with IC5, > 90 uM (Table
2). ICq, values for other compounds were between 20 and 50
#M. Thus, in CEM, DKO06 showed better cytotoxicity than all
other compounds.

We have evaluated the cytotoxic potential of DK series
(DK01-DKO08) compounds in two leukemic cancer cell lines,
Nalmé6 and CEM. In Nalmé6, DK04 and DKOS5 showed the
lowest ICy,, while in CEM, DKO0S and DKO06 showed a better
effect among all other compounds in the series. However, in
CEM, ICy, for DK04 was ~41 uM, which is toward the higher
side in terms of induction of cancer cell death and a possible
therapeutic application. Interestingly, DKOS showed ICs, ~ 2
#M in Nalmé, which is the lowest among the compounds
tested. Taking the results from two cell lines into account,
DKOS showed a better cytotoxicity in both cells and, therefore,
can be harnessed for future experiments.

2.1. Molecular Docking Studies. The binding affinity of
all DK compounds at the active site of a kinase target was
quantitatively examined using the molecular docking calcu-
lations. All DK series compounds possess docking scores
between —8 and —9 kcal/mol, indicating their putative
inhibitory activity against the kinase target. The best docking
poses of DK01-DKO03 and DK04—DKOS are pictorially
represented in Figure Sa)b, respectively. The docking scores
corresponding to the best docking poses for ligands from
DKO1 —08 are —8.5, —8.5, —8.7, —8.8, —8.8, —8.4, —8.4, and
—8.2 kcal/mol, respectively. The higher negative docking
scores of all DK series compounds near the active site of kinase
target were due to the presence of strong protein—ligand
nonbonding interactions such as hydrogen bonding and
hydrophobic interactions. It is well-known that such
interactions play a key role in stabilizing a small molecule
energetically in the binding pocket of a protein. Commonly, six
amino acid residues of the kinase target strongly interact with
all DK compounds through hydrogen bonds and hydrophobic
contacts. The 3D representation of best docking pose of
DKO1—kinase complex with protein—ligand interactions is
shown in Figure 6 as this is a common case. The residues
Arg3612 and Arg3799 exhibit hydrogen bonding interactions
with the carboxylate oxygen atoms of DK compounds.
Lys3608 and Phe3542 show alkyl—alkyl (hydrophobic)
interactions with the trimethyl groups of the DK series.
Ala3616 and Leu3584 residues are connected with the aryl
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Figure 2. HPLC profile of DKO03.
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cell line. Cells were treated with increasing concentrations of the compounds
equivalent DMSO. Bar graphs for Nalm6 were plotted using % of viable cells

Table 1. IC, Values of DKO1—-DKO8 in the Nalmé Cell
Line at 48 h

DK series ICyy (uM)
DKO1 11.04
DKO02 8.11
DKO03 11.27
DKO04 2.80
DKOS5 2.57
DKo06 17.84
DKO07 86.20
DKO8 143.95

group of ligands through 7-alkyl (hydrophobic) interactions. A
few additional nonbonding interactions were also present in
the docking pose of each DK compound due to the difference
in its alkyl group. The 2D representation of protein ligand
interactions of best docking poses of all DK series is provided
in the Supporting Information.

In conclusion, all DK compounds under investigation have
been found to fit well into the binding site of the kinase target.
Based on the docking scores, the order of binding affinity of all
DK compounds to the target with slight differences is given as
DKO04 = DKOS > DKO03 > DKO01 = DK02 > DK06 = DKO07 >
DKO08. This is consistent with the IC;, values of the
compounds in the cancer cell lines (Table 3). Apart from
this, DK06 and DKO2 also showed better IC;, in CEM among
all of the compounds tested, which requires further
investigation. Further the protein—ligand complex structures
with best docking poses have been chosen for molecular
dynamics simulations. More specific and quantitative results of
DK compounds and their activity against kinase target were
obtained from the simulation studies followed by MM-PBSA
calculations.

