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The structure of the complex K[Pd(GAO)(HGAO)] (1), where H,GAO = gly-
oxylic acid oxime, has been determined by X-ray diffraction analysis. Or-
thorhombic crystals (Pbca, a = 15.890(2), b = 12.522(4), ¢ = 16.703(3) A, Z = 8)
consist of two non-equivalent anionic complex molecules. Each com-
plex molecule contains one mono- and one di-deprotonated H,GAO mol-
ecules coordinated to Pd(II) via the carboxylato oxygen and oxime nitro-
gen atoms, forming two cis-oriented five-membered planar chelate rings. The
two ligand molecules are connected via intramolecular hydrogen bond of the
N-0--H-0-N type. The structure obtained is very similar to that of the analogous
complex K[Pt(GAO)(HGAO)] - 3/4H,0 (2), deposited earlier. Complexes 1 and 2
were characterized by 'H, *C and '"Pt NMR spectra in water solution. Complex 2
exhibits a moderate cytotoxic activity (IC, = 62 * 16 pumol/l) and apoptogenic ef-
fect against the human leukemic cell line K562. In comparison with cisplatin, the
complex shows a lower level of necrosis in the same cells and a higher aqueous
solubility.
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INTRODUCTION

ous chelate complexes [1, 2] of technological [3-5] and
pharmacological [6] significance. The application of oxi-

2-(Hydroxyimino)carboxylic acids have a structural simi-
larity with a-aminocarboxylic acids. They possess a pro-
nounced coordinating ability to metal ions and form vari-

* Corresponding author. E-mail: dodoff@obzor.bio21.bas.bg

mes, including 2-(hydroxyimino)carboxylic acids, in organ-
ic synthesis has been recently reviewed [7]. Glyoxylic acid
oxime (H,GAO, (hydroxyimino)acetic acid) is the simplest
representative of 2-(hydroxyimino)carboxylic acids. In the
last years, we have published several articles on the elec-
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tronic structure, vibrational spectra and conformational
behaviour of H .GAO [8] and its light transition metal com-
plexes [9].

Ten years ago we firstly described [10] Pd(II) and Pt(II)
complexes of H,GAO, and, based on a detailed analysis of
their vibrational spectra, suggested for them a bis-chelate
structure with monodeprotonated ligand: [M(HGAO),]. La-
ter, K. Mereiter [11] has solved the structure of the Pt(II) com-
plex by X-ray crystallography and found that it is actually an
ionic complex containing both the mono- and di-deprotonat-
ed chelate ligand K[Pt(GAO)(HGAO)] - 3/4H,0 (Fig. 1). We
also confirmed the X-ray structural results of Mereiter. The
mentioned complexes bear some resemblance (cis-oriented
nitrogen and carboxylato-ligands) to the second-generation
platinum anticancer drug, carboplatin (cis-diammine(1,1-
cyclobutanedicarboxylato)platinum(II)) [12], and they are of
interest as potential cytostatic agents. In the last years, Pt(II)
complexes with imine N-donor atoms, like iminoethers [13,
14] and oximes [15], attract considerable attention in connec-
tion with the design of cytostatically active Pt(IT) complexes
with trans-configuration. Cu(II) complexes with oxime lig-
ands have shown a cytostatic effect [16] and DNA cleavage
activity [17-20]. At the same time, numerous oximes [21-23]
and oxime ethers [24,25] exhibit carcinostatic properties in a
non-coordinated state. It should be emphasized that the Pt(II)
and Pd(II) complexes of H,GAO synthesized by us [10] have
a good solubility in water. From the pharmacological point of
view, this is an important property, taking into account that
much efforts have been made to design platinum-based an-
ticancer drugs with improved aqueous solubility compared
to the parent compound, cisplatin (cis-[Pt(NH,),CL]) [12,
15,26]. Although less explored and for the present having no
clinical application, Pd(II) complexes with potential antitu-
mor activity rouse increasing interest, as seen from a recently
published review [27].

The present communication is a continuation and cor-
rection of our earlier work [10]. Here we report the X-ray
crystallographic structure of the complex K[Pd(GAO)
(HGAO)], NMR spectroscopic data and results from cytotox-
ic activity assays for the free ligand H,GAO and its complexes
K[Pd(GAO)(HGAO)] (1) and K[Pt(GAO)(HGAO)] - 3/4H,0
(2) (Fig. 1).

