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Abstract: A dicarboxylato-diamide-type compound 2,2'-[(1,2-dioxoethane-1,2-
-diyl)diimino]dibenzoic acid (H4obbz) (1) was synthesized and characterized.
The crystal structure of K,H,0bbz-2H,0 (2) was determined by X-ray diffract-
tion analysis. The cytotoxic activities of the compounds were tested against
four different cancer cell lines MCF-7, A549, HT-29, HeLa and a human nor-
mal cell line MRC-5. The results indicate reasonable dose-dependent cytotox-
icity of the ligands that show selectivity against the tested carcinoma and healthy
cell lines. Flow cytometric analysis and fluorescence microscopy showed that
the most active compound, H40bbz, induced apoptosis and GO/G1 cell cycle
arrest, indicating blockage of DNA synthesis as a possible mechanism that trig-
gers apoptosis. Docking and molecular dynamics simulations gave similar res-
ponses regarding interactions (binding) between their ligands and chaperon
Grp78. The MMGBSA determined AG binding energies were in the range from
~104 to —140 kJ mol!.

Keywords: oxamides; crystal structure; apoptosis; docking; molecular dyn-
amics.
INTRODUCTION

Very recently, a mechanism of the drug action adopting interactions of heat
shock proteins (HSP) chaperons was proposed. The /Csg value of the tested com-
pound appears to be comparable with those of commercial drugs that are in clin-
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ical use.l-2 Between the chosen macromolecules to which the compounds were
computationally simulated, the group of chaperon proteins (Grp78 from endo-
plasmic reticulum (ER) and Hsc70 from cytosol) were evidenced as better hosts
than oligonucleotides (DNA). Furthermore, it was found that the different sub-
stituents on oxamide nitrogens resulted in the difference in cytotoxicity of the
compounds. Interactions of anthranilic acid oxamidate-derivative with the mem-
brane layer, membrane protein channels and components within cytosol (DNA,
peptides/proteins) were much more suitable than that of other derivatives. Anti-
proliferative activity of the drug may also result from its cytostatic (effect on cell
cycle) or cytotoxic effects (e.g., apoptosis induction). The anti-apoptotic protein
Bcl-2 plays a key role in apoptosis. Its suppressive activity in the apoptotic pro-
cess may contribute to the drug resistance of tumor cells.3-6 Intermolecular inter-
actions, and modes of binding in the active site of an enzyme, can be determined
by molecular docking. For example, targeting Grp78, and comparing binding
modes of ATP and potential inhibitor can provide important insights about the
cytotoxicity of a compound towards both cancerous and healthy cells.” At the
same time, a molecular dynamics (MD) study may give an answer about the con-
formational and energetic change of the holo-protein during the time of the pro-
duction run. In this paper, how the addition of an aromatic group on the arm
chains of an oxamide might improve their biological activity is reported. Also,
qualitative and quantitative tests on treated cells using techniques such as flow-
cytometry and western-blot analysis are reported. Quantum mechanics, docking,
and MD were used to further support the biological results on the interaction of
the compound with malignant cells.

EXPERIMENTAL
Materials and measurements

All other chemicals of analytical reagent grade were commercially purchased and used
without further purification. Elemental microanalyses for C, H, N were performed at the Mic-
roanalytical Laboratory, Faculty of Chemistry, University of Belgrade, Serbia. IR spectra
were obtained in KBr pellets using a Perkin—Elmer FT-IR Spectrum One spectrophotometer.
The positions of the absorbance bands are expressed in cm™! and the intensities are labelled as
w (weak), m (medium) or s (strong). Only the most significant absorption bands are reported.
TH- and 3C-NMR spectra were recorded on a Varian Gemini 2000 spectrometer (200 MHz).
Chemical shifts are expressed as J values (ppm) relative to 3-trimethylsilylpropionic acid-d4
sodium salt (TSP) as internal standard. Coupling constants J are given in Hz. Melting points
were determined using Stuart digital melting point apparatus with accuracy + 1 °C. The chem-
icals and solvents used were commercially available.