2.2. MD Trajectory Analysis and MM-PBSA Binding
Energy Calculations. This section discusses the findings
from post-MD analysis of the kinase—DK complex systems. As
the protein—ligand binding energies and subsequent MD
results of DKO1—-DKOS complexes show close correlation with
the experimental IC;, data, we have included the same in this
analysis session. The equilibration and stability of all simulated
systems are evaluated in terms of the root-mean-square
deviation (RMSD) of the complex system from the starting
conformation and the root-mean-square fluctuation (RMSF)
of protein residues in the MD trajectory.

The RMSD of all of the protein—ligand complexes lies
within 0.30 nm from their starting conformations over the
course of the simulation. However, the DK03 (Figure 7a)
complex shows fluctuations above 0.4 nm at the beginning,
which stabilized to 0.3 nm deviations during the course of
time. The steady RMSD plots (Figure 7a,b) with minimal
changes in the same 100 ns MD trajectory is a sign of stable
protein—ligand complex formation in solvated systems.
Further, we have evaluated the protein residue’s contribution
to the conformational alterations of every complex in the MD
trajectory (Figure 8) as RMSFs. The average fluctuation of the
ligand binding site residues is 0.2—0.3 nm. With the exception
of a few terminal residues, almost all binding site residues of
the target (Figure 8ab) exhibit strong levels of conservation
during the MD production run, with a minimum fluctuation of
0.2 nm. Again, a few more protein residues of the DKO3
complex show fluctuations above 0.5 nm. Even in this case, the
binding site residues from 3542 to 3800 with less fluctuations
will not disturb the total stability of the DKO3 complex system.

2.3. MM-PBSA Binding Energies. Here, we report the
results of MM-PBSA calculations obtained by utilizing 1500
snapshots taken at 20 ps intervals between 71 and 100 ns from
the MD trajectory. The MM-PBSA protein ligand binding

38622 https://doi.org/10.1021/acsomega.3c05816
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Figure 4. Bar diagram showing cytotoxicity of DK series in CEM cell line. Cells were treated with increasing concentrations of the compounds (1,
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Table 2. IC;, Values of DKO1—DKO8 in the CEM Cell Line
at 48 h

DK series ICyy (uM)
DKO1 92.63
DKO02 38.16
DKO03 50.71
DKO04 41.76
DKOS5 24.43
DKo06 23.43
DKO07 94.83
DKO08 50.60

energies with minimum standard deviation (10 kJ/mol<) and
its subcomponents shown in Table 4 are further validated
using 10 ns MD replicates. The higher negative van der Waal
energy obtained as a result of strong protein—ligand hydro-
phobic interactions is primarily responsible for the bigger —AG
value and strong binding affinity. Additionally, the MM-PBSA
binding energy is also influenced by the electrostatic energy
(mainly through protein—ligand hydrogen bonds) and the
solvent accessible surface area energy, both of which have
negative values. However, the overall negative value of the
binding energy is decreased by the rise in the polar solvation
energy with positive energy values. As per the MM-PBSA
binding energy estimates, the order of binding affinity of DK
series of compounds against a target kinase is interpreted as
DKO04 > DKO0S > DKO03 > DKO1 > DKO02 > DK06 > DK07 >
DKO08 (Table 4). Thus, DK04 and DKOS compounds are
considered as best inhibitors of a protein kinase in these
results. Using the code “energy2bfac” implemented in
g mmpbsa, we have deduced the energy contribution of
individual protein—ligand residues to the total binding energy
via subcomponents.

