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Abstract

4-Azaindole (1H-pyrrolo[3,2-b]pyridine; 4aza) and its N1-alkylated derivative N1-isopropyl-4-azaindole (1-(propan-
2-yl)-1H-pyrrolo[3,2-b]pyridine; ip4aza) have been used for the preparation of the cis-diiodido-platinum(II) complexes
cis-[Pt(4aza),l,] (1), cis-[Ptl,(ip4aza),] (2), cis-[Pt(4aza)l,(NH;)] (3) and cis-[Ptl,(ip4aza)(NH;)] (4). The prepared com-
plexes were thoroughly characterized (e.g., multinuclear NMR spectroscopy and ESI mass spectrometry) and their in vitro
cytotoxicity was assessed at human ovarian carcinoma (A2780), cisplatin-resistant ovarian carcinoma (A2780R) and colon
carcinoma (HT-29) cell lines, where they showed, in some cases, significantly higher activity than the used reference-drug
cisplatin. The results of in vitro cytotoxicity testing at the A2780 and A2780R cells indicated that alkylation of the 4-azain-
dole moiety at the position of the N1 atom had a positive biological effect, because the ip4aza-containing complexes 2 and 4
showed significantly (p < 0.005) higher cytotoxicity than 4aza-containing analogues 1 and 3. The resistance factors (A2780R/
A2780 model) equalled 0.8—1.4, indicating the ability of complexes 1-4 to overcome the acquired resistance of the A2780
cells against cisplatin. Complexes 1 and 2 revealed low toxicity against primary culture of human hepatocytes. The flow
cytometry studies of the A2780 cell cycle modification showed that complexes 1-4 induce different cell cycle perturbations
as compared with cisplatin, thus suggesting a different mechanism of their antitumor action.
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Introduction

Several platinum(II) complexes are clinically used for the
treatment of various cancer types [1]. Among them, the cis-
diammine-dichloridoplatinum(II) complex (cisplatin, cis-
[PtCL,(NH5),]) [2], approved in 1978 by FDA for the clini-
cal use, still represents the crucial anticancer drug applied
for the treatment of cancer patients receiving chemotherapy
[3]. Besides the clinical use of the platinum-based drugs [1],
topicality and perspective of development and bioanalysis
of novel platinum(II) complexes are underlined by several
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pharmacologically prospective representatives reported in
the literature in past few years [4], such as phenanthriplatin
([PtC1(NH;),(Ph)]Cl; Ph =phenanthridine) [5]. However,
it has to be stated here that it is not only platinum, whose
complexes have been studied for their anticancer activity,
because there is a plenty of other platinum-group metal com-
plexes [e.g., 6, 7] or other transition metal complexes [8, 9],
which have been recently reported as highly cytotoxic and
prospective from the pharmacological point of view.

In general, 7-azaindoles are frequently used as suitable
N-donor ligand for various types of complexes of many
transition metals [10]. To date, several research teams
have been dealt with platinum(II) complexes contain-
ing 7-azaindole (1H-pyrrolo[2,3-b]pyridine) and its C- or
N-derivatives (7aza) as N-donor carrier-ligands [11-19].
Some concrete examples of such complexes which have
been prepared and bioanalysed in last couple of years are
as follows: cis-[Pt(7aza),Cl,] [11-13], cis/trans-[Pt(7aza)
CL,(NH;)] [14, 15], [Pt(7aza),(cbdc)] [16], [Pt(7aza),(0x)]
[17], [Pt(7aza),(mal)] and cis-[Pt(7aza),(dec),] [18], and
cis-[Pt(7aza),l,] [19]; cbdc =cyclobutane-1,1-dicarboxylato,
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ox =oxalato, dec =decanoato and mal =malonato. Among
them, the cis-[PtCl,(7aza),] complexes showed considerably
higher in vitro cytotoxicity against a panel of human cancer
cell lines than cisplatin [13, 20, 21], high anticancer activ-
ity in vivo [20] and relevant differences in several processes
connected with their mechanism of action as compared
with cisplatin [13, 20, 22]. However, in vitro cytotoxicity
of the mentioned cis-[Pt(7aza),Cl,] complexes was in many
cases surpassed by their diiodido analogues. For example,
the best-performing chlorido complex cis-[Pt(7aza'),Cl,]
(7aza' =4-bromo-7-azaindole) was highly effective against
the human A2780 ovarian carcinoma, HOS osteosarcoma,
MCF7 breast carcinoma and HeLa cervix carcinoma cell
lines, with RA~5.7, 5.6, 6.7 and 4.3, respectively [21]; RA
(relative activity) =1Cs(cisplatin)/IC5y(complex). How-
ever, the RA values obtained for the analogical diiodido
complex cis—[Pt(7aza1)212] were markedly higher (ca. 8.8,
47.3, 17.9, and 8.0, respectively) than for the complex cis-
[Pt(7aza1)2C12] [19]. Furthermore, the diiodido complexes
were also found to be anticancer effective in vivo and their
mechanism of action seems to be different from their chlo-
rido analogues as well as from cisplatin [23, 24].