Analytical and spectral data are given in Supplementary material to this paper.

Synthesis of 2,2"-[(1,2-dioxoethane-1,2-diyl)diimino] dibenzoic acid, H,obbz (1)
To a stirred solution of anthranilic acid (3.0 g, 2.2x10"2 mol) in THF (50 mL) was added
dropwise a solution of oxalyl chloride (1.3 g, 102 mol). The solution was stirred for 1 h. The
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acid that precipitated as a white powder was filtered off under vacuum, washed with THF and
air-dried. Yield: 2.50 g (74.40 %).

Synthesis of K,H,0bbz-2H,0 (2)
To a stirred solution of H,obbz (1, 0.328 g, 1x10- mol) a solution of potassium hydro-

xide (0.112 g, 2x10-3 mol) was added dropwise. The solution was left in a refrigerator for a
few days. The formed crystals were isolated. Yield: 0.26 g (59.6 %).

X-Ray structure determinations

Suitable crystals of 2 were grown by slow evaporation from a water solution at room
temperature. X-ray diffraction data were collected using a SMART APEX diffractometer
equipped with CCD detector, MoKa radiation (A = 0.71069 A) and corrected for absorption
effects following the SADABS? procedure. The phase problem was solved by direct methods
and the structures were refined by full-matrix least-squares on all £2 using SHELXL9710, as
implemented in WINGX.!! Analytical expressions of the scattering factors of neutral atoms
were taken from the International Tables for X-Ray Crystallography.!? The structure drawing
was obtained using ORTEPIIL!3 Data are given in Table 1.

TABLE I. Crystal structure and refinement data for compound 2

Compound reference K,H,0bbz Temperature, K 293(2)
Chemical formula CgHsKNO, Space group R3
Formula Mass 218.23 No. of formula units per unit cell 18
Crystal system Trigonal No. of reflections measured 10544
al A 28.145(4) No. of independent reflections 2281
b/A 28.145(4) Rint 0.0898
c/A 6.484(1) Final Ry (I > 2a(1)) 0.0781
al® 90.00 Final wRF? (I > 20(1)) 0.2312
ple 90.00 Final R; (all data) 0.1740
y/° 120.00 Final wRF? (all data) 0.3043
Unit cell volume, A3 4448(2) CCDC number 1412205

Quantum-mechanical method

Density functional theory (DFT) calculations were performed by the Gaussian 09 suite. !4
The Becke three-parameter exchange functional, in conjunction with the Lee-Yang-Parr
correlation functional (B3LYP),!5-17 with the Ahlrich triple valence basis set (TZVP)!8 was
used. All calculated structures were verified to be local minima (all positive eigenvalues) for
ground state structures.

Docking method

Molecular docking of ligands (ATP, H,obbz?> and H,obbz) was simulated to the three-
-dimensional X-ray structure of Grp78 (ref. code 3LDL!®). This protein is Hsc70 isoform and
originates from ER.!® Docking processes were performed using AutoDock 4.2 (AD4)20 and
AutoDock Vina (Vina)?! software equipped with a graphical user interface (GUI) AutoDock
Tools 1.5.6rc3 (ADT). Full description of the methods used can be found in the Supple-
mentary material.

MM/MD simulations

The Amber20 program?? was used to parametrize protein complexes. The ff19SB force
field, 22 TIP4P OPC water model,23-** and Na* and CI- parameters from Li et al.2> were used
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to model the protein monomer, water molecules in the solvation box, and Na* and CI-,
respectively. Grp78 monomer was obtained from 3LDL X-ray PDB structure. For paramet-
rization, ATP, H,obbz?" and H,obbz were taken from DFT optimized structures. The best
scored docking structures were used for the simulation runs. AmberTools2122 was used for the
structural modeling and data analyses while pmemd.cudaZ6-28 in AMBER2022 was employed
in the MD simulation. The three ligands and corresponding Grp78-[L] complexes were
modeled, simulated (MM/MM regime) and AG (MMGBSA method) determined in the way as
described in detail in the Supplementary material.

