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Discovery of novel and potent lead molecules for the specific therapeutic targets by de novo drug design is still in
infancy. Here, we disclose the unprecedented development of imidazopyri(mi)dine-based tumor pyruvate kinase
M2 (PKM2) modulators by subsequent link and grow strategy. The most potent modulator 15n acts as a PKM2
activator with an AC50 of 90 nM, with considerable cancer cell-selectivity and membrane-permeability. NMR
metabolomics studies also revealed that treatment with 15n results in diminution in lactate concentrations in
MCF-7 cells. 15n binds to a previously reported site at PKM2 adjacent to the interface of two monomers. In
molecular dynamics (MD) simulation studies, it was observed that 15n stabilizes the PKM2 at the dimeric
interface, assisting in the formation of a biologically active tetramer conformation. 15n was also screened on
MCF-7 breast cancer cell lines grown on 3-D scaffolds, and the results exhibited better anticancer potential
compared to control, paving the way for future clinical studies.

1. Introduction
Normoxic and hypoxic cells differ in the way of the utilization of
extracellular nutrients. Enhanced glucose uptake and favorable con
version of glucose to lactate is a typical hallmark of several cancers. This
difference provides an opportunity to interfere with tumor growth. In
cancerous cells, tumor pyruvate kinase M2 (PKM2) is highly expressed.
Thus, pyruvate kinase regulates a step-in glucose metabolism that can be
crucial for controlling cell proliferation (Patel et al., 2021; Zhu et al.,
2021). PKM2 is chiefly responsible for the metabolic reprogramming of
cancerous cells and the Warburg effect (Liberti and Locasale, 2016; Luo
et al., 2011). Tetrameric pyruvate kinase catalyzes the terminal step in
glycolysis and converts phosphoenolpyruvate (PEP) to pyruvate,
whereas dimeric PKM2 ends up with lactate. Dimeric PKM2 is typically
located in the nucleus of cancerous cells, from where it directs cell

invasion, division, and metastasis. The modulation of PKM2 is an
essentially biological process as it may inhibit tumor growth (Zahra
et al., 2020). Indirectly, PKM2 provides the biofuel to rapidly prolifer
ating cancer cells by participating in macromolecular biosynthesis. The
activation of PKM2 is invariably related to tetramer formation and
termination of tumor proliferation (Rihan et al., 2019). In light of these
findings, the cellular effect of the cancerous cell might mimic by the
holding of the active tetrameric form of the PKM2 by the binding of the
small-molecules modulators to the PKM2 (Yang, 2015).
In the past decade, few modulators of tumor PKM2 have been
developed. TEPP-46 (1) (Wubben et al., 2020), and N, N’-diary
lsulfonamide-based (DASA-58, 2) (Anastasiou et al., 2012) (Fig. 1) are
found to be novel PKM2 activators (Rathod et al., 2021). Recently,
TP-1454 (3, Fig. 1) developed by Sumitomo Dainippon Pharma
Oncology became the first PKM2 activator to be tested in patients with

; PKM2, pyruvate kinase M2.
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advanced metastatic or progressive solid tumors in combination ther
apy. This clearly represents a dearth of drugs that are aimed to target the
underlying metabolic drivers of tumor growth (Siddiqui-jain et al.,
2021). Similarly, micheliolide (4, Fig. 1) (Li et al., 2018) and parthe
nolide dimers activate PKM2 and reduce U118 tumor xenograft (Ding
et al., 2020). Thus, the development of PKM2 activators may add to the
fresh arsenal of anticancer agents.
Similarly, polyphenolic compounds like apigenin (5) (Shan et al.,
2017), resveratrol (6) (Iqbal and Bamezai, 2012), and shikonin (7)
(Ning et al., 2017) are established as PKM2 inhibitors (Fig. 1). However,
these modulators are yet to hit the market. The plausible reasons might
be a lack of efficacy in autochthonous tumor models, non-selectivity,
toxicities associated with covalent inhibition of kinases, and PAINS
propensity of polyphenolics (Anastasiou et al., 2012; Hsu and Hung,
2018; Wubben et al., 2020).
Out of several anticancer scaffolds existing in the market, we chose
imidazopyrimidines and imidazopyridines, having a reasonable pres
ence in more than 10 USFDA approved drugs and currently over 12 in
active clinical development (El Sayed et al., 2010; Humphries et al.,
2006; Rupert et al., 2003). This includes tyrosine kinase inhibitor
(ponatinib, 8), microtubule inhibitor (9), and cyclin-dependent kinase
(CDK) inhibitors (10, 11) for the treatment of cancer (Fig. 2) (Bakherad
et al., 2019; Coxon et al., 2017; Kamal et al., 2015, 2010; Sayeed et al.,
2017).
Herein, we describe the de novo design, synthesis, biochemical as
says, atomic-level molecular mechanism, and the cellular fate of
imidazopyri(mi)dine-based novel molecules that act as PKM2 modula
tors possessing a distinctive allosteric binding. We demonstrate that 15n
precisely activates PKM2 in the cancerous cells and terminates prolif
eration. The same was also corroborated by cytotoxicity assay, cell cycle
analysis, and apoptosis assay.

derived)) and Corning trans well inserts (6 mm diameter) were pur
chased from Sigma Aldrich, India. 1H NMR and 13C NMR were recorded
at 500 MHz/ 400 MHz and 125 MHz/ 100 MHz respectively using
Bruker NMR with internal standard tetramethylsilane (as δ = 0 ppm).
Coupling constants (J) values are given in Hz. The following abbrevia
tions were used to assign chemical shift multiplicities: s = singlet, br =
broad, d = doublet, t = triplet, q = quartet, m = multiplet. NMR data
was interpreted in MestReNova software. Mass spectra were recorded in
positive mode using the Agilent 6545, LC/MS with a Q-TOF analyzer.
The purity of compounds was determined using the high-performance
liquid chromatography (HPLC) method (the compounds exhibited
>95% purity) on Agilent 1260 infinity II systems with phenomenix ki
netic C18 column (250 × 4.6 mM, 5 μM) eluted at 1 mL/min 0.1% formic
acid and CH3CN. FTIR spectra were recorded in a potassium bromide
(KBr) pellet using the Bruker ALPHA FTIR instrument. FTIR data was
interpreted using Alpha Opus 7.5 Bruker software. The melting point of
the synthesized compounds was recorded in the BUCHI M-560 instru
ment. For the cell viability, media absorbance was recorded in Varioskan
LUX multimode microplate reader (Thermo Fisher Scientific). For the
lactate dehydrogenase (LDH) coupled enzyme assay, a decreasing con
centration of NADH was recorded at 340 nm in kinetic mode using
Varioskan LUX multimode microplate reader (Thermo Fisher Scientific).
Cell cycle analysis and apoptosis assay were performed using the S3e
Cell Sorter instrument (Bio-Rad). Western blot bands were visualized
using the ChemiDocTm Touch imaging system (Bio-Rad). All structures
were drawn in a licensed version of Chemdraw. The particle size was
determined using Zetasizer Nano ZS (Malvern Panalyticle, United
Kingdom).
2.2. Synthesis of Imidazopyrimidine derivatives
Synthesis of (E)-N,N-dimethyl-N’-(pyrimidin-2-yl)formimidamide
(13a). Initially, Imidazopyrimidine (12a) was treated with 3.0 equiv
DMF-DMA in the presence of methanol at 80 ◦ C for 4 hours (Rasapalli
et al., 2013). The completion of the reaction was monitored through thin
layer chromatography (TLC) by the completed consumption of 12a. The
reaction mixture was concentrated under the vacuum pressure and
utilized to synthesize 13a without further purification.
Synthesis of 2-chloro-1-(imidazo[1,2-a]pyrimidin-3-yl)ethan-1-one
(14a): Step-1 product 13a was treated with 1,3-Dichloroacetone in
presence of aprotic solvent acetonitrile at 50 ◦ C for the 12 hours. After
completing the reaction, the product (14a) was filtered off and washed
with acetonitrile (Vasu et al., 2017). Without further purification of 14a,
it was utilized for the synthesis of 15a.