EXPERIMENTAL

Starting materials

K PdCl,, K PtCl , glyoxylic acid monohydrate, hydroxylamine
hydrochloride, and the remaining reagents and solvents were
commercial products (purum or pro analysi). When neces-
sary, the solvents were purified and distilled employing rou-
tine procedures. Cisplatin (BioChemika, 98%), MTT (3-(4,5-
dimethy-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide)
(BioChemika, 297.0%) and ethidium bromide (3,8-diamino-
5-ethyl-6-phenylphenanthridinium bromide) (BioChemika
for fluorescence, 98%) were from Fluka.

The ligand H,GAO was prepared from glyoxylic acid
monohydrate and hydroxylamine hydrochloride as described
by Wieland [28],and recrystallized from ethylacetate — n-hep-
tane; m. p. 139-140 °C.

Preparation of the complexes
The complexes were prepared as described earlier [10], with
some modifications.

Potassium [{hydroxyimioacetato(1-)-0,N}{oxyimino-
acetato(2-)-0,N}]palladate(II), K[Pd(GAO)(HGAO)] (1).
0.10 g (1.12 mmol) of H,GAO was dissolved in water (1 ml),
and the solution alkalized with aqueous K,CO, to pH = 4.
0.18 g (0.55 mmol) of K,PdCI, was dissolved in water (2 ml),
the solution was filtered and the filter washed with a small
volume of water (0.5 ml). The two solutions were mixed,
shaken and left at room temperature in the dark for 48 h. The
obtained yellow needle crystalline mass was filtered, washed
with ethanol and dried in vacuo. Yield: 0.13 g (74%).

Potassium [{hydroxyimioacetato(1-)-O,NHoxyimino-
acetato(2-)-O,N}]platinate(II) hemisesquihydrate, K[Pt
(GAO) (HGAO)] - 3/4H,0 (2). 0.09 g (1.01 mmol) of H,GAO
was dissolved in water (1.5 ml),and the solution was alkalized
with aqueous K,CO, to pH = 4.0.21 g (0.51 mmol) K,PtCl,
was dissolved in water (1.2 ml), and the solution was filtered.
Through the same filter the alkalized solution of H.GAO was
added, and finally the filter was washed with several drops of
water. The reaction mixture was shaken and left at room tem-
perature in the dark for 5 days. The red crystalline precipitate
was filtered, washed with ethanol and dried in vacuo. Yield:
0.12 g (56%).
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Fig. 1. Structural formulae of chelate complexes of glyoxylic acid oxime (H,GAQ): K[Pd(GAO)(HGAO)] (1) and K[Pt(GAO)(HGAO)] - (3/4)H,0 (2)
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The complexes 1 and 2 were recrystallized from hot water.
Well-shaped crystals suitable for X-ray diffraction analysis
were obtained by dissolving ca. 30 mg of the corresponding
complex in water (ca.2 ml) in a short micro-tube upon slight
heating. Then, the tube was covered with a stopper having a
small hole, and the solution was left at room temperature in
the dark until crystals appeared (ca. 10 days).

Caution! In solid state, complexes 1 and 2 are explosive.
They detonate upon heating, and, probably, upon hitting. The
complexes can be stored in normal conditions.

X-ray crystallography

The crystal of 1 was mounted on a glass fiber and flash-frozen
to 100 K (Oxford Cryosystem-Cryostream Cooler). Prelimi-
nary examination and intensity data collection were carried
out using a KM4-CCD diftractometer, w scans, and graphite-
monochromated Mo-Ka. radiation generated from a diffrac-
tion X-ray tube operating at 50 kV and 20 mA. The data were
corrected for Lorentz and polarization effects. Absorption cor-
rections were performed for the intensity data (T = 0.710
and T = 0.873) [29]. The images were indexed, integrated,
and scaled using the CrysAlis data reduction package [29].
The structure was solved by direct methods (SHELXS97)
[30a] and refined by the full-matrix least-squares method on

Table 1. Crystal data and structure refinement for 1*

Empirical formula

CeHsK,N,O,,Pd,

M 641.17
T.K 100
LA 0.71073
Crystal system orthorhombic
Space group Pbca (No 61)
a, A 15.980(2)
b, A 12.522(4)
¢ A 16.703(3)
v, A 3323.5(13)
z 8
D__.,9gcm? 2.563
pw, mm™’' 2.740
F(000) 2464