Cell lines

The cell lines used in the study were MCF-7 (human breast adenocarcinoma), A549
(human lung carcinoma), HT-29 (human colon adenocarcinoma), HeLa (human cervix adeno-
carcinoma) and MRC-5 (human fetal lung fibroblasts). The cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) with 4.5 % of glucose, supplemented with 10 % of fetal
bovine serum (FBS, Sigma) and antibiotics and antimicotics solution (Sigma). All cell lines
were cultivated at 37 °C in an atmosphere of 5 % CO, and absolute humidity.

Assays and analysis

Details for MTT assay, Annexin V-FITC/7-AAD assay for determination of apoptosis
and necrosis by flow cytometry, Western blot analysis, and Cell cycle Analysis by flow cyto-
metry are given in the cited works2%-3! and in the Supplementary material.

RESULTS AND DISCUSSION
Preparative work and spectral analysis
The syntheses of H4obbz (1) and Kyobbz (2) are outlined in Scheme 1.

[ 1 0 [ 1 O
NH OH NH O
+2K'
NH © NH ©
OH

@] o
THF +2 KOH
+2 . —_—
O -2HCI -2 H20
o] Cl o] o]
NH, OH i JL i J-L
o

H,obbz K;H,0bbz

2.2'-[(1,2d1oxoethane-1,2-diyl)diimino]dibenzoic acid

Scheme 1. Preparative path of compounds 1 and 2.

Infrared spectra of the ligands show the characteristic absorptions of the cor-
responding amido-carboxylate groups, a strong and sharp v(NH) and v(COOH)
vibration in the range observed for the compounds (1: 3268, 1701 cm™1, 2: 3322,
1712 em™!, Fig. S-4 of the Supplementary material). The !H- and 13C-NMR
spectra of the investigated compounds were recorded. The 13C-NMR spectra
showed all the carbon signals on the expected position, which further provides
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support for their structures. The !H-NMR spectraum of the compound 1 consists
of phenyl group signals in the J range 6.2—8.4 ppm.

Structure
The molecular structure and crystal packing of compound 2 K,H»obbz:-2H»O,

are depicted in Fig. 1. The coordination sphere of potassium in 2 is shown in Fig.
S-5 of the Supplementary material.

Fig. 1. Ortep diagram of K,H,0bbz:2H,0 (2) structure: a) asymmetric unit with labeled
atoms; b) molecular structure; c) crystal packing view along the ¢ axis.

Selected bond lengths and bond angles for this compound are gathered in
Table II (complete data are in Tables S-1I-S-IV of the Supplementary material).
Compound 2 crystallized as a dipotassium salt of compound 1, in which the pot-
assium ion coordinated to the carboxylic oxygen atom O2 and the amide oxygen
03 atom. This compound crystallizes as the more stable trans conformer in the
trigonal crystal system with R3 space group. The independent asymmetric unit of
2 comprises a half molecule of the anionic ligand of Cs symmetry. The asym-
metric units associated with potassium atoms and water molecules form hexa-
gonal cavities. Bonds C8—03 and C8—N1 have lengths typical for peptide bonds.
Hydrogen bonds are formed by N(1)---O(2), 2.630(8) A, and O1(W)---02, 2.855 A.

TABLE II. Selected bond lengths, angles, and torsions for compound 2

Bond lengths (A1-A2) Bond angles (A1-A2—A3) Bond torsions (A1-A2-A3-A4)
Al A2 Type Length, A Al A2 A3 Angle,® Al A2 A3 A4 Torsion,°
Cl C2  Single 1.49(1) C2 Cl Ol 1182(6) Ol Cl C2 C3 177.8(6)
Cl Ol Delocalized 1.249(8) Ol Cl1 02 1219(7) C1 C2 C3 NI -1.5(8)
C2 C3 Aromatic 1421(7) C2 C3 Nl 117.7(5) C2 C3 NI C8 -176.5(6)
C3 N1  Single 1.410(7) C3 NI C8 129.8(5) O3 C8 NI C3 -1(1)
C8 N1  Single 1.332(7) NI C8 O3 127.4(6) O3 C8 C8 O3 -180.0(6)
C8 O3  Double 1.23(1)
C8 C8  Single 1.53(1)
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MTT Assay