2. Materials and methods
2.1. General consideration
2-Aminopyridine, 2-Aminopyrimidine, Piperazine derivatives, Ben
zoic acid derivatives, Dimethyl sulfoxide (DMSO), Dimethylformamide
(DMF), N,N-Dimethylformamide dimethyl acetal (DMF-DMA), 1-Bocpiperazine, 1,3-Dichloroacetone, N,N-Diisopropylethylamine (DIPEA),
Thionyl chloride (SOCl2), Trifluoroacetic acid (TFA) were purchased
from Sigma Aldrich. Acetonitrile (ACN), Dichloromethane (DCM),
Chloroform (CHCl3), Ethyl acetate, Hexane, Ethanol, Methanol, and
Tetrahydrofuran (THF) were purchased from Thermo Fisher Scientific
India Pvt. Ltd. Polystyrene polymer (tissue culture polystyrene (TCPS

Fig. 1. Reported pyruvate kinase M2 (PKM2) modulators.
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Fig. 2. Imidazopyrimidines containing anticancer molecules.

2.3. Synthesis of substituted benzoyl piperazine derivatives (21a-c)

completion of the reaction was monitored through the thin layer chro
matography (TLC) by the completed consumption of 12a’ (Rasapalli
et al., 2013). The reaction mixture was concentrated under the vacuum
pressure and utilized to synthesize 14c’ without further purification.

4-chlorobenzoic acid (17a) was treated with thionyl chloride in
reflux conditions for 2 h (Xu et al., 2019). After the completion of the
reaction, the reaction mixture was dried under the vacuum condition.
Without further purification, crude product 4-chlorobenzoyl chloride
(17a) was treated with 1-Boc-piperazine (19) in the presence of hin
dered base N, N-Diisopropylethylamine (DIPEA) in dichloromethane
(DCM) at 0 ◦ C to room temperature for 2 h. After the completion of the
reaction, the reaction mixture dried under vacuum pressure led to 20a.
Benzoyl piperazine derivative (4-chlorophenyl)(piperazin-1-yl)meth
anone (21a) was synthesized by the deprotection of tert-butyl
4-(4-chlorobenzoyl)piperazine-1-carboxylate (20a) under the acidic
conditions (trifluoroacetic acid) (Scheme S1 in supplementary data)
(Benfodda et al., 2017). (Following method has been adapted for the
synthesis of (4-methoxyphenyl)(piperazin-1-yl)methanone (21b) and
(3-chlorophenyl)(piperazin-1-yl)methanone (21c).
Synthesis of 1-(imidazo[1,2-a]pyrimidin-3-yl)-2-(4-phenylpiperazin1-yl)ethan-1-one (15a): 14a treated with 1-phenylpiperazine (pipera
zine derivatives) in presence of K2CO3 in aprotic polar solvent at 100 ◦ C
for the 2 hours leads to 80% yield of 15a (Matsufuji et al., 2013). Step-3
product (15a) was purified by column chromatography in CHCl3: MeOH
solvent system. The same method has been adapted for the synthesis of
15b-15s.

Synthesis of 2-chloro-1-(imidazo[1,2-a]pyridin-3-yl)ethan-1-one
(14c’): Step-1 product 13b’ treated with 1,3-Dichloroacetone in
presence of aprotic solvent acetonitrile at 50 ◦ C for the 12 hours
(Vasu et al., 2017). After the completion of the reaction, product
(13c’) was purified by column chromatograph utilized to synthesize
16a.
Synthesis of 1-(Imidazo[1,2-a]pyridin-3-yl)-2-(4-phenylcyclohexyl)
ethan-1-one (16a): 14c’ was treated with 1-phenylpiperazine (pipera
zine derivatives) in presence of K2CO3 in aprotic polar solvent at 100 ◦ C
for 2 hours leads to 85% yield of 16a (Matsufuji et al., 2013). Step-3
product (16a) was purified by column chromatography in CHCl3:
MeOH solvent system. The same method has been adapted for the syn
thesis of 16b-16r.
2.5. Cell lines
MCF-7 cell line (breast cancer cells line), A549 cell line (lung cancer
cells line), and MCF-10A cell line (human mammary epithelial cell line)
were purchased from American type culture collection (ATCC), whereas
Colo-205 cells were obtained from National Center for Cell Science
(NCCS), Pune, India, DMEM (Dulbecco’s Modified Eagle Medium (high
glucose medium)), RPMI-1640 (Roswell Park Memorial Institute 1640),
and F-12K (Ham’s F-12K (Kaighn’s medium) medium, DMEM/F12
(Dulbecco’s Modified Essential Medium and Ham’s F-12 Medium)

2.4. Synthesis of Imidazopyridine derivatives
Synthesis of (E)-N,N-dimethyl-N’-(pyridin-2-yl)formimidamide
(12b’). Initially, Imidazopyridine (12a’) was treated with 3.0 equiv of
DMF-DMA in the presence of methanol at 80 ◦ C for 4 hours. The
3
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medium, Fetal Bovine Serum (FBS), Penicillin, Streptomycin, Horse
Serum, EGF (Epidermal Growth Factor), Hydrocortisone, Cholera Toxin,
Insulin, and Dead Cell Apoptosis Kit (Annexin V FITC and propidium
iodide (PI)) were purchased from Thermo Fisher Scientific (Gibco) India.
Human pyruvate kinase M2 (PKM2, SAE0021) and [3-(4,5-dimethyl-2thiazolyl)-2,5-diphenyl-2H tetrazolium bromide] (MTT) were pur
chased from Sigma Aldrich, India. Alamar Blue dye was purchased from
HiMedia Laboratories, India.
MCF-7, Colo-205, and A549 cells were cultured in DMEM, RPMI1640, and F-12K media respectively. Media contain 10% Fetal Bovine
Serum (FBS), 100 IU/mL penicillin, and 100 IU/mL streptomycin. MCF10A cells were grow in DMEM/F12 media contain 5% Horse Serum, 20
ng/mL EGF, 0.5 mg/mL Hydrocortisone, 100 ng/mL Cholera Toxin, 10
µm/mL Insulin, and 100X Pen/Strep 5 mL. All Cells were cultured in a
CO2 incubator with 95% of air, 5% CO2 at 37◦ C.

2.9. Protein cross-linking assay SDS-PAGE analysis
MCF-7 cells were incubated with compound 15n for 48 hours at 10

μM. After the incubation period, cells were harvested and washed with

1xPBS. An equal number of the cells were suspended in the 450 µL of the
PBS (pH = 8) and added 50 µL of Disuccinimidyl suberate (DSS) crosslinking agent (maintain 5 mM concentration). The reaction mixture
was kept for 30 minutes with low agitation speed at room temperature.
Afterward, quenched the reaction mixture by adding 50 μL of 1M Tris
(maintain 100 mM concentration) for 15 minutes. Pellet lysed in SDS
blot loading buffer and heat 95 ◦ C for 5 minutes. Thereafter, 5 × 105
cells loaded per well and resolved with 10% SDS-PAGE, and transferred
to polyvinylidene difluoride (PVDF) membranes. Subsequently incu
bated with primary antibody (PKM2, #4053; 1:1000 was obtained from
Cell Signaling Technology) at 4◦ C for 24 hours with gentle shaking.
Afterward, the membrane was incubated with a secondary antibody
(Anti-rabbit) for 1 hour at room temperature and washed with 1X Trisbuffered Saline, 0.1%Tween (TBST) 3 times (5 minutes each). Bands
were visualized by chemiluminescence (Ding et al., 2020).