38623

The energy contributions of ligand residues DK01—-DXOS to
the MM-PBSA binding energy were found to be —62.90,
—61.09, —63.0, —69.29, and —67.95 kJ/mol, respectively. The
larger negative values of energy contribution of DK04 and
DKOS are an indication of its high binding affinity to the kinase
target. The data of protein residues (hot spot residues) in
complexation with DKO1, which possess large negative
energies as MM-PBSA binding energies, are shown in Figure
9a. The details of protein residues (bad contact residues) with
positive energy value contributions to MM-PBSA energy were
also included in the same plot. Subsequently, the detailed
nonbonding interaction profile (generated using LIGPLOT)
obtained from the protein—ligand conformation of DKO01 used
in MM-PBSA calculations are given in Figure 9b. Further, the
MM-PBSA energies of (hot spot and bad contact) protein
residues in DK02, DK03, DK04, and DKOS complexes are
presented in Figure 10a,b and 1la,b, respectively. Similar to
the nonbonding interaction profile of the DKO01—kinase
complex in Figure 9b, the same profiles for DK02, DKO03,
DKO04, and DKOS complexes are shown in Figure 12a,b and
13a,c, respectively.

The hot spot residues with high negative energy
contribution in the DKO1 complex (Figure 9a) are Ala3616
(—8.16), Arg3799 (—6.97), Met3609 (—4.88), and Arg3612
(—4.71) respectively. All of these hot spot residues except
Arg3799 had hydrophobic contacts (Figure 9b) with the DKO1
compound in the MD trajectory. As expected, the binding of
DKO1 complex is facilitated with hydrophobic interactions
rather than the hydrogen-bonded residue Arg3799.

Analysis of the DK04 complex having higher binding affinity
revealed that the significant hot spot residues with high
negative energy contribution (Figure 1la) are Leu3584
(—7.82), Ala3612 (—5.97) Asp3591 (—5.46), and Ala3616
(—4.39), respectively. Except Arg3612, all other residues
showed strong hydrophobic interactions with DKO04 as
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Figure S. Aligned docking poses of (a) DK01, DK02, DK03, and (b) DK04, DKOS compounds, respectively, in the active site of the protein kinase.
Protein residues and DK ligands are shown by ribbon and ball/stick representations, respectively. The specific DK compound can be identified

from its colored labels.

illustrated in Figure 13a. Meanwhile, Arg3612 is found to be
involved in hydrogen bonding interactions. Leu3584 and
Thr3797 with energy contributions —10.89 and —6.2 kJ/mol,
respectively, exhibit strong hydrophobic interactions with
DKOS (Figures 11b and 13b), which is considered as the
next best binder to the kinase protein. The Leu3584 residue
also exhibited consistent hydrophobic interactions with DK02
and DKO3 complexes with energy contributions of —7.52 and
—9.99 kJ/mol, respectively. The Leu3800 residue showed the
same trend in DK02 (—5.21 kJ/mol) and DKO03 (—8.59 kJ/
mol) complexes with negative free energy contributions to the
MM-PBSA binding energies. Leu residues (3584 and 3800)
were involved in the protein—ligand activity of all DK
complexes through hydrophobic contacts as confirmed from
MM-PBSA studies.

The presence of the Ala3616 residue with significant
hydrophobic interactions and a negative energy contribution
also facilitates effective protein—ligand binding in most of the
DK complexes, especially in DK01, DK02, and DK04. Amino

acid residues Leu3584 and Ala3616 identified in MM-PBSA
studies were also found as interacting residues in the best
docking poses earlier. However, the hydrogen bonding with
amino acid residue Arg3799 (with positive energy contribu-
tion) was found to be not energetically favorable in most cases
of solvated protein—ligand complexes.

Results of computational MM-PBSA protein—ligand binding
energies were found to be in close agreement with in vitro
studies of the cytotoxic capability and ICs, evaluation of
DKO01-DKO08 conducted in human B cell leukemic cell line
Nalmé rather than in the human T cell leukemic cell line
CEM. DKO01-DKOS in Nalmé demonstrated increased cell
death at doses as low as 2 yuM. DK07 and DKO8 need a higher
concentration of 100 uM for its better activity in cell lines.
Based on the Nalmé ICy, studies, the order of inhibitory
activity of DK compounds against the probable targets in the
cell line was given as DK04 ~ DKO05 > DK02 > DKOI =~
DKO03. When results from two cell lines were taken into
consideration, DK04 and DKOS5 demonstrated superior
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Figure 6. 3D representation of the best docking pose highlighting the interactions between the DKO1 compound (stick representation) and active
site amino acid residues (ball and stick representation) of the protein kinase.