The Hpobbz™# compounds were evaluated for their in vitro cytotoxic act-
ivity against a panel of human malignant and normal cell lines. Cytotoxic activity
was evaluated using the standard MTT assay, after exposure of cells to the tested
compounds for 48 h. The commercial antitumor agent doxorubicin (DOX) was
used as a reference compound. HT29 and HeLa cells are particularly sensitive to
1, evidenced by inhibited growth of the HT29 cell line, that is similar to the ref-
erence compound, and 2 times stronger cytotoxicity to HeLa. The results are
given in Table III.

TABLE III. Cytotoxicity (ICsq / uM) of the ligand and complexes in vitro

C d Cell line

ompoun MCF-7 A549 HT29 HeLa MRC-5
Cisplatin 15 36.12 22.05 2.02 -
Doxorubicin (B) 0.75 7.86 0.32 1.17 0.12
H,0bbz (C) >100 >100 0.36 0.63 >100
K,H,0bbz (D) >100 >100 >100 61.86 >100

Effect of compound 1 on apoptosis in the HelLa cell line

In order to explore how the modality of H4obbz induced a decrease in the
viability of HeLa cells, the nature of cell death was evaluated by the Annexin
V/7-AAD staining assay. As Hqobbz (1) showed notable cytotoxicity towards the
investigated cell lines, this compound was selected for further testing. HeLa cells
were treated with /Csy concentrations of 1 or media alone (control) for 48 h.
Flow cytometric analysis revealed that the primary mode of cell death in Hela
cells induced by 1 was apoptosis, with a negligible proportion of necrotic cells.
Compound 1 significantly increased the proportion of apoptotic HeLa cells, the
majority of them being early apoptotic, whereas necrotic cells, although in low
percent, were noticeable only in the control cells (Fig. 2).

Go/Gq cell cycle arrest in HeLa cell line

To further reveal the mechanisms underlying the cytotoxic activity of 1 on
cell cycle, the distribution of HeLa cells was determined by flow cytometry (Fig. 3).

A 48-h treatment with 1 almost completely arrested DNA synthesis as the S
phase had nearly disappeared (0.6 %). The percentage of HeLa cells accumulated
in the GO/G1 phase increased from 74.9 % (control) to 79.6 % when treated with
1. HeLa cells show no changes in cell cycle profile of G2/M cells. The disap-
pearance of the S phase and arrest at the GO/G1 phase, induced by (1), points to
the blockade of DNA synthesis as a possible mechanism that triggers apoptosis.

Apoptosis and cell cycle progression are connected. Cell cycle machinery
has numerous regulatory molecules that monitor and regulate the advancement of
the cell cycle. These regulatory molecules are activated after DNA damage, and
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Fig. 2. Annexin V-FITC/7-AAD detection of apoptosis by flow cytometry. Dot plots illustrate
distribution of viable, early apoptotic, late apoptotic and necrotic HeLa cells in untreated con-
trol (C) and treated with H4obbz (H4). Lower left quadrant corresponds to viable cells (A—7-),
lower right to early apoptotic (A+ 7—), upper right to late apoptotic (A+ 7+) and upper left to
necrotic cells (A— 7+). a) Control; b) Hyobbz; ¢) percentage of apoptotic and necrotic cells.
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Fig. 3. Cell cycle analysis. a) Control; b) Hyobbz; c¢) the histograms demonstrate the cell cycle
distribution of untreated HeLa cells in control sample (C) and cells treated with Hyobbz (H4).