Although complexes containing 7-azaindole or its deriv-
atives are well known in the literature [10], 4-azaindole
(1H-pyrrolo[3,2-b]pyridine; 4aza) or its derivatives (in any
protonation state) have been used as ligands of transition
metal complexes only in two works [25, 26]. In particular,
complex cis-[Ru(4aza)(bpy),Cl]PF, containing electroneu-
tral 4aza [25], and Na,[Fe(4aza™),]-2Solv (Solv =tetrahy-
drofuran (THF) or CH;CN) containing deprotonated 4aza
[26], have been prepared. It is also noteworthy, that variously
substituted 4-azaindole derivatives exhibit high biological
activity of different type, such as antitubercular activity [27,
28], p21-activated kinase inhibition activity [29], HIV-1
attachment inhibition activity [30] or cytotoxic and protein
kinase inhibition activity [31].

Fig. 1 Synthetic pathways for
the preparation of a N1-iso-
propyl-4-azaindole (1-(pro-
pan-2-yl)-1H-pyrrolo[3,2-b]
pyridine; ip4aza) given
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With respect to the above-mentioned high in vitro cyto-
toxicity of platinum(II) complexes containing 7-azain-
doles, it was of great interest to investigate whether the
platinum(II) complexes containing 4-azaindole will affect
the cell viability of selected human cancer cell lines as
well. Since complexes cis-[Pt(7aza),l,] represent the most
cytotoxic structural type of platinum(II) agents containing
7-azaindoles [19], we chose this structural type of com-
pounds (i.e., diiodido complexes) for the present study as
well, with the aim to find out how a relatively small struc-
tural change (i.e., N1 substitution by isopropyl) of 4aza may
influence the resulting cytotoxicity of the final complexes,
as it can be deduced from the literature data reported for a
couple of platinum(II) dichlorido complexes cis-[Pt(7aza)
CL,(NH;)] (RA~0.4) [14] and cis-[PtCl,(Me7aza)(NH;)]
(RA ~0.6) [15], both studied at the A2780 cells (72 h
exposure) and referenced against cisplatin; Me7aza=N1-
methyl-7-azaindole (1-(methyl)- 1H-pyrrolo[2,3-b]pyri-
dine). Next motivation can be associated with the previous
findings that complexes cis-[PtL,(L")(NH;)], containing
5,7-diphenyl-1,2,4-triazolo[1,5-a]pyrimidine (Ll) [32] or
L?=2-(4-chlorophenyl)-8-aminoimidazo[1,2-a]pyridin-
3-yl]-N,N-di-n-propylacetamide [33] were reported as more
in vitro cytotoxic than cisplatin.

In the present study, diiodido platinum(II) complexes
cis-[Pt(4aza),l,] (1), cis-[Ptl,(ip4aza),] (2), cis-[Pt(4aza)
I,(NH5)] (3) and cis-[Ptl,(ip4aza)(NH;)] (4) containing
4-azaindole (4aza) or its derivative N1-isopropyl-4-azain-
dole (1-(propan-2-yl)-1H-pyrrolo[3,2-b]pyridine; ip4aza)
have been prepared (Fig. 1) and their purity and composi-
tion were studied by relevant techniques. Complexes 1-4
were tested for their in vitro cytotoxicity at the human ovar-
ian carcinoma (A2780), cisplatin-resistant ovarian carci-
noma (A2780R) and colon carcinoma (HT-29) cell lines.
The A2780 cells were chosen for the additional studies
of the crucial processes (cellular accumulation, cell cycle
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perturbation) connected with their high antiproliferative
activity at these human cancer cells.