2.6. Antiproliferative activity
The anti-proliferative activity of the synthesized compounds was
checked against MCF-7, Colo-205, A549, and MCF-10A cells. Per well 1
× 104 cells were plated in a 96 well plate and allow to attachment for 24
hours. MCF-7 and Colo-205 cells were treated at 1 μM, 5 μM, 10 μM, and
25 μM concentration of synthesized compounds and incubated for 48
hours. At the end of the incubation period, cells were incubated further 4
hours with 10 μL (5 mg/mL) of 3-(4,5-dimethyl-2-thiazolyl)-2,5diphenyl-2H tetrazolium bromide (MTT) solution. Further, the media
was removed, and formazan crystals were dissolved in 100% DMSO.
Absorbance was measured at 570 nm using a Varioskan LUX multimode
microplate reader (Patel et al., 2019). The A459 and MCF-10A cells were
treated at 1 μM, 5 μM, 10 μM, and 25 μM concentrations of synthesized
compounds and kept for 48 hours. At the end of the incubation period,
cells were incubated further for 4 hours with 10 μL (5 mg/mL) of Ala
marBlue solution and recorded fluorescence excitation at 510 nm and
emission at 590 nm using the Varioskan LUX multimode microplate
reader. The following equation calculated percentage cell viability:
Percentage cell viability = (At/Ac) x 100, where At: absorbance values
of the test compound, Ac: absorbance values of control (Patel et al.,
2019; Sharma et al., 2019).

2.10. NMR metabolomics studies
15 × 106 MCF-7 cells were grown in 150 mm tissue culture dishes
containing a DMEM medium. Cells were treated with 15n at 10 μM for
48 hours after incubation periods cell were washed with ice-cold 1x PBS
for the four times. Cells were harvested in 5.4 mL 1xPBS (pH=7.4) in a
falcon tube. Cells were immersed in liquid nitrogen and thaw slowly on
the ice bath. Afterward, cells were quenched by applying 3 short-pulse
cycles of sonication for 30 seconds each time. Intracellular metabolites
were extracted by adding 6 mL of cold methanol (-20 ◦ C) and 6 mL of
chloroform, then the mixture was kept for 20 minutes on ice and vor
texed frequently to facilitate the extraction. The cell extracts were
centrifuged at 4000 g at 4 ◦ C for 20 min and collect aqueous soluble
metabolites, and removed solvent residue by applying a vacuum
concentrator flow of N2 gas. Intracellular metabolites were dissolved in
540 µL of D2O solvent in 5 mm NMR tube with 60 µL of D2O solution
containing the sodium salt of (trimethylsilyl) propanoic-2,2,3,3-d4 acid
(TSP) (0.1% w/v), used as internal chemical shift reference (dH 0.00
ppm) (Lauri et al., 2016; Shard et al., 2016) and analyzed 1H NMR
(number of scans = 7000) by 500 MHz Bruker NMR.

2.7. Cell cycle analysis

2.11. LDH-coupled enzyme assay

Per well MCF-7 (1 × 105) cells were seeded and treated with 15n at
10 µM concentration, incubated in 95% of air, 5% CO2 at 37◦ C in 6 well
plate for 24 hours. After incubation, cells were washed with 1x
phosphate-buffered saline (PBS) thrice, and a pellet was made. Cells
were fixed with ice-cold 300 µL of 70% ethanol and kept for 30 min.
After the incubation, cells were washed with 1xPBS and treated with 250
µL of RNaseA (100 µg/mL) on ice for 20 minutes. After that, cells were
washed with 1xPBS and add 250 µL of 50 µg/mL propidium iodide to the
treated cells and kept for 20 minutes (Shi et al., 2019). Samples were
analyzed using a flow cytometer.

Pyruvate kinase (PK) activation and inhibition were measured by
LDH-coupled assay according to the reported protocol (Boxer et al.,
2010). All the synthesized compounds (15a-15s and 16a-16r) were
dissolved in DMSO and final concentrations of 1, 10, 20, 30, and 50 µM
were prepared. Reaction mixture contained final concentration 50 mM
Tris–HCl (pH 7.5), 100 mM KCl, 10 mM MgCl2, 0.6 mM PEP, 0.9 mM
ADP, 0.12 mM β-NADH, and 8 U/mL LDH. 1 µL of desire concentration
of chemical compounds added to 9 µL (50 pg/mL) recombinant human
PKM2 solution and kept for 30 minutes at 25 ◦ C. Then added 10 µL
solution to 125 µL of the reaction mixture and measured pyruvate kinase
activity. PK activity was measured by calculating the decrease in
absorbance of β-NADH at 340 nM over the 20 minutes (Boxer et al.,
2010; Chen et al., 2011).

2.8. Apoptosis assay
In each well MCF-7 (1 × 105) cells were incubated in 6 well plate
having DMEM medium. After 24 hours, cells were treated with 15n with
10 µM concentration followed by the incubation in 5% CO2 at 37 ◦ C for
24 hours. Upon completion of 24 hours, cells were washed with 1xPBS
and resuspend in 100 µL of 1x annexin binding buffer for 20 minutes in
ice in a dark place. Afterward, cells were stained with Annexin-V (5 µL)
and propidium iodide (PI) (5 µL of 100 µg/mL) for 15 minutes at room
temperature. After the incubation period, add 400 µL 1x annexin bind
ing buffer and measure fluorescence by flow cytometer (R. Li et al.,
2018).

2.12. Determination of particle size by Zetasizer
The compound (15n) solution (10 μM) and recombinant PKM2 (250
μg/mL) was filtered through 20-nm (Whatman, Anotop 10) and 0.45-

mm hydrophilic PTFE (Millipore) filters, respectively. The filtrate re
combinant PKM2 was treated with 15n for 30 min at room temperature,
then measure particle size using Dynamic Laser Light Scattering (DLS)
analyzer (Zetasizer Nano ZS)(Ding et al., 2020).
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2.13. Design, fabrication, and characterization of nanofibrous cell culture
inserts

z-direction with a spacing of 0.357 Å. Default parameters have been
used for the docking with 10 Lamarckian Genetic Algorithm (LGA) runs
and maximum of 250000 evaluations. 2-D structures were visualized in
Discovery Studio Biovia 2019 (Biovia, 2017) and 3-D structures in
Chimera 1.13.1 (Pettersen et al., 2004). Molecular docking was per
formed in tetrameric conformations of the PKM2 at the monomeric
interface binding site (Anastasiou et al., 2012).

The polystyrene (PS) solution of 12% w/v was prepared in solvents
(THF: DMF:: 1:1), and the solution was homogenized by stirring it over a
magnetic stirrer for 4-5 hours. The PS solution was used to spun nano
fibers by an electrospinning technique Nano spin, Physics equipment.
The parameters were optimized to obtain a random non-woven nano
fiber mat (Rizvi et al., 2012). The parameters include electrode distance
20 cm, voltage 12 kV, the flow rate of 0.4 mL/h, and needle gauge 24.
The nonwoven fiber mat was deposited on an inverted transwell insert
whose microporous membrane polycarbonate membrane was removed
to generate nanofibrous cell culture inserts (NCCI) (Eom et al., 2017). A
part of the nanofibers was deposited on an aluminum foil for its analysis
by scanning electron microscopy (SEM). The nanofiber deposited onto
aluminum foil was gold coated with a sputter coater and imaged by SEM
Zeiss (Sigma 300 and software smart sem) at different magnification.
The fabricated NCCI was placed in an oven for 24 hours to remove re
sidual solvent from the nanofibrous membrane of the NCCI. The inserts
were placed in a 12 well plate and were treated with gradient ethanol
(10%, 20%, 30%, 40%, 50%, 60%, and 70%) concentrations and sub
sequently UV radiation exposure for 1 hour to achieve complete steril
ization. The sterile inserts were then taken for cell culture studies.