they inhibit cell cycle progression allowing the cell to recover and repair the
defect. If the damage cannot be fixed, programmed cell death launches and the
cell is eliminated by apoptosis. On the other hand, genes that are supervising
apoptosis are also implicated in the progression of the cell cycle. Either antiapop-
totic (Bcl-2) or proapoptotic (Bax) regulatory proteins, aside from controlling the
life and death of the cell, can inhibit cell cycle progression. Both molecules are
transcriptional targets for p53, a tumor suppressor protein that either induces cell
cycle arrest or apoptosis. Coordinated action of these molecules is pivotal for
controlling cell fate.32

Apoptosis and cell cycle progression are connected. Cell cycle machinery
has numerous regulatory molecules that monitor and regulate the advancement of
the cell cycle. These regulatory molecules are activated after DNA damage, and
they inhibit cell cycle progression, allowing the cell to recover and repair the
defect. If the damage cannot be fixed, programmed cell death launches and the
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cell is eliminated by apoptosis. On the other hand, genes that are supervising
apoptosis are also implicated in the cell cycle progression. Either antiapoptotic
(Bcl-2) or proapoptotic (Bax) regulatory proteins, besides controlling the life and
death of the cell, can inhibit cell cycle progression. Both molecules are transcrip-
tional targets for p53, a tumor suppressor protein that either induces cell cycle
arrest or apoptosis. Coordinated action of these molecules is pivotal for control-
ling cell fate.32

Western blot (WB)

WB analysis of the effects of doxorubicin and 1 (Fig. 4) indicates that these
compounds slightly modulate the total amount of the Bcl-2 protein compared to
the control. When treated with 1, in comparison with doxorubicin, the expression
of Bcl-2 was lower, the expression of Bax was higher, and the expression of cas-
pase-3 was slightly higher. Western blot analysis also demonstrated comparable
but relatively low proteolytic cleavage of PARP in HeLa cells following treat-
ment with the tested substances. The majority of chemotherapeutics induce apop-
tosis that is characterized by a significant expression of the Bax protein although,
it was confirmed that apoptosis in various human solid tumors can be induced in
the absence of any change in the level of the Bax protein.33 In the present experi-
ments, the analyzed compounds did not show high influence on the expression of
the Bax protein. Caspases, a family of aspartate-specific cysteine proteases, play
a critical role in the programmed cell death.

Bcl-2 Bax
||f — 21 kDa | — ~25 kDa
" I
Caspase 3 PARP
5 32 kDa . 112 kDa
[ . 18 kDa . 85 kDa
Actin A B c
s — — ‘ ~42 kDa
A B C

Fig. 4. Left: graphical presentation of densitometry data of protein expression obtained by
Western blot analysis and processed with the ImageJ image computer program. A — control;
B — doxorubicin; C — Hyobbz; right: the expression of apoptotic proteins investigated by
Western blot analysis.

Caspases are important mediators in the initiation and execution of apoptotic
signals.3 The morphology of an apoptotic cell may be induced not only by cas-
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pase activity, but also by the action of other families of proteases. Antitumor
agents may induce cell death by apoptosis in a caspase-dependent or caspase-
-independent manner.33-34 This means that apoptosis can be initiated without cas-
pase activation, and caspase activation does not always result in cell death.33
Doxorubicin and 1 both inhibit the growth of HeLa cells, and the degree of inhi-
bition depends on the concentration of the test substance. The response type for
the tested compounds were the same for all tested times. It was found that
Hyobbz (1) shows a high antiproliferative effect (Table III).

It was proposed in a very recent work? that ER stress could be the mech-
anism that explains the action of the candidate drug. However, beside very pro-
bable L-protein (ER Chaperons) adduct, the possibility that the candidates inter-
act with DNA could not be excluded. WB finding of Bcl2 expression and cleav-
age of PARP are in accordance with the present assumption. Roseti ef al. showed
that a novel ER stress-triggered caspase cascade, initiated by caspase-4 and
involving caspase-8 and caspase-3, plays an important role in spontaneous B-cl2
cell apoptosis.3® They also claim that ER stress triggers survival signals in B-cl2
cells by increasing GRP78 expression show that ER triggers an essential pathway
for apoptosis of B-cl2 cell, and suggest that genetic and pharmacologic manipul-
ation of ER signaling could represent an important therapeutic strategy. We do
believe that the present compound fits well with the above findings and further
support an ER stress mechanism as a real option with computational methods.