Crystal colour, shape, size, mm

yellow, plates,
0.08 x0.10 x 0.10

6 Range for data collection, deg 3.04-25.00
T -18<h<18,-8< k<14,

Limiting indices h, k, | 19</<19
Reflections collected 27186
Independent reflections 2923
R 0.1385

Data / parameters 2923/ 261
Goodness-of-fit (F?) 1.025

Final R indices (/> 2o (/)

R, = 0.0456, wR, = 0.0606

Rindices (all data)

R,=0.0901, wR, = 0.0718

Largest diff. peak / hole, e A-3

1.052/-0.761

*(CDC727197 contains the supplementary crystallographic data for this paper. These
data can be obtained free of charge from the Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

all F> data (SHELXL97) [30b]. The H(430) and H(230) atoms
were included from difference Fourier map and refined iso-
tropically, other H atoms were included from the geometry of
molecules and were not refined. The N(21) and O(32) atoms
are probably disordered, however, no satisfactory disorder
model could have been proposed. Crystal data and details of
data collection and refinement procedure are presented in
Table 1.

NMR spectroscopy

NMR spectra of the compounds were recorded at 21-23 °C
in D,0 (H,GAO, 1 and 2) and DMSO-d6 (H,GAO only; TMS
as internal standard) solutions. 'H and “C NMR spectra
were recorded on Bruker Avance 300 and Bruker Avance 500
spectrometers operating at 300.13 and 500.13, and 75.47 and
125.76 MHz for 'H and "“C spectra, respectively. The HOD
signal (4.80 ppm) from the D,0 solvent, as well as the signals
of acetone (one drop added to the samples dissolved in 0.5 ml
of D,0): CH, (2.22 ppm), “CH, (30.89 ppm) and “C = O
(215.94 ppm) [31] were used as an internal standard for the
'H and "*C spectra. The >Pt NMR spectra were recorded on
a Bruker Avance II+ 600 spectrometer at 129.01 MHz using
BBO probehead. 1.2M Na,PtCl_ in D,0 (0.00 ppm) was used
as external standard [32].

Cytotoxicity assays

Cell lines. Human leukemia cell line K562 (ATCC, CCL-243)
and mouse leukemia cell line L1210 (ATCC, CCL-219) were
cultured in DMEM (Dilbecco’s Modified Eagle Medium, Ap-
plichem, Germany) supplemented with 10% (v/v) FBS (Fetal
Bovine Serum, BioWhittaker, Cambrex Bio Science Verviers,
Belgium), penicillin (100 pg/ml), streptomycin (100 pg/ml)
and 4 mM L-glutamine (Biowhittaker, Boehringer Ingelheim,
Germany) at 37 °C in a humidified atmosphere of 5% CO,
and 95% air. Cells were routinely checked for mycoplasma
contamination by DAPI staining (Roche Diagnostics, Man-
nheim, Germany) and found free of it.

Cell survival. All compounds (H,GAO, 1, 2, cisplatin)
were dissolved in sterile distilled water to obtain stock solu-
tions which were then diluted with cell culture media to ob-
tain the desired concentrations. For the drug sensitivity assay,
cells were harvested and cultured for 24 h in a fresh medium,
and were subsequently plated into 96-well microtitre plates
(Nunc, Wiesbaden, Germany) at a density of 5 - 10* cells / well
(100 pl). The sensitivity of the cell lines to different concen-
trations of the test compounds was determined at 24, 48,72
and 96 h of drug exposure using the MTT assay of Mosmann
[33]. The MTT-formazan product was dissolved in isopropa-
nol, and the absorption at 550/630 nm was measured on an
ELISA plate reader (Bio-Tek Instruments Inc., USA). The 50%
inhibitory concentration (IC_) is defined as the drug con-
centration needed to reduce population growth by 50%. The
IC,, values were obtained by linear regression using Origin
6.0 software, and were received from eightplicates of MTT
experiment.
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DNA isolation and DNA fragmentation analysis. Af-
ter 72 h of drug treatment, the cells were harvested and the
standard protocol for DNA isolation was followed (Boehring-
er—Mannheim, Apoptotic DNA-ladder Kit). The cells were
washed three times in phosphate-buffered saline (PBS) and
collected by centrifugation at 5000 rpm for 5 min at 4 °C. The
pellets were resuspended in 200 ul PBS and 200 pl binding
buffer (6 M guanidine hydrochloride, 10 mM urea, 10 mM
TRIS hydrochloride, 20% Triton X-100 (vol/vol), pH = 4.4)
and incubated for 10 min at 72 °C. After incubation, 100 pl
isopropanol was added for DNA precipitation. The DNA
precipitates were carefully transferred to the filter tube, cen-
trifuged at 8000 rpm for 1 min, and washed twice with a
buffer containing 20 mM NaCl and 2 mM TRIS hydrochlo-
ride in ethanol (pH = 7.5). DNA was eluted from the filter
with 200 pl pre-warmed (70 °C) 10 mM TRIS hydrochloride
(pH = 8.5). DNA concentration was determined spectropho-
tometrically at 260 nm on a Beckman DU-650 spectropho-
tometer and considered pure when the ratio A, / A, (A,
and A, are the absorptions at 260 and 280 nm, respectively)

