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Abstract

This investigation has explored the properties of 3,3',4,4'-benzophenonetetracarboxylic dianhydride (BDTA) derivatives with regard
to their being prospective inhibitors of hexokinase 1l (HKII). A pluripotent embryonic carcinoma cell line P19 (ECC), was used as
the biological target for newly generated potential inhibitors of HKII. The results obtained from Virtual High-Throughput Study
(VHTS), molecular modeling and biological activity studies showed BDTA to be a promising leading structure with a good binding
score and simplest functionalization. The inhibitory effect was measured after 72 h incubation. Of selected BDTA derivatives, the
most active was compound 3b, containing 3-hydroxyphenyl moiety in the para position, being able at 100 uM to decrease the mass
of differentiated P19dCs cells by 30%, changing both the mitochondrial transmembrane potential and 02" level. Under these
conditions, only compound 3b had the ability to decrease hexokinase activity in a dose-dependent manner.
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Glycolysis, a metabolic process convertining glucose into pyruvate, takes place in the cytosol and can
proceed under both aerobic and anaerobic conditions. In eukaryotic cells, pyruvate enters the mitochondria matrix
where it undergoes oxidation in the TCA cycle and contributions to oxidative phosphorylation and ATP synthesis.
While normal cells almost exclusively use oxidative phosphorylation for the ATP synthesis, cancer cells, especially
those in the rapidly growing tumors with high demand for glucose, increase the level of aerobic glycolysis, from
respiration towards fermentation that generates lactate even in aerobic conditions'. This specific metabolic pattern
(Warburg effect®) ensures that substrates and more ATP are produced for rapidly proliferating cancer cells'. High level
of aerobic glycolysis aids malignant cell survival in a hypoxic or acidosis microenvironment during the development
of a cancer. Many normal cells, ranging from microbes to lymphocytes, also use aerobic glycolysis during increased
prolifegagtion, suggesting that this process meets the metabolic requirements of rapidly dividing cells and support their
growth™,

Glucose metabolism starts with phosphorylation of its 6-hydroxyl group”, trapping G6P inside the cell. The
process is catalyzed by hexokinases, a family with 4 isoforms (HKI, HKII, HKIII and HKIV) showing cell- and tissue-
specific expression, e.g. HKII mRNA expression can be up to 100-fold higher in cancer cells than normal cells®. HKs
I-111 are widely distributed in mammalian tissues, whereas HKIV, a specific isoform of hexokinase (also known as
GK) is mainly expressed in liver and pancreatic p-cells “°. GK structure contains only one 50 kDa domain, whereas
other HKs have two 50 kDa domains. Unlike other hexokinase isoforms, capable of phosphorylating several hexoses,
GK have a 50-fold lower affinity for its substrate, which is only glucose’. The two most common isoforms HKI and
HKI1 overlap in tissue expression, but they have different subcellular distributions; their N-terminal domains allow
them to attach to the outer membrane of mitochondria’. Whereas HKI is mainly associated with mitochondria, HKI1 is
associated with both mitochondrial and cytoplasmic compartments. It has been postulated that the differences in the
subcellular distribution of HKI and HKII isoforms might result in different metabolic roles in cells. Mitochondrially-
bound HKs may direct the catabolism of glucose (G6P formation towards glycolysis), whereas cytoplasmic HKII may
control its anabolism (glycogen synthesis)®. Indeed, the catabolic and anabolic fates of glucose are dynamically
regulated by its extracellular fraction.

Regulation of HKII activity and its subcellular translocation involves the participation of intracellular
glucose, G6P and Akt, all acting as signaling molecules. The activity of HKI is much less sensitive to control by these
factors, and this HK isoform is mainly committed to glycolysis. These processes could be important in HKs allowing
cells to keep their energy balance, to adapt to changing metabolic conditions and in avoiding injury®.

Mitochondrial HKI1 is necessary for the survival of cancer cells’. In almost 70% of cells’, once HKII has
been phosphorylated by Akt kinase, it binds to VDAC, a protein located in the outer mitochondrial membrane. HKII
binding to VDAC stabilizes mPTP and inhibits apoptosis by blocking the pro-apoptotic activity of Bax and Bak
proteins. The dual role of HKII in both processes, aerobic glycolysis and cell survival, makes this HK isoform an
attractive subject for investigation®'® Research to date has resulted in the discovery of different molecules that can
cleave mitochondrial HKII™', found that it interacts with VDAC™, and allosterically inhibits the cytosolic fraction of
this elrlzymem, thereby promoting cancer cell death. Glucosamine derivatives can also interact with the active center of
HKII™.