Table 3. Dock Score and ICy, Values of DKO1-DKO08

compound  dock score ICy, value (uM) in  ICq, value (M) in
name (kcal/mol) Nalmé6 (48 h) Cem (48 h)
DKO1 —8.5 11.04 92.63
DKO02 —-8.5 8.11 38.16
DKO03 —8.7 11.27 50.71
DKO04 —8.8 2.80 41.76
DKO0S —8.8 2.57 24.43
DKO06 —8.4 17.84 2343
DKO07 —8.4 86.20 94.83
DKO08 —8.2 143.95 50.60

cytotoxicity in both cells. The potential exhibited by DK04 and
DKOS compounds with closer binding energy values as the best
inhibitors of kinase target (probable target included in the
Nalmé cell line) was also confirmed and validated from the
computational MM-PBSA binding energy calculations. MM-
PBSA binding energies and comparative inhibition of all other
DK series obtained from the in silico studies closely matched
the trends observed in Nalmé ICyjinvestigations.

3. CONCLUSIONS

We have synthesized a series of analogous small molecules by a
highly atom economical synthetic route. All the molecules were
obtained in crystalline form, yielding a single stereo isomer.
Biological evaluation through cytotoxic studies revealed the
potential of these compounds as anticancer agents. Specifically,
bromo- and nitro-substituted ketenimine sulfonamides (DK04
and DKOS, respectively) were found to have excellent ICq,
values in the low micromolar range against Nalmé cell lines.
The substituent effect of halogen atoms on benzene shows that
only bromine substitution makes the molecule effective against
the Nalmé6 cell line. Nitro substitution also showed equal
activity by cytotoxic and computational evaluation. Molecular
docking and simulation experiments were found to be in
agreement with the observed biological activity. The docking
scores and cytotoxicity results demonstrated a consistent
relationship, indicating that DK04 and DKOS exhibited strong
inhibitory activity against cancer cells (Nalmé and Cem),
which have moderate to good NHE] efficiency and expression
of DNA-PK. Future experiments to target the DNA-PK activity
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Figure 7. RMSD plots of (a) DK01—DKO03 complex structures and (b) DK04—DKO0S complex structures in the MD trajectory.
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Figure 8. RMSF of protein residues in (a) DKO1—DK03 complexes and (b) DK04—DKOS complexes in the MD trajectory.

Table 4. MM-PBSA Binding Energies with Standard Deviations of DK Protein—Ligand Complexes and Subcomponents of the

Net MM-PBSA Binding Energy

ketenimine van der Waal energy electrostatic energy polar solvation energy SASA energy (nonpolar solvation) binding energy
complex (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)
DKO1 —219.582 —42.74 185.273 —23.675 —100.725 + 9.47
DKo02 —204.518 —64.916 201.944 —21.276 —88.765 + 10.2
DKo03 —223.953 —33.69 175.15 —23.067 —105.56 + 10.4
DKo04 —201.073 —58.629 161.212 —21.208 —119.699 + 10.6
DKO0S —228.643 —112.832 252.383 —21.933 —111.025 + 9.1
DKO06 —234.598 —49.961 220.931 —23.782 —87.409 + 8.2
DKo07 —109.717 =3.751 48.225 —12.326 —77.569 + 10.34
DKO08 —182.66 —69.514 201.06 —21.103 —=72.217 £ 9.34
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Figure 9. (a) Significant hot spot and bad contact (residue id’s) with negative and positive energy contributions, respectively, to the total MM-
PBSA binding energy of the DKO1 complex. (b) Corresponding nonbonding interaction profile between the DKO1 ligand residue and protein
residues in its complex structure. Among these residues, the id of DK01-ligand residue is Lig4129 (b). Protein residues exhibiting hydrophobic
and hydrogen bonded interactions with the ligand are labeled by red arcs and ball/stick representation with green dotted lines, respectively.

need to be done to reiterate the potential of these derivatives
as anticancer agents.