2.15. Molecular dynamics (MD) Simulation studies
All molecular dynamics simulations were obtained by GROMACS
version 2019.4 (Abraham et al., 2015; Pronk et al., 2013). For simula
tions, we used the combination of CGenFF (Vanommeslaeghe et al.,
2012; Vanommeslaeghe and MacKerell Jr, 2012) for the ligands and
CHARMM36m (Bjelkmar et al., 2010; Huang et al., 2017) for the protein
(PDB id: 4b2d) (Chaneton et al., 2012) together with the TIP3P water
model (Jorgensen et al., 1983). The force field parameters for the system
have been obtained from Input generator tools in CHARMM-GUI
(Brooks et al., 2009; Jo et al., 2008; Lee et al., 2016) using Ligand
Reader & Modeler (Kim et al., 2017) for the Ligands, Glycan Reader &
Modeler (Jo et al., 2011; Park et al., 2019) for FBP, and Solution Builder
for the remaining part (Park et al., 2017). The initial positions of the
ligands in the dimeric complexes (chains A and B) were obtained from
docking experiments with AutoDock. For the second dimeric interface,
consisting of the chains C and D in the tetrameric structures, the position
of the ligands was adapted from the AB interface by super positioning
the chain AB complex with the ligand on the chains CD. In this way the
same binding mode of the ligands could be preserved for the second
dimer.
The simulation box was set to dodecahedron and defined in such a
way that the minimum distance of the structure and the box was at least
2 nm and subsequently solvated with water and neutralized with sodium
chloride.
The following settings have been applied. The Leapfrog integrator
was utilized together with all bonds being constrained by the LINCS
algorithm (Hess et al., 1997) in order to enable a time-step of 2 fs. We
used a modified cutoff for short-ranged electrostatic and Lenard Jones
interactions of 1.2 nm, where a switching function was applied to
smoothly approach the cutoff between 1.0 and 1.2 nm.
Long-range Coulomb interactions were calculated by particle mesh
Ewald (PME) (Essmann et al., 1995) method. The neighbour list was
updated every 10 steps. Initially, all systems were energy minimized
with the steepest-descent algorithm for 50000 steps. In the next step,
two consecutive equilibration simulations followed (100 ps each) in a
canonical (NVT) and later on isobaric-isothermal (NPT) ensemble was
carried out where heavy atoms from protein and ligands together with
magnesium ions have been position restrained. The following actual
production without position restraints was 340 ns long. The temperature
was maintained at 300 K by using the Nose-Hoover (Hoover, 1985; Nosé,
1984) thermostat with a coupling time of 1 ps. The bulk systems were
simulated in an isobaric-isothermal ensemble. The pressure was set to 1
atm using isotropic Parrinello-Rahman pressure coupling (Parrinello
and Rahman, 1981) with a pressure relaxation time of 5 ps for the sys
tem. MD Simulations were performed by considering both dimeric and
tetrameric conformations of the PKM2 complexes with activator and
inhibitor at the interface binding site.

2.13.1. Cell culture and drug treatment studies on 3D scaffolds
The MCF-7 cells (breast cancer cell line) were seeded in a sterilized
nanofibrous cell culture insert (NCCI), and 12 well plate (control) at a
cell density of 1 × 105 cells/well and 1.5 mL of serum-free DMEM
(Dulbecco’s Modified Eagle Medium) high glucose medium was added
to each well. The cells were placed in an incubator for 24 hours at 37 ◦ C
with 5% CO2. When 80% confluence was achieved in NCCI and 12 well
plate after 24 hours of the culture period, a dose-dependent response of
15n drug on both monolayer (2D) culture and 3D cultures was evaluated
(n=3). The cell culture media was removed by aspirating slowly without
disturbing the cell layer, and 15n of desired concentration was added
directly to every well of 12 well TCPS plate except the control well.
However, the desired concentration of 10 µM was added in the chamber
outside of the inserts and the control inserts. After that, the TCPS well
plate and inserts were kept in an incubator at 37 ◦ C with 5% CO2. A fresh
media of 980 mL was taken, and AlamarBlue dye of 20 µL from stock (1
mg/mL) was added to it. It was thoroughly mixed by slightly shaking the
solution. Thereafter 1 mL of the above dye solution was taken and added
to each well of 12 well TCPS plate and NCCI. Henceforth, cell cultures
are incubated again for 3 hours at 37 ◦ C. Finally, 100 μL aliquots from
each TCPS well plate and NCCI are taken to measure cytotoxicity using a
UV plate reader. The wavelength of 510 nm and 590 nm was chosen as
an excitation and emission wavelength, respectively.
2.14. Molecular Docking study
Molecular docking was carried out in AutoDock software (Goodsell
et al., 1996). AutoDock 4.2.6 (Morris et al., 2009) and AutoDock Tools
1.5.6 version (Sanner, 1999) were obtained from the Scripps Research
Institutes, San Diego, CA, USA. All synthesized compounds were drawn
in ChemBioDraw Ultra 14.0 (PerkinElmer Informatics) and saved as .
mol file, which was further converted into .pdb file in Discovery Studio
Biovia 2019 (Biovia, 2017). PKM2 protein (PDB ID: 4B2D) (Chaneton
et al., 2012) structures were retrieved from the RCSB PDB database
(Berman et al., 2003) (www.rcsb.org). The docking required “.pdbqt”
files of proteins and ligands were prepared by AutoDock Tools 1.5.6,
where hetero atoms and water molecules are removed and polar
hydrogen bonds and Kollman charges are added. For the ligands, the
number of torsion and aromaticity criteria were set to default. Grid box
was generated considering the center of reported ligands with inter
acting residues (x, y, z coordinate = 10.88, 3.22, 13.26) and assigning
the dimensions to 64, 54, and 52 grid box points respectively in x, y, and

3. Results and Discussion
3.1. Design and Synthesis of Imidazopyri(mi)dines
In chemotherapy, small molecules are still efficiently used in cancer
treatment (Hoelder et al., 2012). Compound 15a was designed by
computation using the link and grow strategy. The strategy helped to
minimize protecting and functional group transformations. The judi
cious linking of small fragments helped to achieve 15a in quantitative
5
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yield. Molecular docking was carried out using the AutoDock version
4.2.6 (Morris et al., 2009). All designed molecules were docked into the
PKM2 protein (PDB ID: 4B2D) interface site (Anastasiou et al., 2012;
Chatterjee et al., 2014; Patle et al., 2021; Wolpaw and Dang, 2018).
Molecular docking was performed in tetrameric conformations of the
PKM2 at the monomeric interface binding site formed by chains A and B.
Initially, 2-amino pyrimidine (12a, Scheme 1) is docked at the interface
site with a docking score of -3.96 kcal/mol. It majorly interacts with
polar and aromatic residues (crucial amino acids like Tyr-390 and
Leu-394 of PKM2). The structurally modified Schiff base (13a) displayed
an improved docking score of -4.46 kcal/mol with more interactions to
PKM2 (Fig. S1 in supplementary data). Notably, both 13a and 14a had
better docking scores than 12a. Considering the ambiguous and
non-selective nature of 13a, it was converted to 14a. The
imidazopyrimidine-based derivative (14a) had a docking score of -6.00
kcal/mol and an IC50 value of 661.03 µM (Scheme 1). However, it
displayed poor solubility and moderate anti-proliferative activity.
Moreover, due to the side effects of the cytostatic covalent modifiers,
they are less preferable nowadays (Ghosh et al., 2019). Considering
these issues, we planned a nucleophilic attack of 4-phenylpiperazine at
halo terminated acetyl group of 14a acting as a synthetic handle (Mat
sufuji et al., 2013). The piperazine linker was used to link the phenyl
ring as it has widespread occurrence in several anticancer drugs. The
conformationally flexible piperazine moiety sufficiently enhanced
aqueous solubility manifolds (Neelarapu et al., 2018) and abolished the
undesirable PAINS character of the fragments (Dahlin et al., 2015). Most
FDA-approved chemotherapeutic kinase inhibitors have piperazine
moieties, which enhance potency and activity. Structurally features of
the piperazines (six-membered ring with 1,4- nitrogen atoms) provide
larger polar surface area and relative structural rigidity (Wolpaw and
Dang, 2018). Therefore, piperazine provides both hydrogen donor and
acceptor properties, which enhance water solubility, oral bioavail
ability, and ADME properties (Walker, 2014). The cytotoxicity of 15a
was also evaluated using the MCF-7 cell line and was found to be 10 µM
(Scheme 1). The increasing complexity from simplicity using the link
and grow strategy (Schneider and Fechner, 2005) guided by computa
tional studies paved the way for synthesizing these modulators. There
fore rational incorporation of piperazine linker led to novel
imidazopyrimidine-based derivative 15a (Matsufuji et al., 2013). The
interactions with PKM2 were found to be much superior to its precursors
(12a-14a). Considering these results, we virtually designed close to 100
different molecules. The top 50 molecules having the best DMPK (Drug
metabolism and pharmacokinetics) profile as predicted by the
Schrödinger Qikprop module were selected for synthesis. Qikprop
studies (Table S1 in supplementary data) give a clue to select and retain
drug-like molecules. All of these derivates were docked at the interface
binding site (Anastasiou et al., 2012). They displayed improved binding
affinity from -8.09 to -10.84 kcal/mol (Table S2 in supplementary data)
and an increased number of interactions as displayed in Scheme 1.
There are two plausible routes to the synthesis of 15a. We synthe
sized the modulator using retrosynthesis route-I (Fig. S2 in supple
mentary data). The molecule 15a was synthesized using
aminopyrimidine (12a) (Kitson et al., 1996). It was followed by re
actions with N,N-dimethylformamide dimethyl acetal (DMF-DMA),
leading to formidamimde (13a) (Scheme 2) (Sivappa et al., 2019).
Imidiazopyrimidine-based scaffold (14a) was synthesized by cyclization
of 13a with 1,3 dichloroacetone (Scheme 2). 15a was synthesized by
the treatment of 14a with 4-phenylpiperazine (Scheme 2.) Once 15a
was synthesized, complete spectral characterization using HRMS, 1H
NMR, and 13C NMR was conducted, which agrees with the proposed
molecular structures (See details in supplementary information).
The same route (Scheme 2) was selected for the construction of
skeletally diverse imidaopyri(mi)dines derivatives (15a-15s and 16a16r, Table 1 and 2). The route was operationally cheap and straight
forward by using readily available starting materials and avoiding
metal-mediated coupling reactions. 37 different molecules were