Docking

The structure of the target protein was downloaded directly from the RSCB
PDB site (PDB entry 3LDL) and prepared as described in the Supplementary
material. Co-crystalized ATP molecule was used to validate the docking method.
Partial charges for all the docked structures were derived from B3LYP/TZVP
QM calculations. The results of docking with both AD4 and Vina are presented
in Table IV. Both programs managed to replicate the modes of binding of co-
-crystalized ATP. The structures of obtained results, overlaid with the crystal
structure, are shown in Fig. S-1. Vina replicated crystal structure with objectively
higher success.

TABLE IV. Binding energies derived from different docking software; E — estimated free
energy of binding, K; — estimated inhibition constant

Compound AD4 Vina

E /kJ mol'! K/ uM E /kJ mol'!
ATP —33.89 1.16 —47.28
H,obbz* —32.30 2.18 —41.84
H,obbz -30.17 522 —40.17
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The binding location was defined using ATP groups as references. Phos-
phate groups interact with LYS296 and backbone amide nitrogens of THR37,
THR38 and TYR39; Hydroxy groups of ribose interact with GLU293 and
LYS296; aromatic rings of adenine interact via m-electrons with ARG297 and
ARG367. Among others, these crucial interactions are pictured in Fig. 5.

a) b) c)

ASP224
"ARG367
T\ SER365 SER365 —{ ARG8T SER365 <
ARG297 f/ ARG297
THR229/ ?5/79 7% THR229 W i
THR37 THR38

TYR39 THR38 LYS296 THR37 THR38 TYR39 LYS296

Fig. 5. Crucial actualized interactions of docking results towards Grp78: a) H,obbzZ", best
score from Vina; b) HyobbzZ", best score from AD4; c) ATP, best score from Vina.

Relative energies obtained from the docking of Hyobbz2- and H4obbz in dif-
ferent programs agree, both slightly favoring the ionized form. AD4 and Vina
seem to favor different binding modes, but both programs give almost identical
solutions for the ionized and neutral form. AD4 tends to favor interactions of aro-
matic n-electrons of a benzoic acid moiety with ARG297 and ARG367. Instead,
Vina tends to favor interactions of the carboxyl group of the benzoic acid moiety
with backbone amide nitrogen of THR37 and THR38. Tested molecules are not
large enough to reach both points of interest. Since both programs give solutions
that interact with SER365, this residue can be considered the central point of int-
erest. Each identified binding mode can be responsible for deactivation of Grp78
since hydrolysis of ATP at this site is crucial for the function of the protein.

Molecular dynamics

The efficacy of obbz ligands is restricted by the ability to interact with cell
components. Therefore, the possible studies on the mechanism of the ligands ref-
lected in their interaction with the either DNA or cell proteins responsible for the
normal function of the cell. As mentioned above and in earlier papers the ER and
cytosolic stress mechanisms as the results of docking to chaperons Grp78 and
Hsc70 are predictive for more potent inhibitors, such as obbz compounds (Fig. 6).

Recent studies show that some ligands with O-donor atoms can be expected
to induce ER stress and nucleus-independent apoptotic signaling. Wang et al.3”
were led to the conclusion that overexpression of CHOP proteins induced by the
N,O ligands leads to apoptosis the cancer cell. However, Macias et al.19 stated
that Grp78 overexpression in tumor cells appears necessary to survive oncogenic
stress. Elevated glucose metabolism leads to glucose starvation, low pH, and
severe hypoxia, which are conditions under which cancer cells must survive, and
are all factors that induce ER stress and activation of the Grp78 promoter. Hence,
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according to these authors, successful inhibition of Grp78 from ER or cytosolic
HSP70 heat shock proteins may alter the cancer cell survey.