4. EXPERIMENTAL METHODS

4.1. Materials and Methods. The purity was determined
by high-performance liquid chromatography (HPLC). Purity
of all final compounds was found to be 95% or higher. A
Shimadzu semipreparative HPLC instrument [SPD-MI10A
UV-detector)] was used. A Thermoscientific C18, 5 um
particle size (250 mm X 4.6 mm) column was employed.
HPLC analysis of all compounds was performed by eluent A,
acetonitrile; eluent B, water, binary MeCN/H,0 = 90/10 to
10/90; flow rate = 1.0 mL/min; detection at 254 nm; column

38626

temperature of 25 °C; and injection of 20 uL of 34.3 mM DK
series in methanol. Mass spectra were recorded on a Waters
SYNAPT-G2 equipped with a Waters Z-spray ESI source. 'H
NMR and "*C NMR spectra were recorded on a BRUKER 400
MHz and JEOL 400 MHz spectrometer. NMR spectra were
obtained on solutions in CDCI;. The chemicals used in this
work were purchased from Sigma-Aldrich. HPLC grade
dichloromethane (DCM) was used as the solvent for the
reaction.

4.2. Procedure. The typical procedure for the synthesis of
ketenimines DKO01 to DKOS is as follows: To a stirred solution
of benzenesulfonamide derivatives (2.5 mmol) and dimethyl
acetylene dicarboxylate (2.5 mmol), tertiary-butyl isocyanide
(2.5 mmol) was added. The mixture was stirred for 8 to 12 h in
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Figure 10. Significant hot spot and bad contact residue id’s with its energy value contributions, respectively, to the total MM-PBSA binding energy

of (a) DKO02 and (b) DKO03 complexes.
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Figure 12. Nonbonding interaction between ligand residue and protein residues in (a) DKO02 and (b) DK03 complexes. Protein residues exhibiting
hydrophobic and hydrogen bonded interactions with the ligand are shown by red arcs and ball/stick representation with green dotted lines,

respectively.

20 mL of DCM. DCM was removed under reduced pressure,
and the product was recrystallized from a 2:1 (vol/vol)
methanol—ethanol mixture.*” The crystals were washed with
methanol and dried under vacuum.

4.3. Dimethyl 2-((tert-Butylimino)methylene)-3-
(phenylsulfonamido)succinate (DKO1). White crystalline
solid; 80% yield (0.76392 g, 1.99 mmol). 'H NMR (CDCI3,
400 MHz): 6y (ppm) 1.35 (9H, s, C(CH;);, 3.54 (6H, m, 2 X
OCH,), 4.61 (1H, d, *] = 8.0 Hz, CHNH), 5.76 (1H, d, ¥ =
8.0 Hz), 7.40—7.51 (m, 3H, arom), 7.78—7.81(m, 2H, arom).
Sc (ppm) 29.4, 50.6, 52.1, 52.7, 61.9, 62.6, 126.1, 127.9, 131.6,

139.3, 164.6, 167.8, 168.9. HRMS (M + Na)* C,,H,,N,NaO,S
405.1096 (Calcd); 405.1083.