Experimental
Materials

K,PtCl, was purchased from Precious Metals Online, while
other chemicals (4aza, NaH, MgSO,, AgNO;, KI, KCI,
2-bromopropane, NH; (25% water solution), HCI (35%
water solution), cisplatin, reduced glutathione (GSH),
L-cysteine (CysH), cytochrome ¢ from bovine heart (Cytc),
hen egg-white lysozyme (HEWL), guanosine monophos-
phate disodium salt hydrate (GMP), solvents (MeOH, diethyl
ether (DEE), EtOH, THF, ethyl acetate, DMF, DMSO and
n-octanol) and deuterated solvents for NMR experiments
(CDCl;, DMF-d,, D,0O) were supplied by VWR Interna-
tional (Stfibrna Skalice, Czech Republic), Sigma-Aldrich
(Prague, Czech Republic), Lach-Ner (Neratovice, Czech
Republic) and Litolab (Chudobin, Czech Republic).

Synthesis
N1-isopropyl-4-azaindole (ip4aza)

NaH (1.2 mmol, 48 mg) and 4aza (1.0 mmol, 118 mg) were
poured into the reaction flask, which was closed with a rub-
ber septum and repeatedly evacuated and filled with nitrogen
gas. After that, 5 mL of THF was slowly poured in to start
the reaction (— 20 °C). After 15 min of stirring at — 20 °C,
2-bromopropane (1.5 mmol, 183 puL) was added to this mix-
ture, which reacted in microwave synthesizer at 150 °C for
1 h. After cooling to ambient temperature, the mixture was
centrifuged to separate NaBr and supernatant, which was
dried (MgSO0,), filtered, and evaporated on a rotary evapo-
rator. The obtained brown oily product was purified using
flash silica gel chromatography with the mixture of ethyl
acetate and NH; (100:1, v/v) and using the thin-layer chro-
matography (TLC) control. The product (ip4aza; Fig. 1) was
obtained as brown—yellow oil after evaporation of solvents
on a rotary evaporator. 'H NMR (CDCl, 25 °C, ppm): 8.46
(d, J=4.4 Hz, C5-H), 7.81 (d, /J=8.1 Hz, C7-H), 7.55 (d,
J=2.9 Hz, C2-H), 7.20 (dd, /J=8.4, 4.8 Hz, C6-H), 6.83
(d, J=2.9 Hz, C3-H), 4.70 (sep, /J=6.6 Hz, C8-H), 1.58 (d,
J=17.3 Hz, C9-Hy). *C NMR (CDCl,, 25 °C, ppm): 144.6
(C7a), 140.8 (C5), 129.2 (C2), 128.7 (C3a), 118.4 (C7),
115.9 (C6), 101.3 (C3), 47.9 (C8), 22.7 (C9). >N NMR
(CDCl;, 25 °C, ppm): 293.2 (N4), 124.9 (N1). ESI+MS
(MeOH): 161.2 (calc. 161.1 for {(ip4aza)+H}™).

Complex cis-[Pt(4aza),l,] (1) The solution of K,[PtCl,]
(0.2 mmol, 83 mg) in 1 mL of deionized water was heated