synthesized in 45-80% yields.
3.2. Antiproliferative activity of Imidazopyri(mi)dines
Importantly, we checked the antiproliferative potential of the mod
ulators against MCF-7 (breast cancer), Colo-205 (colon cancer), and A549 (lung cancer) cell lines, which is fully consistent with the structureactivity relationships. Apart from that, the molecules were also tested on
normal breast cells (MCF-10A) and were non-toxic in nature (Fig. S3-4
in supplementary data). The cell lines were treated with PKM2 modu
lators for 48 h, washed twice with PBS to remove residual compounds,
and assessed for anticancer activity. Several modulators displayed po
tential cytotoxicity against MCF-7, Colo-205, and A-549 cell lines
(Table 1 and 2). Some of the derivatives like 15n were capable of
inhibiting cell growth across cell lines.
3.3. Imidazopyri(mi)dines display strong modulation of PKM2
After this, lactate dehydrogenase (LDH)-coupled enzyme assay was
performed to ascertain the nature of modulator as well as its % activity
(Boxer et al., 2010). The activity was determined as % activity achieved
versus the concentration of the modulator. This assay was performed in
saturating ADP levels with low (0.6 mM) levels of phosphoenolpyruvate
(PEP). Modulator 15a was identified as a hit following its synthesis and
antiproliferative action on MCF-7 cells. This was followed by a quick
screening campaign specifically designed to identify activators or in
hibitors of PKM2.
The primary screen identified that 15a possesses an IC50 of 50 nM in
LDH-coupled enzyme assay and emerged as a potent, nanomolar range
inhibitor of PKM2. Table 1 shows a subset of the molecules developed
and efforts directed to achieve PKM2 modulators. We focused our early
efforts on understanding each chemotype and generating an effective
structure-activity relationship (SAR). It is important to mention that
alone PKM2 inhibitors have failed to produce the desired anticancer
effect, and no drug exists in the market having PKM2 inhibitory activity
alone. However, it has been proven that small molecules can inhibit the
PKM2 alone as well as an adjuvant for cancer therapy. One study found
that inhibition of PKM2 using shikonin (a PKM2 inhibitor) re-sensitizes
the bladder cancer cells to cisplatin treatment (Wang et al., 2018). In yet
another study, doxorubicin combined with shikonin had a more signif
icant effect on the proliferation of cancerous cells (Martin et al., 2020).
The first analogs of compound 15a (from 15b to 15d) showed unam
biguously that potency was dramatically decreased by substituting the
piperazine ring with a flat electron-donating dimethyl phenyl ring while
15d showed an IC50 of 730 nM. To increase the potency of the inhibitors,
15e having a furan ring substitution linked through carbonyl at piper
azine was tested but afforded an IC50 up to 310 nM. 15f with para chloro
benzoyl group further increased the IC50 up to 1860 nM, indicating a
diminution of activity. This gave us a clue that the addition of hetero
aromatic moiety on the piperazine ring didn’t have a marked influence
on increasing the inhibitory potency of the molecules. The
electron-donating dimethoxy benzoyl group on piperazine ring in case
of 15g again displayed an IC50 of 314 nM. This clarified that the
carbonyl linker between piperazine and the heteroaromatic ring does
not enhance the inhibitory potency of the molecules compared to 15a.
The addition of a para tolyl substitution on the piperazine ring resulted
in 15h that was even more active than 15a with an IC50 of 60 nM. We
screened 15i considering that cyano moiety can fit best into the cavities
of several enzyme pockets and it resulted in an encouraging IC50 of 1200
nM. 15k having methoxy phenyl group as a substituent on N-4 of
piperazine ring displayed an IC50 of 27 nM. This initial screen of mod
ulators showed that aromatic and electron-donating groups were the
best choices to achieve superior inhibitors of PKM2 (Fig. 3). Surprisingly
having meta-chloro benzoyl substitution at N-4 of piperazine in 15l lead
to activation of PKM2 with an AC50 of 527 nM in LDH coupled enzyme
assay.
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Table 1
Synthesized imidazopyrimidines derivatives. AC50/IC50 determined by lactate dehydrogenase (LDH) coupled enzyme assay. The experiment was performed in trip
licate, and the data represented is mean ±SD (n=2). (nd= not determined). Antiproliferative activity was determined against MCF-7 (breast cancer), Colo-205 (colon
cancer), and A-549 (lung cancer) cell lines. The experiment was performed in n=3, results are expressed as mean values. Ac= activator, In= inhibitor. rPKM2= re
combinant pyruvate kinase M2 enzyme
MCF-7

Colo-205

A-549

Type

r

15a

13.46±0.8

73.52±2.0

28.47±3.7

In

0.05±0.01

15b

12.93±1.3

27.97±2.3

37.45±2.8

In

0.79±0.48

15c

14.69±1.8

65.78±7.0

24.38±1.9

In

0.45±0.02

15d

11.75±0.8

103.9±2.4

35.37±0.8

In

0.73±0.32

15e

10.91±0.7

60.97±3.4

19.39±2.7

In

0.31±0.03

15f

11.75±1.2

–

25.31±3.8

In

1.86±0.3

15g

11.56±1.0

44.88±4.8

24.04±1.6

In

0.314±0.06

15h

14.54±3.6

57.80±3.5

27.08±0.9

In

0.06±0.01

15i

10.95±1.0

64.85±2.7

27.88±2.1

In

1.20±0.28

15j

17.46±1.8

51.65±4.1

24.38±3.3

In

0.03±0.01

15k

12.24±1.3

64.76±1.3

26.20±3.0

In

0.027±0.001

15l

13.16±1.4

66.84±2.5

30.25±2.5

Ac

0.52±0.003

15m

12.48±1.8

95.41±0.9

34.92±3.2

Ac

0.098±0.05

15n

10.54±0.5

38.58±0.8

24.97±.06

Ac

0.09±0.03

-R

PKM2 AC50/IC50 (µM)

Compound no.