4.4. Dimethyl 2-((tert-Butylimino)methylene)-3-(4-
chlorophenylsulfonamido)succinate (DK02). White crys-
talline solid; 79% yield (0.8224 g, 1.97 mmol), 'H NMR
(CDCI3, 400 MHz): &y (ppm) 1.35 (9H, s, C(CH,),), 3.55—
3.59 (6H, m, 2 X OCH,), 4.60 (1H, d, *J,y = 8.0 Hz), 5.80
(m, 1H), 7.38—7.40 (m, 2H, arom), 7.72—7.74 (m, 2H, arom).
oc (ppm): 30.4, 51.7, 53.2, 53.8, 63.0, 63.3, 128.6, 129.1, 139.1,
165.3, 168.7, 169.8. HRMS (M + Na)* C,,H,,CIN,NaO.S
439.0707 (Calcd); 439.0714.
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Figure 13. Nonbonding interaction between ligand residue and protein residues in (a) DK04 and (b) DKOS complexes. Protein residues exhibiting
hydrophobic and hydrogen bonded interactions with the ligand are shown by red arcs and ball/stick representation with green dotted lines,

respectively.

4.5. Dimethyl 2-((tert-Butylimino)methylene)-3-(4-
methoxyphenylsulfonamido)succinate (DK03). White
crystalline solid; 80% yield (0.824 g, 2 mmol), 'H NMR
(CDCI3, 400 MHz): 5y (ppm) 1.43 (9H, s, C(CH,);), 3.63
(6H, m, 2 X OCH,), 3.86 (CH,), 4.63 (1H, d, ¥J;y;; = 8.0 Hz),
5.74 (m, 1H), 6.94—6.96 (m, 2H, arom), 7.78—7.80 (m, 2H,
arom). ¢ (ppm): 30.5, 51.8, 53.2, 53.6, 56.0, 63.0, 63.9, 114.1,
129.4, 131.9, 160.0, 168.9, 170.2. HRMS (M + H)*
CsH,sN,0,S 413.1382 (Caled); 413.0657

4.6. Dimethyl 2-((tert-Butylimino)methylene)-3-(4-
bromophenylsulfonamido)succinate (DK04). White crys-
talline solid; 75% yield (0.864 g, 1.88 mmol), 'H NMR
(CDCI3, 400 MHz): 6 (ppm) 1.41 (9H, s, C(CH,)5), 3.60—
3.65 (6H, m, 2 X OCH,), 4.64 (1H, d, *J,;; = 8.0 Hz), 5.85
(m, 1H), 7.60—7.62 (m, 2H, arom), 7.70—7.72 (m, 2H, arom).
oc (ppm): 30.5, 51.8, 53.3, 53.8, 63.1, 63.4, 127.7, 128.8, 132.2,
139.6, 165.3, 168.9, 169.9. HRMS (M + H)* C,,H,,BrN,OS
461.0382 (Calcd); 461.9653

4.7. Dimethyl 2-((tert-Butylimino)methylene)-3-(4-
nitrophenylsulfonamido)succinate (DK05). White crystal-
line solid; 75% yield (0.8002 g 1.87 mmol), 'H NMR
(CDCI3, 400 MHz): 6y (ppm) 1.43 (9H, s, C(CH,);), 3.60—
3.68 (6H, m, 2 X OCH,;), 4.73 (1H, d, *Jz4 = 8.0 Hz), 6.08
(m, 1H), 8.07—8.04 (m, 2H, arom), 8.34—8.32 (m, 2H, arom).
Sc (ppm) 30.4, 51.8, 53.3, 54.0, 62.9, 63.2, 124.1, 128.4, 146.5,
150.0, 164.6, 168.8, 169.5. HRMS (M + H)* C,,H,,N;0,S
428.1128 (Calcd); 428.1118

4.8. Dimethyl 2-((tert-Butylimino)methylene)-3-(4-
isopropylphenylsulfonamido)succinate (DKO06). White
crystalline solid; 75% yield (0.795 g, 1.875 mmol). 'H NMR
(CDCI3, 400 MHz): 5y (ppm) 125 (6H, s, 2 X CH;), 1.40
(9H, s, C(CH,),), 2.93 (1H, q, CH), 3.60 (6H, s, 2 x OCHj,),
4.64 (1H, d, ¥y = 8.0 Hz), 5.77 (1H, d), 7.30—7.32 (m, 2H,
arom), 7.74—7.77 (m, 2H, arom). &c (ppm): 23.8, 30.5, 34.3,
51.8, 53.2, 53.7, 63.0, 63.8, 127.1, 127.4, 137.6, 154.1, 165.9,
168.9, 170.1. HRMS (M + Na)* C,oH,sN,NaOS 447.1566
(Calcd); 447.1570.