to 50 °C and 5 molar equiv. of KI was added (166 mg).
The reaction mixture was stirred at 50 °C for 10 min, pro-
viding the solution of K,[Ptl,]. After that, the solution
was cooled to ambient temperature and the stoichiomet-
ric amount of 4aza (0.4 mmol, 47 mg) dissolved in 1 mL
of MeOH was poured in. The obtained yellow suspension
was stirred for 2 h, then the solid was collected by filtration
and washed with water (2 X 0.5 mL), MeOH (2 x 0.5 mL),
and DEE (2x 1 mL). The yellow solid product was dried
in desiccator under the reduced pressure (30 min) and
the yield was ca. 75% (calculated to K,[PtCl,]). Anal.
Calc. for PtC,,H,N,I,: C, 24.5; H, 1.8; N, 8.2; Found:
C, 24.9; H, 1.7; N, 8.0%. ESI+ MS (MeOH, m/z): 707.8
(calc. 708.9; 30%; {[Pt(4aza),l,]+Na}*), 675.9 (calc.
676.0; 40%; [Pt(4aza);1]"), 558.0 (calc. 558.0; 100%;
[Pt(4aza),I]*), 430.1 (calc. 430.1; 20%; {[Pt(4aza),]-
H}™), 119.2 (calc. 119.0; 40%; {(4aza)+H}"). ESI- MS
(MeOH, m/z): 811.9 (calc. 811.8; 100%; [Pt(4aza),l;]7),
693.8 (calc. 693.7; 10%; [Pt(4aza)l;]7), 683.9 (calc.
683.9; 10%; {[Pt(4aza),l,]-H}™), 576.0 (calc. 575.7;
20%; [Ptl;]7), 566.0 (calc. 565.8; 25%; {[Pt(4aza)l,]-
H}"). '"H NMR (DMF-d,, 25 °C, ppm): 11.89 (s, N1-H),
8.94 (d, J=5.5 Hz, C5-H), 7.93 (s, C2-H), 7.88 (d,
J=8.3 Hz, C7-H), 7.52 (s, C3-H), 7.14 (s, C6-H). '°C
NMR (DMF-d,, 25 °C, ppm): 146.4 (C7a), 144.5 (C5),
131.1 (C2), 130.6 (C3a), 121.0 (C7), 117.4 (C6), 103.6
(C3). >N NMR (DMF-d,, 25 °C, ppm): 200.6 (N4), N1—
not detected. Pt NMR (DMF-d,, 60 °C, ppm): -3186.
FTIR (Vyrg cm™Y): 3284s, 3071m, 2894w, 2706w, 1569w,
1496w, 1480m, 1417vs, 1273vs, 1353s, 1327s, 1209m,
1131w, 1095w, 1059m, 888w, 792w, 760vs, 625w.

Complex cis-[Ptl,(ip4aza),] (2) Complex 2 was prepared by
the same protocol as described for complex 1, but starting
from 0.1 mmol K,[PtCl,] and using ip4aza instead of 4aza.
The reaction mixture was stirred for 24 h and the obtained
yellow solid was collected by filtration, washed with water
(1x0.5 mL), MeOH (1x0.5 mL), and DEE (2x0.5 mL),
and dried in desiccator under the reduced pressure (30 min).
The yield was ca. 45% (calculated to K,[PtCl,]). Anal.
Calc. for PtC,,H,,N,I,: C, 31.2; H, 3.1; N, 7.3; Found: C,
31.3; H, 3.3; N, 7.0%. ESI+MS (MeOH, m/z): 802.0 (calc.
802.0; 100%; {[Pt(ip4aza),l,]+CH;OH+H}"), 791.9
(cale. 792.0; 5%; {[Pt(ip4aza),l,]+Na}™), 642.0 (calc.
642.1; 85%; [Pt(ipdaza),I]*), 551.1 (calc. 551.1; 10%;
[Pt(ipdaza),CI1]"), 514.2 (calc. 514.2; 5%; {[Pt(ip4aza),]-
H1}"%), 161.2 (calc. 161.1; 10%; {(ip4aza)+H}™). ESI- MS
(MeOH, m/z): 735.4 (calc. 735.8; 30%; [Pt(ip4aza)l;]7). 'H
NMR (DMF-d,, 25 °C, ppm): 8.99 (d, J=5.9 Hz, C5-H),
8.10 (d, J=7.3 Hz, C7-H), 7.54 (m, 2H, C2-H), 7.33 (bs,
2H, C3-H), 7.19 (m, 2H, C6-H), 4.83 (sep, /=7.3 Hz,
C8-H), 1.48 (d, J=5.8 Hz, C9-Hy). FTIR (vp1g cm™h):
3091w, 2971w, 2927w, 1608w, 1566w, 1494s, 1426vs,
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1272vs, 1368 m, 1306 m, 1205 m, 1129w, 1101w, 1070w,
1014w, 792w, 760vs, 725w, 607w.