was between 1.6 and 2.0. The purified DNA (5 pg) was mixed
with a loading buffer, and the samples were applied to 2.5%
agarose gel (Seakem LE Agarose, Lonza) containing 5 pl/
ml ethidium bromide. The electrophoresis was performed
at 100 V in a vari-gel horizontal electrophoresis unit (Hofer
Scientific Instruments, USA). The gel was visualized under
UV light source and photographed.

Staining of apoptotic cells. The translocation of phos-
phatidylserine to the surface of apoptotic cells was deter-
mined with the Annexin V - fluorescein isothiocyanate
(FITC) kit (Annexin V Apoptosis Detection Kit, SantaCruz,
USA). After 72 h of drug treatment, cells were collected by
low speed centrifugation at 1500 rpm for 5 minutes. The pel-
let was washed twice with cold PBS and resuspended in 1x
Assay Buffer at a concentration of 1 - 10° cells/ml. Cell stain-
ing was achieved following the manufacturer’s instruction
(Annexin V Apoptosis Detection Kit, SantaCruz, USA) and
immediately evaluated by fluorescence microscopy (Axio-
Vert 200M, Zeiss, Germany). Approximately 1000 cells were
count per each sample.

RESULTS AND DISCUSSION

Crystal structure of complex 1

Crystal structures of many similar compounds
are described in the literature, e. g. the non-co-
ordinated H,GAO [8b, ¢, 34] and pyruvic acid
oxime [35], as well as their chelate complexes
with light transition metals [2c, d, 9b, 36a-e, 37],
Ir(I1T) [36f], Zn(II) [9b, 38] and Cd(IT) [9b]. The
closest structural similarity exists, however, be-
tween the Pd(II) complex 1 and its Pt(II) ana-
logue 2 [11]. These two structures are similar
both at molecular and supramolecular levels,
but, contrary to 2, complex 1 does not contain
water of hydration.

The single crystal X-ray diffraction analysis
revealed that the structure of 1 involves two
crystallographically non-equivalent anionic
complex molecules and two independent potas-
sium cations, as depicted in Fig. 2. Selected geo-
metric parameters of the non-equivalent com-
plex molecules are collected in Table 2. Each
asymmetric monoanionic complex molecule
includes one mono- and one di-deprotonated
H,GAO molecule coordinated to Pd(II) via the
carboxylato oxygen and oxime nitrogen atoms.
The two five-membered chelate rings with the
common metal centre are condensed with a
third six-membered ring with the participation
of the intramolecular hydrogen bond between
the deprotonated and non-deprotonated oxime

Fig. 2. ORTEP drawing for the molecular structure of K[Pd(GAO)(HGAO)] (1) with the atom

labelling. Thermal ellipsoids are at 50% probability level

groups. The geometry of the coordination node
is very close to a planar tetragon of cis-PdN,O,
type. All the atoms in the complex anions are
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Table 2. Selected bond lengths, A and angles, deg for 1°