4.9. Dimethyl 2-((tert-Butylimino)methylene)-3-(4-
fluorophenylsulfonamido)succinate (DKO7). White crys-
talline solid; 75% yield (0.6199 g, 1.55 mmol). 'H NMR
(CDCI3, 400 MHz): 6y (ppm) 1.41 (9H, s, C(CH,),), 3.61
(s, 3H, OCHj,), 3.65 (s, 3H, OCH,) 4.65 (1H, d, ¥y = 8.0
Hz), 5.81 (m, 1H), 7.13—7.17 (m, 2H, arom), 7.85—7.88 (m,

2H, arom). 6c (ppm) 30.5, 51.8, 53.3, 53.8, 63.1, 63.5, 116.1,
116.3, 130.0, 136.6, 165.5, 168.9, 168.9, 169.9. HRMS (M +
Na)* C,,H,,FN,NaO4S 423.1002 (Calcd); 423.1013.

4.10. Dimethyl 2-((tert-Butylimino)methylene)-3-(4-
iodophenylsulfonamido)succinate (DK08). White crystal-
line solid; 54% yield (0.6831 g, 1.34 mmol). "H NMR (CDCl,,
400 MHz): & (ppm) 1.41 (9H, s, C(CH,);), 3.61 (s, 3H,
OCH,), 3.65 (s, 3H, OCH,) 4.64 (1H, d, *Jyy = 8.0 Hz), 5.83
(m, 1H), 7.55—7.57 (m, 2H, arom), 7.81—7.84 (m, 2H, arom).
oc (ppm): 30.5, 51.8, 53.3, 53.8, 63.1, 63.4, 100.1, 128.7, 138.2,
140.2, 165.3, 168.9, 169.8. HRMS (M + Na)
*C,,H,,IN,NaO¢S 531.0063 (Calcd); 531.0071.

K
[

Meooc%
© o
/ : SO,NH, ﬁ?c pem 2 _NH COOMe

= _
Meo0C . SN s
X RT, 6h /O/ o
X

X = -H, Cl, -0-CHg, -Br, -NO,, -CH(CHj),, -F, -1

R, -H -Cl -OCH; | -Br -NO, CH(CHjy), | -F -1

(DKO1) | (DK02) | (DK03) | (DK04) | (DKO05) | (DK06) | (DKO7) | (DK08)

Yield 80 79 80 75 75 75 62 54

(%)

4.11. Cell Lines and Culture Media. Human B cell
leukemia cell line, Nalm6, and human T cell leukemic cell line,
CEM were cultured in RPMI 1640 supplemented with 10%
FBS and 100 U of penicillin G/mL and 100 mg/mL of
streptomycin, as described before.”®"~¢!

4.12. Cytotoxicity Analysis by Trypan Blue Exclusion
Assay. Cytotoxicity analyses of DK compounds were
performed using trypan blue assay, as described before.”¢>%3
Briefly, 25,000 cells/mL were seeded in 24-well tissue culture
grade plates and treated with increasing concentrations of the
compounds DK01-DKO08 (1, 2, S, 10, 50, 100 uM) for 48 h.
The control cells were treated with an equivalent highest
concentration of DMSO. After 48 h of incubation, cells were
mixed in a 1:1 ratio in 0.4% Trypan Blue (Sigma-Aldrich,
USA) prepared in 1X PBS and counted under a microscope
using a hemo cytometer. Viable cells that did not take up the
stain were counted and represented in percentage as a function
of concentration.
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The 50% inhibitory concentration or IC, of DK01—-DKO08
was calculated at 48 h using GraphPad Prism software.
Experiments were performed minimum thrice independently,
and error bars denote mean + SEM.