Complex cis-[Pt(4aza)l,(NH;)] (3) A key intermediate
K[PtI;(NH;)] was prepared by the modification of the
formerly reported protocols [33, 34]. In particular, KI
(5.4 mmol, 900 mg) was added to the solution of K,[PtCl,]
(0.9 mmol, 375 mg) in 3 mL of distilled water at 50 °C.
After 10 min of stirring at this temperature, connected with
the colour change to dark red, the mixture was cooled down
to the laboratory temperature and 600 pyL of NH,/water
solution was added. After 30 min of stirring at ambient tem-
perature, the yellow solid of cis-[Ptl,(NH;),] was filtered
off, washed with distilled water (1 mL), EtOH (2x 1 mL),
and DEE (2x1 mL), and dried under vacuum (1 h). The
yield was ca. 90% (calculated to K,[PtCl,]).

The complex cis-[Ptl,(NHj;),] (0.82 mmol, 400 mg) was
dissolved in 50 mL of distilled water at 80 °C and 2 molar
equiv. of AgNO; (280 mg) was added. After 20 min of stir-
ring of the reaction mixture in the dark (under aluminium
foil), the formed precipitate was filtered off and the obtained
filtrate was concentrated to the volume of ca. 5 mL. An
excess of KCI (13.3 mmol, 990 mg) was added to the con-
centrated solution at 0 °C, leading to the immediate precipi-
tation of the yellow solid of cis-[PtCl,(NHj;),] (cisplatin),
which was collected after 15 min of stirring at O °C. The
product was washed by EtOH (3 mL) and DEE (2x3 mL),
and dried under vacuum (1 h). The yield was ca. 60% (cal-
culated to cis-[Ptl,(NH;),]).

The complex cis-[PtCl,(NH;),] (cisplatin; 0.5 mmol,
150 mg) was suspended in 8 mL of the HCI/H,O mixture
of solvents (1:2, v/v) and heated while stirring at 120 °C
for 8 h. After cooling to laboratory temperature, the unre-
acted cisplatin was removed by filtration and the orange
filtrate was concentrated under reduced pressure. The
obtained red solid was dissolved in MeOH (2 mL), filtered
and solvent was removed, which was repeated three times
and led to the dark red NH,[PtCl;(NH;)] intermediate.
NH,[PtCI;(NH;)] was dissolved in 3 mL of MeOH, cooled
to 0 °C and excess KOH (1.1 mmol, 60 mg) was added.
The yellow solid of K[PtCl;(NH;)] was collected after
10 min of stirring at 0 °C, washed by EtOH (acidified by
HCI; 1 mL) and DEE (2% 1 mL), and dried under vacuum
(1 h). The yield of K[PtCl;(NH;)] was ca. 55% (calculated
to cis-[PtCl,(NHj;),]).

The complex K[PtCl;(NH;)] (0.15 mmol, 54 mg) was
dissolved in 1.5 mL of distilled water and KI (0.45 mmol,
75 mg) was added and the mixture was stirred at the labora-
tory temperature until turned red, indicating the formation
of the complex K[PtI;(NH;)]. Then the solution of 4aza
(0.30 mmol, 35 mg) in 1.5 mL of MeOH was poured in
and the reaction mixture was stirred for 24 h. The resulting
amber solid (complex 3) was collected by filtration, washed
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by water (1 mL), MeOH (2% 0.5 mL) and DEE (2x 1 mL),
and dried in desiccator under the reduced pressure (2 h).
The yield of the complex 3 was ca. 40% (calculated to
K[PtCl;(NH;)]). Anal. Calc. for PtC;HgN;I,: C, 14.4; H,
1.6; N, 7.2; Found: C, 14.8; H, 1.6; N, 7.5%. ESI+MS
(MeOH, m/z): 574.9 (calc. 575,0; 5%; [Pt(NH;)(4aza),I]"),
557.9 (cale. 558.0; 30%; [Pt(4aza),I]*), 457.0 (calc. 457.0;
10%; [Pt(NH;)(H4aza)I]*), 440.0 (calc. 439.9; 15%;
[Pt(4aza)l]*), 430.1 (calc. 430.1; 45%; {[Pt(4aza),]-H}™),
312.1 (calc. 312.0; 5%; {[Pt(4aza)]-H}*), 119.2 (calc.
119.0; 100%; {(4aza)+H}"). ESI- MS (MeOH, m/z):
582.8 (calc. 582.9; 15%; {[Pt(NH;)(4aza)l,]-H} ™), 565.9
(calc. 565.8; 35%; {[Pt(4aza)l,]-H}"), 491.9 (calc. 491.9;
90%; {[Pt(NH;)(4aza)CII]-H} "), 475.0 (calc. 474.9; 50%;
{[Pt(4aza)CII]-H}"). '"H NMR (DMF-d,, 25 °C, ppm):
11.98 (s, N1-H), 8.62 (d, J=5.1 Hz, C5-H), 8.07 (d,
J=28.1 Hz, C7-H), 7.97 (bs, C2-H), 7.32 (bs, C3-H), 7.25
(dd, J=8.1, 5.9 Hz, C6-H), 4.33 (bs, N10-H,). '3C NMR
(DMF-d;, 25 °C, ppm): 147.0 (C7a), 146.3 (C5), 132.0
(C2), 131.7 (C3a), 121.8 (C7), 118.3 (C6), 102.9 (C3). >N
NMR (DMF-d;, 25 °C, ppm): 202.3 (N4), 135.9 (N1), 46.8
(N10-H;). '*Pt NMR (DMF-d,, 60 °C, ppm): — 2548. FTIR
(VaTR cm™1): 3559w, 3252vs, 3106, 2712w, 2598w, 1594w,
1567w, 1497s, 1417vs, 1274s, 1355w, 1326 m, 1207w,
1098w, 1060w, 889w, 762vs.