Bond lengths

Pd(1)-N(11) 1.948(6) Pd(2)-N(31) 1.959(6)
Pd(1)-N(21) 1.957(6) Pd(2)-N(41) 1.958(6)
Pd(1)-0O(11) 2.021(4) Pd(2)-0(31) 2.011(5)
Pd(1)-0(21) 2.036(5) Pd(2)-0(41) 2.032(5)
Oo(11)-C(11) 1.281(8) O(31)-C(31) 1.308(9)
0(12)-C(11) 1.239(8) 0(32)-C(31) 1.216(9)
C(11)-C(12) 1.500(9) C(31)-C(32) 1.508(11)
C(12)-N(11) 1.287(8) C(32)-N(31) 1.288(9)
N(11)-0(13) 1.327(6) N(31)-0(33) 1.336(7)
0O(21)-C(21) 1.299(8) 0O(41)-C(41) 1.294(8)
0(22)-C(21) 1.227(8) 0(42)-C(41) 1.232(8)
C(21)-C(22) 1.480(9) C(41)-C(42) 1.486(9)
C(22)-N(21) 1.273(8) C(42)-N(41) 1.279(8)
N(21)-0(23) 1.338(7) N(41)-0(43) 1.333(7)
Pd(1)-Pd(2) 3.2096(14) Pd(1)-Pd(2)’ 3.1566(14)
K(1)-0(32)" 2.608(5) K(2)-0(42)" 2.636(5)
Bond angles
N(11)-Pd(1)-0(11) 81.2(2) N(31)-Pd(2)-0(31) 81.3(2)
O(11)-Pd(1)-0(21) 101.22(18) 0O(31)-Pd(2)-0(41) 100.85(19)
N(21)-Pd(1)-0(21) 80.3(2) N(41)-Pd(2)-0(41) 80.7(2)
N(11)-Pd(1)-N(21) 97.4(2) N(31)-Pd(2)-N(41) 97.1(2)
Pd(2)'-Pd(1)-Pd(2) 159.403(19) Pd(1)"-Pd(2)-Pd(1) 176.53(2)
Torsion angles
O(13)-N(11)-Pd(1)-N(21) 1.4(6) 0O(33)-N(31)-Pd(2)-N(41) 1.1(6)
0(23)-N(21)-Pd(1)-N(11) 2.2(6) 0(43)-N(41)-Pd(2)-N(31) -0.4(6)
N(31)'-Pd(2)'-Pd(1)-N(11) 125.6(3) N(11)-Pd(1)-Pd(2)-N(31) 125.6(3)
N(31)-Pd(2)-Pd(1)'-N(11)i -125.6(3) Pd(2)'-Pd(1)-Pd(2)-Pd(1)" -160.2(4)
Dihedral angles between least-squares planes®
p,c 1.01(4) T,V 2.57(5)

@ Symmetry codes:'—x+1/2,y+1/2,z," —x+1/2,y-1/2,z,"x=1/2,y,-2-1/2;

¥x+1/2,y, -z~ 1/2;° Atoms used to define planes and RMS deviations (R) of fitted atoms in parentheses: p, Pd(1)—-0(11)-C(11)-C(12)-N(11) (0.0059);
o, Pd(1)-0(21)-C(21)-C(22)-N(21) (0.0104); T, Pd(2)-0(31)-C(31)-C(32)-N(31) (0.0227); v, Pd(2)-0(41)-C(41)-C(42)-N(41) (0.0091).

practically coplanar, as seen from the relevant torsion angles
(typically about 1-3°), least squares planes and dihedral an-
gles between them (less than 3°). The geometric parameters
of the two independent complex anions are very similar;e. g.,
for the coordination node, the differences in the bond lengths
are less than 0.025 A, and in the bond angles less than 1°. The
two intramolecular hydrogen bonds N-O--H-O-N (Table 3)
have also a similar geometry, both of them forming quite ob-
tuse angles O--H-0 (168(7) and 173(12)°). At the molecular
level, there is a qualitative as well as quantitative structural
resemblance between complexes 1 and 2 [11]. Thus, in both
cases there are two crystallographically non-equivalent,
practically planar complex anions with the same mode of
coordination and the same type of hydrogen bonding. The
geometric parameters of 1 and 2 are quite similar (typically,
the differences in the bond lengths are less than 0.04 A, and
in the bond angles about 1-2°). Cu(II) [2d, 36a], Co(I1I) [36d]
and Ni(II) [36b] complexes of pyruvic acid oxime could be
mentioned as other examples of 2-(hydroxyimino)carboxylic
acid bis-chelate structures containing both deprotonated and
non-deprotonated oxime groups. In crystalline state, the free

H,GAO forms hydrogen-bonded cyclic tetramers [8b, c, 34]
like the free pyruvic acid oxime [35]. A comparison between
the free H GAO and its complexes 1 and 2 shows that coordi-
nation of the ligand to Pd(II) and Pt(II) leads to a decrease in
the bond lengths O-N and C-0 and an increase in the bond
lengths C=N,C=0and C-C.