We have focused our investigation on BDTA derivatives as prospective inhibitors of HKs, which to the best
of our knowledge has not been previously undertaken in the search for potential anticancer agents.

The chemical structures of the compounds, we selected for our investigation, have been examined by VHTS.
The AutoDock Vina™, a chemical database downloaded from the Commercial Compound Collection'®, was used for
this purpose. The open form of HKII'” was chosen as a receptor model. From the results of the final analysis,
compound 1(Scheme 1) was selected as the most worthy structure for further investigation.

oS e

Scheme 1. Chemical structure of compound 1.

Since compound 1 contains only hydrophobic naphthalene groups, we synthesized other derivatives, named
3a-g, which include a hydroxyl group as a common structural element along with different structural variations, such
as heterocyclic rings and flexible alkyl chains. The condensation reaction involved a 2-fold excess of amino
compounds with respect to BTDA in polar aprotic solvent DMF (20 ml). The reaction was carried out in reflux, its
progress being monitored by TLC (MeOH:CHClI;, 1:1, v/v). When TLC indicated complete consumption of BTDA,
the mixture was cooled and poured into the water. The precipitant was filtered off, rinsed with cold water and
recrystallized twice from glacial acetic acid. The structure of synthesized compounds was based on analytical data
from "H NMR, *CNMR, IR and MALDI TOF MS®.



0 0 0 0 O 0
RNH, 2a-g (2.0 eq.)
0T CLy
W DMF, reflux, 5h
O O O O
BTDA 3a - R = 2-hydroxyphenyl
3b - R = 3-hydroxyphenyl
3c - R = 4-hydroxyphenyl
3d - R = 1,2,4-triazol-3-yl
3e - R = Uracil-5-yl

3f - R = 2-hydroxyethyl
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Scheme 2. Synthesis of BDTA derivatives 3a-g*.

To predict the binding mode of compounds 3a-g with an open form of HKI1";a more detailed study was
carried out by a molecular docking technique. The protein model was prepared in Protein Preparation Wizard. All
small molecules (water, ATP and ions) were removed for clarity. Water was removed since there are no available data
indicating its role in ligand binding within the enzyme. ATP was removed as it does not affect docking of our ligands.
The receptor grid was centered at Asp657, the size of the receptor box was set at 10 A. To model small changes in the
receptor caused by ligand binding, van der Waals radii of amino acid residues were scaled down by 0.9. The results are
presented in Table 1. The best docking score was with compound 3b, and the weakest one was compound 3c.
Interestingly, the most active compound (3b) and the inactive compound (3e) had similar e-model value (one of the
scoring functions used by Glide).

Table 1. Glide docking results for examined compounds

Compound Dacking score [kcal/mol] e-model
3b -6.3 -61.7
3g -5.7 -54.2
3f -5.6 -53.2
3a -5.2 -56.1
3e -4.9 -61.4
3d -4.9 -48.5
3c -4.7 -52.2

The predicted binding mode of 3b is shown in Image 1. The ligand binds along the active site located in the
deep cleft of the enzyme (1a). Compound 3b forms 4 hydrogen bonds with Thr658, Asp861, Ser682 and Trp709, and
has a -cation interaction with Lys510. There was also some expected interactions between = electrons of one of
phthalimide moieties with the carboxyl group of Asp657. The predicted binding mode of 3e was different from that of
3b, however, both compounds occupy roughly the same site on the enzyme. Moreover, 3b and 3e form a hydrogen
bond with Asp861. In contrast, the cytotoxic compound 3d is not so deeply buried in the binding site than the
previously discussed compounds, possibly explaining its lack of activity with hexokinase (1c)** %



Image 1. BDTA derivative 3b docked to HKII: a) whole enzyme, b) close-up of docking site. Overlay of predicted binding modes of BDTA
derivatives (panel c): 3d (blue) 3b (red) and 3e (green).
Cytotoxicity was assayed using P19 cells (CRL-1825; Manassas, VA, USA), which can be cultured in the
undifferentiated (P19SCs) or differentiated state (P19dCs). P19SCs cells are highly glycolytic for energy production,
have immature, poorly polarized and inactive mitochondria®® and compared with P19dCs cells also have twice the
level of mitochondrially-bound HKI1, much higher lactate production and use 30% more glucose”®. Mitochondria of
P19dCs cells are more polarized and filamentous®.