(continued on next page)
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Table 1 (continued )
MCF-7

Colo-205

A-549

Type

r

15o

12.20±3.1

36.53±3.1

22.59±1.6

Ac

0.06±0.03

15p

11.07±2.7

90.15±2.8

11.67±1.3

Ac

0.066±0.03

15q

13.80±1.0

46.12±1.8

29.32±2.8

–

n.d

15r

11.52±3.8

29.15±2.5

24.67±2.2

–

n.d

15s

10.84±1.7

57.27±3.5

26.70±4.0

–

n.d

10.25±1.6
n.d

8.22±2.0
n.d

5.28±1.6
n.d

–
Ac

n.d
0.041±0.01

-R

PKM2 AC50/IC50 (µM)

Compound no.

Imatinib
DASA-58

AC50 is the concentration that gives 50% activation of the enzyme.
Having 2,4,6 trimethyl phenyl group in 15m further led to achieving an
AC50 of 98 nM. Finally, having a 3,4-dichlorophenyl group on ring d in
case of 15n yielded to an AC50 of 90 nM. Thus, electron-withdrawing
groups which were yet o/p directing led to the synthesis of activators
of PKM2. Thus, in the case of imidazopyrimidines 15n (IMID-2) emerged
as a potent activator of PKM2. 1 μM of 15n activated PKM2 by 200%
(Fig. 4a). 15p also emerged as an activator of PKM2 with an AC50 of 66
nM. We also performed a control experiment to evaluate the effect of
LDH on PKM2 activity. The results clearly indicated that the LDH
enzyme could not interfere significantly with the pyruvate kinase ac
tivity (Fig. 4b). It is must to mention that PKM2 exists in equilibrium
between dimeric and tetrameric forms. The dimeric form is responsible
for migration to the nucleus to promote tumorigenesis and metastasis
(Christofk et al., 2008; Liu et al., 2015). Therefore once PKM2 is acti
vated, it reduces PKM2 translocating to the nucleus, suppresses tumor
igenesis, and thus PKM2 activators provide an excellent therapeutic
strategy. Finally, structure-activity relationship (SAR) analysis indicated
that more potent antigrowth or cell-killing effects on cancer cells
(compared to non-cancer cells) could be achieved when the piperazine
ring of imidazopyrimidines was substituted with 3,4-dichlorophenyl
ring system merged with potential pharmacophore groups (Patel et al.,
2019).
Thus, the piperazinyl system may possess potent PKM2 activation
with higher tumor selectivity. The lead developed had an acceptable in
vitro potency across several cancer cell lines. The lead had a greater
selectivity in killing cancerous cells as opposed to normal mammalian
cells. It had acceptable drug metabolism and pharmacokinetics (DMPK)
characteristics (Panday et al., 2021). The molecule seems to have an
acceptable oral efficacy owing to its water solubility. Synthetic chem
istry is also amenable to downstream expansion as many more com
pounds were synthesized in a short time frame (Dombrowski et al.,
2020).
Following this imidazopyridines (IMP’s) were synthesized (Table 2).
The electronic arrangement of compound 16a was relatively similar to
15a, which has an imidazopyridine ring (isosteric replica of imidazo
pyrimidine ring). Due to the symmetric nature of the imidazopyridine
moiety, 16a (Fig. S5 in supplementary data) binds to a similar pocket as
15a. The common interactions between two chains are Phe-26 (pi-pi
stacking) and Leu-27 (alkyl- pi) from chain A. Whereas, Phe-26 (pi-pi

stacking), Leu-353 (carbon-hydrogen bond), Asp-354, Glu-397 (Van der
Waals), and Leu-394 (pi-sigma) from chain B. It inhibited PKM2 with an
IC50 of 320 nM. The compounds 16b-16f were having an IC50 of 1360
nM, 140 nM, 590 nM, 480 nM and 1360 nM respectively.
Next we screened 16g, where 2-cyano substitution on phenyl ring
enhanced the inhibitory activity with IC50 of 40 nM. 16h with a 2-chlor
obenzoyl group led to inhibition of PKM2 with an IC50 of 100 nM con
centration. 16i with acetyl group at para position led to an IC50 of 150
nM. 16j-16m derivatives further afforded us potent inhibitors with IC50
ranging from 50-92 nM. Surprisingly having 2-pyridyl moiety attached
to piperazine led to an activator 16n with an AC50 of 120 nM. At last, the
substitution of piperazine ring with para tolyl group led to another
activator 16o with an AC50 of 40 nM (less aqueous solubility than 15n).
It was clear from this study that in the case of IMP’s electron-donating
group on ring d and electron-rich pyridine ring attached to the pipera
zine ring led to the generation of activators while electron-donating
groups attached to phenyl ring imparted inhibition of PKM2 (SAR is
summarized in Fig. 3). Next, we sought to illustrate that activators could
directly participate in PKM2 tetramerization.
Tetrameric PKM2 is the active form of PKM2 (Jiang et al., 2014a). To
evaluate whether 15n promotes the formation of tetramer, chemical
crosslinking assay was performed. The results of Fig. 4c, 15n enhanced
the tetrameric PKM2 in MCF-7 cells compared to control.
3.4. PKM2 Tetramerization with 15n
Similarly, we also assessed the tetramerization potential of 15n by
the determination of the size distributions of the particles using a par
ticle size analyzer following the procedure used by Zhang et al. (Fig. 4d)
(Ding et al., 2020). The results indicated that 15n enhanced the particle
size similar to the well-established PKM2 activator DASA-58 (Fig. 4d). It
is worth mentioning that 15n was more effective than DASA-58.
Now, if a modulator activates PKM2, then lactate concentration must
fall in cancerous cells. To ascertain this, a sensitive 1HNMR metab
olomics technique was found to work well.
3.5. Metabolic differences between 15n treated and control MCF-7 cells
using 1HNMR
Targeting the glycolytic pathway has created a new venue in cancer
8
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Table 2
The synthesized imidazopyridine derivatives. AC50/IC50 determined by lactate dehydrogenase (LDH) coupled enzyme assay. The experiment was performed in
triplicate, and the data represented is mean ±SD (n=2). (nd= not determined). Antiproliferative activity was determined against MCF-7 (breast cancer), Colo-205
(colon cancer), and A-549 (lung cancer) cell lines. The experiment was performed in n=3, results are expressed as mean values. Ac= activator, In= inhibitor.
r
PKM2= recombinant pyruvate kinase M2 enzyme
MCF-7

Colo-205

A-549

Type

r

16a

75.65±1.3

45.87±3.9

39.21±3.2

In

0.32±0.18

16b

30.28±1.7

28.98±3.3

87.85±2.2

In

1.36±0.49

16c

33.31±2.2

25.57±2.4

104.40±5.7

In

0.14±0.03

16d

42.99±3.8

26.06±1.4

87.15±2.7

In

0.59±0.35

16e

46.99±4.7

65.87±4.8

28.03±6.3

In

0.48±0.07

16f

11.56±0.8

44.88±6.2

24.04±4.0

In

1.36±0.76

16g

50.25±2.4

37.42±6.3

40.73±4.1

In

0.04±0.01

16h

74.62±3.2

57.80±3.5

27.53±2.3

In

0.10±0.01

16i

66.31±2.8

35.31±2.1

89.60±6.6

In

0.15±0.08

16j

50.60±3.3

37.48±3.2

31.48±1.1

In

0.92±0.74

16k

72.56±4.2

33.33±1.9

38.80±3.9

In

0.06±0.02

16l

83.05±5.2

32.63±3.6

39.58±2.6

In

0.05±0.01

16m

64.93±6.3

32.57±3.2

44.20±5.3

In

0.06±0.04

16n

125.0±2.4

59.66±6.3

34.50±1.9

In

0.06±0.01

16o

68.75±1.3

38.72±4.3

43.07±2.0

Ac

0.04±0.02

-R

PKM2 AC50/IC50 (µM)

Compound no.