The crystal packing for 1 is depicted in Fig. 3. The centro-
symmetric unit cell contains eight pairs of complex anions to-
gether with the corresponding potassium cations. The almost
planar complex molecules are ordered in quasi-parallel layers
with respect to the crystallographic axes a and c. The distanc-
es between the corresponding ring centroids are summarized
in Table 3. Along the b axis, the complex molecules are ar-
ranged one on the top of another being rotated at 125.6(3)
and -125.6(3)° (see Table 2). The Pd(II) ions form a strongly
flattened zig-zag line with Pd-Pd distances of 3.2096(14) and
3.1566(14) A and a torsion angle of —160.2(4)° (Table 2). At
the crystal packing level, the structural analogy between com-
plexes 1 and 2 continues. Thus, although crystals of 1 belong
to the orthorhombic system (space group Pbca) (Table 1) and
2 crystallizes in a monoclinic system (space group C2/c), the
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Fig. 3. View of the unit cell of K[Pd(GAO)(HGAO)] (1) along the axes a, b and c, respectively

unit cell lengths in the two cases are quite simi-
lar, and the cell angle 3 in 2 (91.13(1)°) is very
close to the right angle. Like in 1, the unit cell
of 2 contains eight couples of molecules, which
are again arranged one on the top of another.
The distances Pt-Pt (3.2739(12) and 3.2109(10)
A [11]) are longer than the distances Pd-Pd in
1 (Table 2).

NMR spectra

The free ligand H,GAO and its complexes 1 and
2 were characterized by 'H, °C and Pt NMR
spectroscopy, and relevant data are summarized
in Table 4.

In the 'H NMR spectrum of H GAO taken in
DMSO0-d6, signals of all the three protons were
detected, whereas for D,0 solutions only the
signal of azomethine proton of the free ligand
and of the complexes 1 and 2 can be observed.
The signal appears as a singlet in the range of
7.33-7.72 ppm, which, in the case of 2, has a
satellite doublet signal due to the vicinal cou-
pling with the ***Pt nucleus (natural abundance
ca. 34%) [39, 40]. The position of the signal is
similar to that of the corresponding signal in
'H NMR spectra of Zn(II) chelate of H,GAO
(7.50 ppm) [5], as well as of glyoxylic acid thi-
osemicarbazone and its Pt(I) complex (7.29
and 7.36 ppm, respectively) [42]. It is notewor-
thy that the *J('*Pt-'H) constant for 2 is quite
large — 80 Hz. It exceeds the corresponding
constant for the Pt(I) complex of glyoxylic acid
thiosemicarbazone (61 Hz) [42], as well as al-
most all of the values for *J(***Pt—'H) constants

Table 3. Geometry of hydrogen bonding, & and degree, and distances between ring centroids, & for 1>

D-H--A | D-H H--A | D--A | ZD-H--A
0(23)-H(230)--0(13) 0.96(8) 1.55(8) 2.490(7) 168(7)
0O(43)-H(430)---0(33) 0.93(10) 1.53(10) 2.460(8) 173(12)

Cg1—>Cg4 Cg2—Cg3 Cg1—->Cg3 Cg2—>Cg4 Cg3—>Cg1lt Cg4—>Cg2
3.508(4) 3.626(4) 3.394(4) 3.662(4) 3.394(4) 3.662(4)

2 Symmetry codes:'—x+1/2,y+1/2,z," —x +1/2,y-1/2,z;
> (g1, (g2, Cg3 and Cg4 refer to the centroids: Pd(1)-0(11)-C(11)-C(12)-N(11), Pd(1)-0(21)-C(21)-C(22)-N(21), Pd(2)-0(31)-C(31)-C(32)-N(31)
and Pd(2)-0(41)—-C(41)-C(42)-N(41), respectively.

Table 4. 'H, ®Cand Pt NMR spectroscopic data for H,GAO and its complexes in D,0 solution

Chemical shift (8, ppm), Coupling constant
Compound multiplicity® (J, Hz)
HC=N | H3C=N | 13000 | 195pg Y(3C-"H) | 2(13¢_"H) | 3J(15Pt—"H)
H2GAO® 758s+2d 144.0d 167.0d N 176.6 8.8 -
1 733s+2d 141.0d 174.4d - 187.2 9.2 -
2 772s+3d 137.7d 177.5d -1919s 190.5 9.3 80

¢ Notations. d: Doublet; s: singlet; s + 2 d: singlet with two ™C satellites; s + 3 d: singlet with two ™( satellites and one Pt satellite.
®TH NMR data in DMSO-d, solution: 3, ppm (J(°C—'H), Hz). HC=N: 7.44 THs +2.d (/= 172.5,% = 8.5); NOH and COOH: 12.37 THs, 13.00 1Hs, broad.
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collected by Rochon et al. in their review [40] and in newer
papers [43]. Under appropriate expansion, two weak satellite
signals originating from the coupling with “C nucleus [41]
were observed. The first one comes from the one-bond cou-
pling (‘/(**C-"H) = 176.6-190.5 Hz), and the second is due to
the geminal coupling (*/(**C-"H) = 8.8-9.3 Hz) and appears
as shoulders around the main signal. The mentioned features
of the 'H spectra are illustrated in Fig. 4A on the example of
complex 2.