Table 2. Effect of incubation time and concentration of BDTA derivatives on cell mass and metabolic activity. Data are means +
SD from at least 4 independent:-measurements in 6 repeats of each. Bold values are statistically significant compared with the
control (p<0.05). Undifferentiated and differentiated P19 cells are described as P19SCs or P19dCs, respectively..

SRB assay
Compound P19SCs P19dCs

24 h 48 h 72h 24h 48 h 72h
2 1204 +225 99.6+4.1 103.8+8.0 90.5+13.7 936+75 974 +95
3a 103.6+1.9 102.0£7.9 106.5 +10.2 95.6 +16.4 93.0+17.8 79.8+4.2
3b 103.3+12.4 79.9+14.1 58.9 +16.0 100.0 £19.8 102.2 £27.2 719433
3c 90.2 £6.6 81.8+52 86.8 £2.6 86.7 £22.1 485+13.0 309+43
3d 81.2+93 776+9.4 455+158 93.3%6.1 96.0+2.2 82.0+12.1
3e 115.2+11.2 99.4+6.8 974+11.1 95.8+19.4 88.2+15.1 90.8 +18.6
3f 83.9+158 924+93 106.7+7.9 96.2+7.3 1084 +74 80.5+15.4
3g 106.0+ 9.8 101.5+2.0 100.0+2.5 1106 +0.7 979+74 94.7+3.2

Resazurin assay

2 100.1+6.0 91.2+10.1 101.3+4.1 905+1.4 101.7+3.9 944 +75
3a 103.5+4.6 99.7+54 101.2+6.9 105.0+9.0 105.3+2.9 99.4+3.2
3b 102.6 +8.2 76.5+5.7 59.8+17.5 100.0 £11.3 975+15.2 915+7.2
3c 88.5+4.4 74.4+2.7 79.9+4.0 96.2+2.6 874+23 93.8+22
3d 92.7+19.6 94.0+4.4 53.2+23.7 114.0+18.4 96.1+21.0 86.5+29.7
3e 113.8+10.6 103.2+10.3 109.6+10.3 116.3+15.1 105.3+7.2 105.0+12.0
3f 101.5+1.2 107.8+6.4 113.8+10.2 113.3+14.3 103.7+5.3 99.4+145
3g 105.0+4.8 98.1+4.1 100.0+2.3 100.1+4.0 101.1+04 98.1+1.3




Cytotoxicity in both types of cells was estimated after incubationd with 1, 10, or 100 uM of 3a-g for 24, 48
or 72 h in culture, and subsequent analysis involved SRB** and resazurin® assays. The metabolic activity of cells was
measured by the resazurin assay, and their mass by the SRB technique. None of the compounds were cytotoxic at 1
and 10 uM concentrations. At 100 uM the highest activity was with compounds 3b and 3d, and the longer incubation
time of 72 h increased cytotoxicity assayed with SRB method. Both compounds acted more potently on P19SCs cells
than P19dCs cells. In contrast, compound 3c containing a hydroxyl group in the para position of the benzene ring was
more effective on the differentiated cells, decreasing their mass by 70%. Compounds 3f and 3g with an aliphatic chain
at the nitrogen atom of imide skeleton instead of a phenol group were inactive (Table 2).

Based on cytotoxicity results, we selected compounds 3a, 3b and 3c to examine the changes in the MMP-and
mitochondrial O, level in P19 cells, usingTMRE? and MitoSox’’ fluorescent dyes. Cells were incubated for 24 h or
72 h with 1 or 100 pM of each compound and the results are given in Table 3.

Compound 3a was inactive on both cell types. Compound 3b decreased metabolic activity and mass of both cell
lines, but only after the longer incubation time (72 h). Literature data show that HKII can regulate MMP and ROS
production®. Thus, we decided to investigate whether selected BDTA derivatives influence on MMP and ROS level.
Compound 3b increased MMP in P19SCs cells, but had the opposite effect on P19dCs cells. A24 h incubation of the
undifferentiated cells with compound 3c, irrespective of its concentration, significantly increased MMP. Under the
same conditions, differentiated cells behaved differently, but a decrease in the MMP occurred.incells incubated at 100
HM.

The mitochondrial O, level decreased in P19SCs incubated with 100 uM 3b for 24 h, but increased in cells
incubated with 1 or 100 uM 3a for 72 h. P19dCs cells incubated with 1 or 100 uM 3c for 72 h showed an increase in
the MMP.

Table 3. Effect of incubation time and concentration of 3b, 3c and 3d on MMP and.-mitochondrial O2+— . Data are means + SD from 4
independent measurements in at least 4 repeats of each. Bold values are statistically significant compared with the control (p<0.05). P19
undifferentiated and differentiated cells are called P19SCs or P19dCs, respectively.