4.13. Materials and Methods in Computational
Calculations. 4.13.1. Molecular Docking Calculations. The
ketenimine series were docked to Chain C of DNA-dependent
kinase protein (PDB ID; SY3R). The catalytic amino acid
residues belong to this region. B3LYP-SVP-optimized geo-
metries of ketenimine compounds obtained from Turbomole
software (Quantum-DFT package) were used in complete in
silico studies. Autodock Vina version 1.2 package was utilized
to execute the molecular docking calculations.”®*~%® The
binding site domain of the kinase C is documented in the
literature. The center of the grid box in the vina calculation is
fixed at the centroid of this binding site domain located
between AMN3676 and AMN4100 of the protein kinase.
There are 4600 grid points in the vina calculation. The
exhaustiveness parameter was set to a default value of 8. The
protein—ligand complex structures (docking poses) corre-
sponding to higher docking scores are selected for analysis and
further simulation studies.

4.13.2. Molecular Dynamics Simulations. Protein—ligand
molecular dynamics simulations of 9 ketenimine—kinase
complexes were performed using the GROMACS 2018.1
package. The best docking poses obtained from the molecular
docking calculations were used as the initial structures for the
MD simulations. Each docked ligand was protonated at
physiological P and uploaded to the ATB server to obtain
the GROMOS force field parameters for both ligand and
protein systems. The protein ligand complex structure is
solvated using TIP3P water molecules in a cubic periodic box
followed by energy minimization using the steepest descent
method. Two ns’s NVT and NPT equilibration were performed
prior to 100 ns of production run. Temperature and pressure
of the simulating system were controlled at 310 K and 1 bar,
respectively. The Verlet algorithm was used for integration
with a time step of 2 fs. The bond constraints and electrostatic
interactions were dealt with linear constraint solver (LINCS)
and particle—mesh Ewald algorithms, respectively. The
coordinates of the MD trajectory obtained during the
production run were saved after every 10 ps. In order to
validate the consistency of results from the MD trajectory and
post MD MM-PBSA calculations, we performed short-duration
MD replicates followed by trajectory analysis.

4.13.3. MM-PBSA Binding Free Energy Calculations. We
have utilized the g mmpbsa code implemented with MM-
PBSA binding free energy calculations to find the binding
affinity of ketenimines in all its complexes with the kinase
protein.”” We have utilized the protein—ligand conformations
from the eguilibrated MD trajectory to perform these
calculations.®® The free energy (G) of binding a ligand (L)
to a protein (P) to form a protein—ligand complex (C) is
calculated as

AGypg = G — (Gp + G) (1)
Generally, the G term is calculated as

G= EMM + Gsolv - TS (2)
EMM = Ebonded + Eelec + EVCIW (3)

The molecular mechanics potential (Eyy) in eq 3 is
obtained by adding bonding and nonbonding terms, where the

latter includes van der Waals and electrostatic terms. In the
current methodology of finding the relative binding energy, the
entropy term (TS) in eq 2 is neglected.

Gsory = Gpp + Gga 4)

The free energy of solvation (G,,) is the sum of Poisson—
Boltzmann Equation (Gpg) term of polar interactions and
nonpolar free energy term (Gg,) of solvent-accessible surface
area. The solvent dielectric constant and solvent probe radius
were set as 80 and 1.4 A, respectively, in the MM-PBSA
calculation. The binding free energies of protein—ligand
systems obtained from these calculations were further validated
by repeating the same using protein—ligand conformations
obtained from MD replicates. Further, we also analyzed the
crucial residues of complex systems that contributed to the
MM-PBSA binding energy using “energyb2fac” code, which
performed the binding energy decomposition analysis.
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