(continued on next page)
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Table 2 (continued )
MCF-7

Colo-205

A-549

Type

r

16p

55.30±0.8

55.55±3.3

24.20±2.4

Ac

0.12±0.07

16q

31.46±5.3

23.25±1.2

100.15±1.5

–

n.d

16r

62.97±4.3

57.40±7.2

25.07±1.0

–

n.d

-R

PKM2 AC50/IC50 (µM)

Compound no.

Fig. 3. Representative structure-activity relationship (SAR) of synthesized molecules. In imidazopyrimidine derivatives, a phenyl ring with an electron-withdrawing
group leads to increased activity, whereas the electron-donating group decreased activity. In imidazopyridine derivatives, the electron-withdrawing group leads to
increased activity, whereas the electron-donating group decreased activity.

drug discovery (Christofk et al., 2008; Liu et al., 2015). After achieving a
tetramer in 15n treated cells, we were eager to elucidate whether there
is any diminution in lactate concentrations in cancerous cells. Here,
1
HNMR metabolomics has emerged as one of the emerging techniques
used to investigate metabolic profiles of cancerous cells. We can identify
the specific characterized peak of the metabolites by NMR spectroscopy.
1
HNMR metabolomics has several advantages like non-destructive
technique and ease of sample preparation, etc (Kim et al., 2019). The
alteration of metabolites is a key marker of the cancerous cells.
Considering this, we choose the MCF-7 cell line for the comprehensive
assessment of the altered metabolites. In vitro, MCF-7 cells treatment
with 15n gave altered metabolites profiles (Li et al., 2018; Zhang et al.,
2013). The standard experimental protocol of the endo-metabolites
included the washing, quenching, and extraction of the treated and
control group of MCF-7 cells with 15n (Cardoso et al., 2018; Crémillieux
et al., 2019; Lauri et al., 2016).

NMR metabolomics studies clarified that after treatment with 15n,
the MCF-7 cells were dragged towards apoptosis. The treated cells
showed decreased lactic acid production (Fig. 5a and other metabolites
shown in Fig. S6 and S7 in supplementary data). In the Warburg effect,
glycolytic enzyme activity increase in the presence of oxygen. This
produces lactic acid as a chief metabolite in cancer. A decrease in the
concentration of lactate is directly correlated with the anticancer effect.
Tumors exhibit anaerobic metabolism. The data is also consistent with a
previous observation that PKM2 activation confers a decrease in lactate
concentration (Merz and Serkova, 2009) with simultaneous elevation in
succinate. The elevated level of lactate and acetate production is a clear
indication of apoptosis (Wenzel et al., 2005). We observed decreased
concentration of lactate, acetate, and NAD+ following insult with 15n
(Wenzel et al., 2005).
To ascertain this, apoptosis analysis was performed against the MCF7 cell line. 1 × 105 cells were seeded in 6 well plates and treated with
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Fig. 4. (a) Pyruvate kinase (PK) activity was calculated at 25 ◦ C by monitoring the absorbance changes at 340 nm from 0 to 20 min. The data represented is mean
±SD (n=3). 15n increased pyruvate kinase activity of PKM2. 15n incubated with recombinant PKM2 at 25 ◦ C for 30 min. We took recombinant pyruvate kinase M2
enzyme (rPKM2) (b) % relative LDH activity of 15n at variable concentrations. 15n is not showing signification effect on LDH. The data represented is mean ±SD
(n=3). LDH: lactate dehydrogenase (c) Protein cross-linking assay represents that 15n promotes the conversion of dimeric PKM2 (120 kDa) into the tetrameric form
(240 kDa). MCF-7 cells were treated with 15n at 10 μM for 48 h. The experiment was performed in n=3 (see supplementary data Fig. S17). (d) The particle size of
PKM2 was enhanced by the treatment of 15n and DASA-58 compared to control. The experiment was performed in n=3.

15n (10 µM) and kept for 24 h in 5% CO2 at 37◦ C. Apoptosis assay
revealed that treated cells undergo late apoptosis (40.40%) (Fig. 5b)
compared to untreated cells (27.81%). In comparison necrotic cells are
more in the treated group (14.80%) compared to the untreated group
(5.55%). In both the groups, apoptotic cells are negligible (2.34% and
3.69% in treated and control groups respectively). The cell cycle anal
ysis revealed that cells are arrested in the S phase and G2/M phase
(Fig. 5c). 15n treated cells were predominantly arrested in the S phase
(43.20%) in comparison to the untreated cells (23.33%), clearly indi
cating the PKM2 activation effect. Untreated cells show 70.79% in the
G0/G1 phase, whereas the treated group shows 44.74% cells in G0/G1
phase. The cell death observed might be occurring due to necroptosis
(Jiang et al., 2014b; Ning et al., 2017). The results also corroborated
another study where the knockdown of PKM2 arrested cells in the G2/M
phase of the cell cycle (Lin et al., 2019).

conducted an experiment, to ascertain the anticancer behavior of our
molecule on cells grown in a 3-D environment (Kapałczyńska et al.,
2018; Lv et al., 2017). Determination of cytotoxicity in 3D cell culture is
more reliable than in 2D cell culture as it more closely represents
physiological conditions. In vitro 3D culture reduces the experiment’s
costs and clinical trials in drug discovery (Bokhari et al., 2007; Joseph
et al., 2018). Therefore, it was thought to screen the lead compound 15n
on 3-D culture using MCF-7 cells. 10 µM concentration of 15n, which
emerged as the most potent compound from the study, was chosen. It
was added to a monolayer (2D) cell culture in conventional tissue cul
ture polystyrene (TCPS) well plate, where 43% of cell mortality was
observed. While 23% of cell mortality was recorded when 15n was
added to TCPS well plate having nanofibrous cell culture inserts (NCCI)
as a 3D scaffold for cell culture (Fig. 6a and 6b).
This might be due to direct exposure of the confluent cells in the
TCPS well plate to 15n molecules, resulting in higher mortality. In the
3D culture, the drug molecules needed to cross the cell culture media
acts as diffusion barriers before reaching their site of action (Fig. 6c).
This also applies to actual 3D physiological conditions that pose similar
challenges. However, the design of the NCCI directed drug molecules to
pass through a thin nanofibrous matrix barrier mimics the extracellular

3.6. Comparison of 2D and 3D cell culture
In vitro cell culture is widely used for understanding the mechanism
of the drug action. After testing all the compounds on the twodimensional (2D) cell cultures in vitro on different cell lines, we
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Fig. 5. (a) NMR metabolites were determined by 1H NMR. The figure represents that lactate concentrations were decreased following insult with 15n. MCF-7 cells
were treated with 15n at 10 μM for 48 h. The detailed producer reported in the experimental section. Magenta color= control and lime color= treated (b) Apoptosis
assay suggested that 15n induced late apoptosis. MCF-7 cells were treated with 15n at 10 μM for 24 h. The sample was prepared as per the standard protocol of
Invitrogen Fluorescein isothiocyanate (FITC) annexin V/ dead cell apoptosis kit using FITC, Annexin V, and propidium iodide (PI) for flow cytometry analysis. The
data represented is mean ±SD (n=3). (c) Cell cycle analysis revealed that 15n treated cells were arrested more in the S and G2/M phase compared to the control
group. The data represented is mean ±SD (n=3).

matrix (ECM) before reaching the confluent cells for their action
(Fig. 6d). As 15n exhibits 23% mortality in 3D, we believe the molecules
are ripe for further investigation in vivo animal models.