MMP
Compound P19SCs P19dCs
24 h 72h 24 h 72h

1uM 100 uM 1uM 100 pM 1uM 100 uM 1uM 100 uM
3a 82.2+13.6 89.6+19.1 81.9+21.9 81.6+14.9 117.8+12.7  112.0+10.2 89.40+16.3  93.3+11.1
3b 86.0+18.7 91.0+21.0 110.4+12.6  131.1+18.9 | 94.5+18.6 96.4+15.2 87.848.0 50.9+16.4
3c 176.1+£16.3 206.6+15.2 93.0+8.7 116.7£17.2 110.6£12.2 65.8+15.6 144.7£29.1 136.6+11.1

Mitochondrial O,  level

3a 108.7£37.0 108.3+£39.8 115.4+33.6 129.9+24.0 | 111.14£39.2 168.0£39.5 97.84£35.0 86.01£24.2
3b 83.2+36.9 55.1+39.8 106.0+£22.1 108.3+£34.7 112.2439.5 117.4+40.9 105.3+16.7 149.1+38.4
3c 72.1+£32.0 106.6124.6 78.4+36.4 72.5+39.7 75.8+£33.0 113.2+27.6 138.0+22.3 118.8+22.2

The inhibitory effect of these compounds on hexokinase activity was measured spectrophotometrically in cell
lysates by following anincrease in NADPH absorbance at 340 nm®. As a positive control a pure enzyme (HKII, 6308-
100 from BioVision) was used. Parameters of its kinetic are given in Table 4. Results for Km are different from those
reported in the literature. Ardehali et al.,**! got Km values of 0.34 + 0.06 and 0.36 + 0.10, whereas Ahn et al.,*? got
0.37£0.12. These differences may result from slightly different methods and enzyme sources used to determine Km.
The first values were determined by measuring the phosphorylation of [U-*C] -labeled glucose as a function of
glucose added to the reaction mixture. The second method was based on spectrophotometric measurement in which
G6P formation is coupled with the NADPH production in the presence of an excess of G6PD. Under these conditions
only compound 3b decreased hexokinase activity in a dose-dependent manner (Figs 1 and 2).

Table 4. Kinetic parameters of HKII enzyme monitored at 340 nm. The results, shown as means + SD, are
from 4 independent experiments in at least 4 repeats of each.

Km (glucose) Vmax Keat Keat! Km
[mM] [mM min™] [sec™] M?s™]
0.42+0.07 0.016+0.004 93.39+23.38 0.22*10°




N
o

o]

o
S

F

60

L
—_
&

40

Hexokinase activity [%]

20 1

0

Control  0.01mM (3b) 0.10 mM (3b) 50 mM (2-DG)

Fig. 1. Effect of 3b and 2-DG on hexokinase activity in supernatant of freshly prepared lysates of P19SCs cells. The results, shown as means
+ SD, are from 4 independent experiments in at least 4 repeats of each. *p<0.05 - statistically significant in relation to control.
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Fig. 2. Effect of 3b and 2-DG on the activity of HKII (Recombinant human hexokinase Il protein, 6308-100 from BioVision). The results,

shown as means * SD, are from 4 independent experiments in at least 4 repeats of each. *p<0.05 - statistically significant in relation to
control.