Signals in the "C NMR spectra of H,GAO and complexes 1
and 2 (Table 4) appear in the expected ranges for azomethine

and carboxylic carbon atoms [44,45]. The chemical shifts for the
two types of carbons can be compared with those of the Zn(II)
complex of H,GAO (146 and 168 ppm, respectively) [5] and of
glyoxylic acid thiosemicarbazone and its Pt(IT) complex (142.3
and 174.6 ppm, respectively) [42]. The *C NMR spectrum of 2
is shown in Fig. 5. The values of the 'J(*C-'H) and */(*C-"H)
coupling constants obtained from the C NMR spectra con-
firm the assignment of “C satellite signals in the 'H spectra
(cf. Figs.4A and 5). We failed to detect the %/(**C-""°Pt) coupling
constants, most probably because of the small values of such
constants and of the effect of chemical shift anisotropy [40].

A H-C=N

2J(P*C-"H)=9 Hz

i
(_l) 195Pt
I

1200 1600 2000  -2400
3, ppm

J("*C-"H)=190.5 Hz

820 810 800 790 780 770 760 750 740 730 720
3, ppm
Fig. 4. NMR spectra of K[Pt(GAO)(HGAO)] - (3/4)H,0 (2) in D,0 with assignments. A) H
spectrum (expanded) showing "Cand "*Pt satellites of the HC = N signal. Spinning side-
bands due to sample rotation [46] (18 Hz) are marked with asterisks. B) '*Pt spectrum
2J("*C-"H) = 9.3 Hz
I l—-— C=N
CO0 1,13~ 1
J(°C-H)=190.5 Hz
T ] |—
COO
1780 1776 4772
190 180 170 160 150 140 130
3, ppm

Fig. 5. "CNMR spectrum of K[Pt(GAO)(HGAO)] - (3/4)H,0 (2) in D,0 with assignments
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Complex 2 gives a single '**Pt resonance at -1919 ppm
(Table 4, Fig. 4B). The value falls in the range typical of Pt(II)
complexes with the PtN,O, coordination node [39, 40]. It
should be noted that in all NMR spectra of complexes 1 and
2, only one set of signals is observed, which indicates the
equivalence of the two ligand molecules in aqueous solution.

Cytotoxic effects

Cell growth inhibition. The cytotoxic effect of the ligand and
its complexes, together with cisplatin as a positive control,
was examined against mouse leukemia L1210 and human
leukemia K562 cells. The results of cell survival assays at vari-
ous drug concentrations, along with the calculated 50% in-
hibitory concentrations (IC, ), are presented in Fig. 6. H,GAO
and its Pd(IT) complex 1 were inactive against the two cell
lines (IC,, > 300 pmol/l). The Pt(II) complex 2 exhibited a
pronounced effect against L1210 leukemia (17 + 5% living
cells) only at a concentration of 300 yumol/L. The IC,  value is,
however, too high: 221 + 18 umol/l. Compared to cisplatin in
our experiment and to data of Reedijk et al. [47] about carbo-
platin in the same cell line, this value appears ca. 44 and 22
times higher, respectively.

Against K562 cell line, complex 2 showed a moderate ac-
tivity: IC_, = 62 + 16 umol/l. This value is roughly 60 times
higher than the IC_| value of cisplatin in our test,and 8 times
higher than that reported for carboplatin against the same
human leukemia cell line [48]. At the same time, the aqueous
solubility of complex 2 at a normal temperature (>59 mmol/l)
is higher than that of cisplatin (ca. 8 mmol/l) [49] and carbo-
platin (ca. 40 mmol/1) [50].