Complex  cis-[Ptl,(ip4aza)(NH;)] (4) The complex
K[PtCI;(NH;)] (0.15 mmol, 54 mg) was dissolved in
1.2 mL of distilled water and the stoichiometric amount of
KI (0.45 mmol, 75 mg) was added, providing the red solu-
tion of K[PtI;(NH;)]. A slight excess of ip4aza (0.16 mmol,
26 mg), dissolved in 1.2 mL of MeOH, was added to the water
solution of K[PtI;(NH;)] and the mixture was stirred over-
night, leading to the formation of yellow solid of complex
4. The product was removed by filtration, washed by water
(0.5 mL), MeOH (2 x0.5 mL) and DEE (2 x 1 mL), and dried
in desiccator under the reduced pressure (2 h). The yield of
complex 4 was ca. 20% (calculated to K[PtCl;(NH,)]). Anal.
Calc. for PtC,jHsN;1,: C, 19.2; H, 2.4; N, 6.7; Found: C,
19.1; H, 2.4; N, 7.1%. ESI+ MS (MeOH, m/z): 659.0 (calc.
659.1; 20%; [Pt(NH3)(ip4aza)21]+), 642.0 (calc. 642.1;
100%; [Pt(ip4aza),I]*), 531.2 (calc. 531.2; 5%; {[Pt(NH;)
(ipdaza),|-H}"), 514.2 (calc. 514.2; 5%; {[Pt(ipdaza),]-
H1"%), 161.2 (calc. 161.1; 30%; {(ip4aza)+H}™). ESI- MS
(MeOH, m/z): 735.4 (calc. 735.8; 30%; [Pt(ip4aza)l;]7),
661.9 (calc. 661.9; 30%; {[Pt(NH,)(ip4aza)Cll,]"), 570.2
(calc. 569.9; 50%; {[Pt(NH;)(ip4aza)ClL,I]". 'H NMR
(DMF-d,, 25 °C, ppm): 8.64 (d, J=5,1 Hz, C5-H), 8.26
(d, /J=8.8 Hz, C7-H), 8.11 (d, /J=2.9 Hz, C2-H), 7.34
(d, J=2.9 Hz, C3-H), 7.28 (dd, /J=8.4, 5.5 Hz, C6-H),
4.95 (sep, J=6.6 Hz, C8-H), 4.33 (bs, N10-H;), 1.56 (d,
J=6.6 Hz, C9-Hy). FTIR (vorg cm™'): 3332 m, 3221 s,
3173 s, 3093 s, 1495 s, 2971 s, 2928 s, 2871w, 1612w,
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1566w, 1495 s, 1431vs, 1302vs, 1274vs, 1205 m, 1128w,
1101w, 1067w, 1015w, 789w, 762vs, 726w.