\ >
¢ — SER340
— }(
i :
\ THR12 o
R ) Lys271
/xR ‘ THR13
W 3
\*J J Ly
\ v ARG272

Fig. 6. MD system consisting of Grp78 monomer and the H40bbz ligand.

Thus, it was decided to investigate the dynamics between the ligands
(H40bbz, Hyobbz2~ and ATP4- found in 3LDL structure) and apo-Grp78 mono-
mer, to determine how powerfully the Grp78 binds these agents comparing [L]-
Grp78 free binding energies. RMSD plots of heavy atoms of the ligands and
backbone N, CA, and C atoms in the Grp78 monomer along 5 trajectories (for
each complex there are 5 independent samplings) are shown in Fig. 7. Usually, it
is consider that small RMSD values along the trajectory indicate a stable state of
the molecular system. Generally it can be seen see that the RMSD values of com-
plexes are small (0.5 A) with some exceptions due to the conformational change
of the ligand. Similarly, the RMSD of the whole system have average values of 2
A (Fig. 7); Some sudden jumps between small and large RMSD values of the
protein backbone atoms are due to a periodic boundary issue.

a) b) c) ATP H2obbz H4obbz

3r 3r 3

O<,2_ o< 2} O<,2
[a] o
2 M 2
x 1 1 T 1

%

-50

RMSD, A

100

AG / kd mol!

T Gl U

0200 200 600 800 7000 0 200 400 600 800 7000 0 200 400 600 800 7000 '
Frame Frame Frame

Fig. 7. RMSD values during MD simulation runs of Grp78 with: a) ATP; b) Hyobbz?;
¢) Hyobbz; higher values of RMSD are for protein-ligand complex while lower values are
calculated only for atoms belonging to ligand; d) relative AG binding energies.

It was found that the ligands remained bound to the protein. The average dis-
tance between the center of the ligands and the surroundings residues at the bind-
ing pocket remain less than 8 A (LYS271, THR12, THR13 and TYR14; GLU268
and LYS271; ARG272, ARG347 and SER275 — residue numeration differs by
—25 from original PDB due to renumbering by Amber). In all trajectories, the
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ligands were kept bound to the protein during the simulation runs. A further
investigation?? suggests that MMGBSA results serve better when used for com-
parison between similar molecules bonded at the same protein pocket. The results
of MMGBSA analyses are in accordance with the expectations AG: —139.9992,
~104.0201 and —61.1207 kJ mol~! for Hyobbz, Hyobbz2~ and ATP, respectively
(shown in Fig. 7 and given in Table S-I). Domain movement during the MD
simulations was investigated using the online tool DynDom.38 No domain move-
ments during each of the simulations were found. Interactions of ligands with the
most important residues in Grp78 are shown in the 2D diagram in Fig. S-3. After
a thorough inspection of all trajectories in case of each [L]-Grp78 unit, i the
following should be pointed out: a) The [L]-Grp78 unit behaves similarly and
shows no tendency for separation from protein or their movement from the bind-
ing pocket; b) the oxamide (1) interacts with the THR13, TYR14 and GLY339
residues by strong hydrogen bonds and GLY339 and ARG271 residues by
n-stacked and m-alkyl attraction; c) the secondary structure of the protein units
were almost conserved; d) there were no domain movements of investigated pro-
tein during any of the simulations.