Induction of apoptosis. In contrast to necrosis, apoptosis
is the less drastic and physiologically normal way of cell death
[51]. The induction of apoptosis is known to be a key process
responsible for cisplatin cytotoxicity [52]. We applied two ap-
proaches for detecting apoptotic cells: the electrophoresis as-
say of DNA frgmantation (DNA laddering test) [51] and the
technique for fluorescent detection of the Annexin V bind-
ing to membrane phospholipids combined with propidium
iodide staining, which permits to distinguish between apop-
totic and necrotic cells [51].

The results of DNA fragmentation assay are illustrated in
Fig. 7. Genomic DNA isolated from K562 cells treated with
complex 2 (35 umol/l) showed a pattern of DNA ladder for-
mation indicative of apoptosis, in contrast to the control and
H,GAO-treated cells. Compared with cisplatin as a reference,
2 showed a similar level of DNA fragmentation, whereas signs

-
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Fig. 6. Cytotoxic effect of different concentrations of cisplatin, H,GAO and its com-
plexes K[Pd(GAO)(HGAQ)] (1) and K[Pt(GAO)(HGAO)] - (3/4)H,0 (2) against L1210
(A) and K562 (B) cells after 72 h of drug exposure. Values are mean of at least four
independent experiments with standard deviations (SD). Inhibitory concentrations
IC,, = SDin pmol/I: L1210 cells — 5 + 2 (cisplatin), >300 (H,GAO and 1), 221 + 18

50

(2); K562 cells — 1.1 0.5 (cisplatin), >300 (H,GAO and 1), 62 + 16 (2)

Fig. 7. Agarose gel electrophoresis of internucleo-
somal DNA of human leukemia K562 cells (A) and
mouse leukemia L1210 cells (B) after 72 h of treat-
ment with the test compounds. A: M — 1 kb DNA size
marker; 1, 2 - control; 3, 4 — H,GAO (35 umol/l); 5,
6 — K[Pt(GAO)(HGAQ)] - (3/4)H,0 (2) (35 pmol/l);
7 — cisplatin (0.75 pmol/l). B: M — 1kb DNA size
marker; 1 control; 2, 3 — 2 (150 pmol/l); 4 — cispla-
tin (2 pmol/I)
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100 . [ Viable cells
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3 — 8 [/ZZZZ] Apoptotic cells
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Fig. 8. Results of the Annexin V — fluorescein isothiocyanate quantification of
apoptotic and necrotic cells in human leukemia K562 cells treated (72 h) with
H,GAQ (35 pmol/1), cisplatin (0.75 umol/l) and K[Pt(GAO)(HGAO)] - (3/4)H,0 (2)
(35 pmol/1). The total number of cells counted to calculate the percentage of liv-
ing, apoptotic and necrotic cells was 1040 (control), 936 (H,GAO), 1405 (2) and
1030 (cisplatin)

of necrosis were less manifested (Fig. 7A). Against L1210 cells,
complex 2 was much less cytotoxic, but DNA fragmentation
was clearly observed at a drug concentration of 150 pmol/l
(Fig. 7B).

To further confirm the results obtained by DNA fragmen-
tation assay and to distinguish between apoptotic and necrot-
ic cells, we performed the Annexin V - fluorescein isothiocy-
anate staining test for the K562 cell line, the results of which
are summarized in Fig. 8. H GAO practically did not affect the
percentage of apoptotic and necrotic cells with respect to the
control. However, treatment with 2 caused an increase in the
percentage of apoptotic and necrotic cells 3.3 and 2.3 times,
respectively, as compared to the control. A comparison with
cisplatin reveals that complex 2 is a softer cytotoxic agent, ex-
hibiting a ca. two-fold weaker necrotic effect. Cisplatin showed
a four- and five-fold increase in the content of apoptotic and
necrotic cells, respectively, with respect to the control.

CONCLUSIONS

The structure of Pd(II) and Pt(II) complexes with the lig-
and H,GAO, earlier described by us [10], was corrected on
the basis of X-ray crystallography and NMR spectroscopy.
The compounds are anionic bis-chelate complexes con-
taining both mono- and di-deprotonated N,0-coordinated
ligand molecules with an intramolecular hydrogen bond:
K[Pd(GAO)(HGAO)] and K[Pt(GAO)(HGAO)] - 3/4H,0. The
Pt(II) complex exhibited a moderate cytotoxic activity
(IC,, = 62 * 16 pmol/l) and apoptogenic effect on human
leukemic cells K562. Compared to cisplatin, the complex
showed a lower level of necrosis against the same cell line
and a better water solubility. Complexes of this type deserve
further attention as potential cytostatic agents.
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