Summarizing, in examining the biological activity of BDTA derivatives and their ability to inhibit hexokinase
activity, our results.indicate that the compounds with a hydroxybenzene ring were cytotoxic to mouse embryonic
carcinoma cells, but only.at relatively high concentrations. Among newly synthesized BDTA derivatives only 3b
compound was able to partially inhibit a HK activity at a concentration at least 500 times lower (100 uM) than 2-DG
(50 mM). This demonstrates that compound 3b can be considered as a core structure in the design and development of
novel and effective hexokinase inhibitors.
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All reagents and solvents were of analytical grade, obtained from commercial suppliers and used without further purification
except for DMF, which was distilled prior to use and dried through storage over activated 4A molecular sieves. The progress of
reaction was monitored by TLC using silica-gel-coated aluminium plates with a fluorescence indicator (SiO2 60, F254) and
visualized by UV light. Column chromatography was performed using silica gelpacked columns (particle size 0.040-0.063 mm,
Merck). 1H NMR spectra were recorded on a Varian 600 MHz System or Agilent 400 MHz Spectrometer; 13C NMR spectra were
recorded at 150 MHz or 100 MHz, respectively. Chemical shifts were measured relative to residual non-deuterated solvent
resonances. Melting points were determined using a Boethius M HMK hot-stage apparatus. IR spectra (ATR technique) were
recorded on Nicolet 6700 FT-IR Spectrometer (Thermo Scientific). MALDI TOF MS spectra were performed using a QTRAP
4500 Ab Sciex. N,N'-his(2-hydroxyphenyl)benzophenone-3,3,4,4’-tetracarboxylic diimide (3a)As light yellow solid in 89%. m.p.
>300 °C. 1H NMR (400 MHz, DMSO-d6): § 6.94-6.96 (m, 2H), 7.00-7.03 (m, 2H), 7.28-7.36 (m, 4H), 8.17-8.21 (m, 4H), 8.27-
8.29 (m, 2H), 9.89 (s, 2H). FT-IR (cm-1): 3370 (m, br), 1780 (w), 1699 (s), 1389 (s), 717 (m). MALDI-TOF/MS (m/z): calc. for
C29H16N207 504.5, found 505.4 [M+H]+. N,N'-bis(3-hydroxyphenyl)benzophenone-3,3°,4,4’-tetracarboxylic diimide (3b)As
light yellow solid in 90%. m.p. >300 °C. 1H NMR (400 MHz, DMSO-d6): 5 6.85-6.87 (m, 6H), 7.32-7.35 (m, 2H), 8.15-8.17 (m,
4H), 8.25-8.26 (m, 2H), 9.78 (s, 2H). FT-IR (cm-1): 3300 (m, br), 1780 (w), 1718 (s), 1391 (s), 715 (m). MALDI-TOF/MS (m/z):
calc. for C29H16N207 504.5, found 505.4 [M+H]+. N,N'-bis(4-hydroxyphenyl)benzophenone-3,3°,4,4’-tetracarboxylic diimide
(3c)As light yellow solid in 94%. m.p. >300 °C. 1H NMR (400 MHz, DMSO-d6): 5 6.88-6.90 (d, 4H), 7.23-7.25 (d, 4H), 8.12-
8.15 (m, 4H), 8.23-8.25 (m, 2H), 9.78 (s, 2H). FT-IR (cm-1): 3451 (m, br), 1779 (w), 1709 (s), 1390 (s), 715 (m). MALDI-
TOF/MS (m/z): calc. for C29H16N207 504.5, found 505.3 [M+H]+. N,N'-bis(1,2,4-triazol-3-yl)benzophenonete-3,3",4,4’-
tracarboxylic diimide (3d)As grey solid in 71%. m.p. >300 °C. 1H NMR (400 MHz, DMSO-d6):  8.19-8.21 (m, 2H), 8.23-8.25
(m, 2H), 8.29-8.31 (m, 2H), 8.77 (s, 2H). FT-IR (cm-1): 3392 (w, br), 1790 (w), 1730 (s), 1374 (s), 719 (m). MALDI-TOF/MS
(m/z): calc. for C21H10N8O5 454.4, found 455.2 [M+H]+. N,N'-bis(uracil-5-yl)benzophenone-3,3°,4,4’-tetracarboxylic diimide
(3e)As pale yellow solid.in 91%. m.p. >300 °C. 1H NMR (400 MHz, DMSO-d6): § 7.89 (s, 2H), 8.17-8.21 (m, 4H), 8.27-8.29 (m,
2H), 11.40 (br, 2H), 11.63 (br, 2H). FT-IR (cm-1): 3180 (s), 3160 (s), 1770 (w), 1715 (s), 1385 (s), 745 (m). MALDI-TOF/MS
(m/z): calc. for C21H16N207 540.4, found 541.1 [M+H]+.N,N'-bis(2-hydroxyethyl)benzophenone-3,3°,4,4’-tetracarboxylic
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The 10 pl of supernatant of freshly prepared and centrifuged cell lysate or solution of HKII (Recombinant human Hexokinase I1
protein, 6308-100 from BioVision), was added to 88 pl of 100 mM Tris-HCI (pH 8.0) buffer containing 0.5 mM EDTA, 10 mM
ATP, 10 mM MgCI2, 2 mM glucose, 0.1 mM NADP (Sigma-Aldrich) , and 0.1 U/ml of G6PD (Alfa-Aesar). HK activity was
determined spectrophotometrically at 340 nm tracking the G6P-dependent conversion of NADP to NADPH. The reaction was
initialized with 10 mM of ATP added to the reaction mixture after 10 min-preincubation of microplate at 37°C.
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