tetrameric conformation (dark orange). It suggests that activator 15n
not only stabilized the dimeric interface that is crucial to initiate the
tetramer formation but also maintained the same once tetramer formed.
Similar results were also observed for the inhibitor 15k. However, its
influence was not as consistent as for the activator (Fig. 7a). Addition
ally, stability of the interface pockets between chains AB and CD were
evaluated, and that lead to the same conclusions (Fig. S11a in supple
mentary data). To estimate the binding force between ligand and pro
tein, contacts and H-bonds profiles were calculated. It is very much
evident that both inhibitor and activator display a similar binding pro
file (Fig. S11b and S11c in supplementary data). However, inhibitor
15k formed a slightly more H-bonds while activator 15n engaged in a
higher number of contacts. Such results made us curious to analyze the
binding pattern of inhibitor and activator along with the stability of
individual interactions. Fig. 7b display the evolution of the binding
pattern during the course of simulations. In the first quarter (250 ns) of
the simulation, both activator and inhibitor form stable interactions
with almost similar residues as evident by mixing of orange (activator)
and blue (inhibitor) color dots (Fig. 7b middle panel).
Interestingly in the latter part of the simulation (last 750 ns), a clear
distinct binding pattern was observed for activator and inhibitor
(Fig. 7b right panel, Fig. S12, and Fig. S13 and a full list of values in
Table S3 and S4 in supplementary data). Activator prefers to form
additional stable interactions with ALA23′ , ASP24′ , THR25′ , HSD29′ ,
LYS311′ , ARG400′ , while Inhibitor evolved to form the additional stable
contacts with residues ASN318, ASP354, GLY355, ILE389, TYR390,
GLN393, LEU394, GLU397, ARG445. Such results provide distinct fin
gerprints of activator and inhibitor, which could not be seen from the
molecular docking study and needed the computationally expensive
long MD simulations. Importantly, it also provides a plausible

3.7. Molecular dynamics (MD) simulation studies
Once biochemical and bio-physiological data of the modulators and
PKM2 was in our hands, we next sought to illustrate the mechanistic
pathway of the modulator. Due to the docking score, ADMET profile,
and experimentally observed Ac50/IC50 values compound 15n (acti
vator) and 15k (inhibitor) were selected for further analysis. Interaction
patterns of these molecules are shown in supplementary Fig. S8 and S9.
1µs long simulation runs evaluated the stability of the abovementioned docked complexes. All molecular dynamics simulations
were performed in GROMACS version 2019.4 (Abraham et al., 2015;
Pronk et al., 2013) using CHARMM36m (Bjelkmar et al., 2010; Huang
et al., 2017) force-field and the TIP3P water model (Jorgensen et al.,
1983). Superimposition of starting and final simulated structure clearly
suggests the stability of ligands at the interface binding site, as displayed
in supplementary Fig. S10. Although, slight rearrangement of ligand
positions could be observed during the course of the simulations. To
evaluate the influence of the ligands on tetramer formation and stability,
the Root Mean Square Deviation (RMSD) of the protein segments pre
viously reported to be important for tetramerization was calculated
(magenta color in Fig. 6a). The RMSD profiles indicate that the binding
of activator 15n could probably stabilize the dimeric interface (Fig. 7a)
compared to the apo-simulations. It also suggests that the designed
molecule 15n stabilized the dimeric interface, which is critical for
forming the active biological tetramer. It is important to mention that
we have observed similar results for both dimeric (light orange) and
12
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Fig. 6. SEM image of a) polystyrene nanofibrous membrane b) MCF 7 cells grown on the nanofibrous substrate in NCCI. Schematic representation of diffusion barrier
for 15n drug molecule in c) TCPS (tissue culture polystyrene plate) 2D cell culture, d) NCCI (nanofibrous cell culture inserts) 3D cell culture. The data represented is
mean ±SD (n=3).

Fig. 7. Binding of the activator 15n and inhibitor 15k at the interface pocket and the stabilizing effect of the activator at helices important for the formation of the
tetramer. a) Left: Helices important for the formation of the tetramer highlighted as magenta color cartoon representation and remaining protein shown as ribbon.
Middle and Right: Root mean square deviation (RMSD) of the alpha carbon atoms from helix motif stabilizing the tetrameric interface as a function of time for the
15k, 15n, and apo simulations of tetramers and dimers (labeled with D) for AB (middle) and CD (right) interface. b) Left: Display the interface pocket formed by
chains AB and CD with both the ligands. Middle and Right: The propensity of contacts (distance below 0.35 nm) formed between ligands and residues from the
interface pocket during the first 250 ns (Middle) and the following 750 ns of the simulations (Right). Contact between residue and pocket D indicates the dimer
simulations and prime’ after the residue number indicates the second chain (B or D). Shown are only residues with a propensity higher than 20.

explanation that even in the slight changes in the chemical structures of
activator and inhibitor (15n vs 15k), they influence the functioning of
PKM2 in a totally distinct way. Finally, to understand the mode of action

of the inhibitor, we have monitored the conformational changes at the
PEP binding site. RMSD of the nucleotide-binding domains (red, blue,
orange, and green color in Fig. S14 in supplementary data) was
13
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Scheme 1. Link and grow strategy for synthesis of imidazopyrimidines. The upper part of the scheme shows the docking studies with pyruvate kinase M2 (PDB ID:
4B2D) and increasing binding free energies with growing complexity.

Scheme 2. Reagents and conditions: a) Dimethylformamide dimethyl acetal (3 equiv), Methanol (5 mL), reflux, 4 h; b) 1,3-Dichloroacetone (1 equiv), Acetonitrile (5
mL), 50 ◦ C, 12 h; c) piperazine derivatives (1 equiv), K2CO3 (1.1 equiv), DMF (2 mL), 100 ◦ C, 2 h (45-80% overall yield).

evaluated by fitting the core structure (gray color in Fig. S14 in sup
plementary data) MD simulations.
Interestingly, it was observed that in the case of activator both
tetrameric and dimeric conformations exhibit high fluctuating RMSD in
the nucleotide-binding domain (Fig. S14 in supplementary data). While
inhibitor bound state displayed a rigid conformation at the active
binding site as illustrated in supplementary Fig. S14. We speculate that
because of fluctuating RMSD in the case of activator, the active site is
easily accessible to its ligand (PEP) while the same was hardly accessible
for the PEP in the inhibitor bound state that halts the glycolysis cycle. It
is important to mention that such behavior was only observed in the
Mg2+ unbound state (chain B and D), and the physiological relevance of
this observation is not yet characterized. Our results clearly demonstrate
that the designed molecule 15n stabilized the dimeric interface both in
dimeric and tetrameric conformations compared with its apo form,
which is the necessary requirement of its biological activity. A possible
molecular mechanism of inhibition by 15k is affecting the accessibility
of the PEP binding site and was also discussed. In summary, simulation
results are in line with experimental observations and provide a possible
molecular mechanism of the mode of action for the designed molecules.

4. Conclusion
PKM2 is speculated to be a critical metabolic conduit of cancer and
metastatic dissemination. Consequently, the discovery of novel potent
agents that selectively target PKM2 may reveal new and untapped
antitumor mechanisms. While imidazopyridines are widely studied for
their versatile biological activities, its close chemical cousins imidazo
pyrimidines have never been tested against PKM2. Here we demon
strated that rationally developed subclass of the imidazopyr(im)idines
acquire high PKM2-selective activation, show potent activity against
breast cancer cells, thereby sparing normal cells. Our data also provides
direct evidence that tetramerization of PKM2, which helps to maintain
the metabolic flexibility of cancer cells, and metabolic vulnerabilities of
PKM2 could potentially be exploited for effective cancer therapy using
our synthesized compounds (15n). The mild synthetic protocol well
tolerates diverse functionality and scalability (gram scale). We antici
pate that the brevity of the synthesis will render feasible the design and
preparation of several new derivatives for challenging tumor PKM2
function. The molecule’s potency in killing cancer cells has been
demonstrated on 2D and 3D cell culture platforms and seems potential
molecules for further studies in mice. NMR metabolomics categorically
reflects their influence in a diminution of lactate concentration
following treatment with 15n. The study also clarifies the vital role
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played by link and grow-based drug designing. Starting from the simple
2-amino pyrimidine, we developed the molecules to reach the most
potent activators and inhibitors. Although both activator and inhibitor
have a very similar structure and bind at the same place, their binding
pattern and mode of action were totally different as illustrated by
extensive MD simulation studies. In light of the literature, we can say
that small-molecule activators that bind to PKM2 can result in a high
activity tetrameric conformation, while inhibitors may inhibit the
enzyme. In addition, they may act as anticancer adjuvants.
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