CONCLUSIONS

In this work 2,2'-[(1,2-dioxoethane-1,2-diyl)diimino]dibenzoic acid, Hyobbz
(1) and its K* salt KyHpobbz (2) were synthetized and characterized by the spec-
troscopic and structural methods. The crystal structure of 2 was determined by
X-ray analysis. Compound 2 crystallizes as a dipotassium salt of 1. Compound 1
inhibited the growth of HeLa cell line similarly to the reference compound and
expressed 4 times stronger cytotoxicity to HT29. Additionally, 1 exerted no toxic
effects towards the healthy line (>100 uM). Flow cytometric analysis revealed
that the primary mode of cell death in HeLa cells, induced by 1 was apoptosis,
with a negligible proportion of necrotic cells. Treatment with 1 almost com-
pletely arrested DNA synthesis as the S phase had nearly disappeared. Western
Blot and computational experiments further support the ER stress mechanism as
a real option. Both docking and MD are indicative for tight binding between
Hyobbz and the Grp78 chaperon. Vina and AD4 favor different binding modes in
the active spot but both give comparable relative energies. Concerning MD sim-
ulations, the compounds were kept bound to the protein during the NPT pro-
duction run. There were no domain movements of the investigated protein during
any of the simulations. The results of MMGBSA analyses were in accordance
with expectation AG: —139.9992, —104.0201 and —61.1207 kJ mol~! for H4obbz,
H,obbz2- and ATP, respectively.
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U3BOJ
CTPYKTYPHA, BUOJIOIIIKA U PAYYHCKA UIIUTHBAA IEPUBATA OKCAMHUIA

WTHAT I1. QWJIUIIOBUER', EMUHA M. MPKAJTTMR?, GIORGIO PELOSI?, BECHA KOJUR®, IMUTAP JAKUMOB®,
IEJAH BACKUR® u 30PAH JI. MATOBUR'
1YHusep3umem v Kpaiyjesuy, ITpupogno—maitiemaitiuuxyu paxynive, Unciautiyw 3a xemujy, 34000
Kpaiyjesay, ZYHusepsuuicw vy Kpaiyjesuy, Huctautiyii 3a undpopmayuone iexHonoiuje Kpaiyjesay, 34000
Kpaiyjesau, *Department of Chemistry, Life Sciences and Environmental Sustainability, University of Parma,
43123 Parma, Italy, *Unciuuinyii 3a onxonoiujy Bojsogune, Cpemcka Kamenuya, Hosu Cag, Ungyciipujcxu
tyin 4, 21204, Cpemcka Kamenuya u 5YHueep3umew y Kpaiyjesuy, ®axyniieti MEJUUUHCKUX HAYKA,
34000 Kpatyjesay,

Jemumemne 2,2'-[(1,2-muokcoeTan-1,2-nuwi)IMUMHHO | 1udeH3oeBa kucenuHa (1, Hisobbz), u
IvKanujymoBa co oBor jemumena (2, K:H20bbz) cy cunTterucana u oxapaxrepucaHa. Kpuc-
TalHa CTPYKTypa jenumerna 2 je yTBpheHa momohy nudpaxiiyje peHATeHCKUX 3paka. YTBP-
heHa je IMTOTOKCHYHA AKTHBHOCT MpeMa YETHPU Pa3JIMUYMTa THIA MAJIUTHUX henujckux
nunuja (MCF-7, A549, HT-29, Hela), u npeMa jenHoj 3gpasoj henujckoj nunuju (MRC-5).
Pesynratu ykasyjy pasyMHy LUTOTOKCUYHOCT KOja 3aBUCH Of [03€, KOJ| jelumemna Koja moka-
3yjy CelneKTHBHOCT ITpeMa MaJurHuM henujama y opHOCY Ha 3mpaBe. [IpOTOYHOM LIUTOMET-
PHjoM ¥ (IyOpOCLEHTHOM MHKPOCKOINHjOM MoKa3aHo je ma Hiobbz moBomu mo amomnrose u
3aycrasmatba GO/G1 henujckor nukiayca, wWTo ykasyje Ha Omoxkany JHK cunHTese xkao moryh
MexaHu3aM gejctBa. Cumysianuje MOJIEKYJICKOD IOKOBaka M MOJIEKYJICKe AUHAMUKe Jajy
CJIMYHE OJTOBOPE Ha MUTambe MHTEpaKLyja Haller jefumema ca Xxaneponom Grp78. Cnobopne
eHepruje BesuBama onpehene MMGBS metonom cy y pacrony o —104 10 —140 kJ mol ™.

(ITpumsero 4. nenemdpa, pesunupaHo 28 nenemdpa, npuxsaheHo 29. neriembpa 2021)
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