General methods

Elemental analysis was performed by Flash 2000 CHNS Ele-
mental Analyser (Thermo Scientific). Electrospray ioniza-
tion mass spectrometry (ESI-MS; methanol solutions) was
carried out with LCQ Fleet ion trap spectrometer (Thermo
Scientific; QualBrowser software, version 2.0.7) in both the
positive (ESI+) and negative (ESI-) ionization modes. 'H
and '*C NMR spectroscopy, and '"H-'H gsCOSY, 'H-">C
gsHMQC and 'H-'*C gsHMBC two dimensional correlation
experiments were performed on the CDCI; (for ip4aza) or
DMF-d, (complexes 1-4) solutions at 300 K using JEOL
JNM-ECA 60011 spectrometer at 600.00 MHz (for 'H NMR)
and 150.9 MHz (for 3¢ NMR); gs=gradient selected,
COSY =correlation spectroscopy, HMQC = heteronuclear
multiple quantum coherence, HMBC = heteronuclear mul-
tiple bond coherence. 'H and '*C NMR spectra were cali-
brated against the residual DMF 'H NMR (8.03, 2.92 and
2.75 ppm) and >C NMR (163.2, 34.9 and 29.8 ppm) sig-
nals. The splitting of proton resonances in the reported 'H
spectra is defined as s =singlet, d =doublet, dd =doublet of
doublets, sep = septet, m =multiplet and bs =broad signal.
"H-15N gsHMBC experiments were carried out at natural
abundance and calibrated against the residual signals of
DMEF adjusted to 8.03 ppm (‘H) and 104.7 (:>N) ppm. %3Pt
spectra were measured on the DMF-d, solutions and they
were calibrated against K,[PtCl;]. Note: complexes 2 and 4
were characterized only by '"H NMR, due to the low yields
obtained. FTIR spectroscopy was performed using Nexus
670 FT-IR spectrometer (ThermoNicolet) at 400—4000 cm™!
(attenuated total reflectance (ATR) technique. Simultane-
ous thermogravimetry and differential scanning calorimetry
(TG/DSC) were performed using TG/DSC thermal analyser
STA449 F1 (Netzsch); ceramic crucible, air/He atmosphere
(60/40 mL/min), from laboratory temperature to 900 °C
(5.0 °C/min).

Solution behaviour

The appropriate amount of complexes 1-4 for 1 mM solu-
tions was dissolved in 120 uL of DMF-d;, and 480 uL of
D,0 was added. "H NMR spectra were recorded at differ-
ent time points over 48 h (300 K, JEOL INM-ECA 60011).
The obtained 'H NMR spectra were calibrated against the
residual signal of D,O found at 4.85 ppm [35].

Hydrophobicity studies (logP)

Octanol-saturated water (OSW) and water-saturated octanol
(WSO) were prepared from n-octanol and 0.2 M water

solution of KI by the overnight stirring. Stock solutions were
prepared by ultrasonication (5 min) and shaking (30 min) of
1 pmol of complexes 1-4 in 20 mL of OSW. After that, the
mixtures were centrifuged (5 min, 11,000 rpm) and super-
natants were collected. 5 mL of this solution was added to
5 mL of WSO and shaken at ambient temperature for 2 h.
After that, the mixture was centrifuged and aqueous layer
was separated carefully and the Pt concentration was deter-
mined by ICP-MS (the obtained value was corrected for the
adsorption effects). logP =log([Pt]WSO/[Pt]OSW,) equation
was used for the partition coefficient calculation; [P(JOSW,
and [PtJOSW, stands for the Pt concentration before and
after partition, respectively, and [Pt]WSO = [Pt]OSW,_—[Pt]
OSW,

a

Cell culture and cell-based studies

The human ovarian carcinoma cell line (A2780), cisplatin-
resistant human ovarian carcinoma cell line (A2780R) and
human colon carcinoma cell line (HT-29) were cultured
according to the supplier’s (European Collection of Cell
Cultures, ECACC) instructions, using RPMI-1640 medium
supplemented with 10% of fetal calf serum, 1% of 2 mM
glutamine and 1% penicillin/streptomycin. The 96-well cul-
ture plate with the primary culture of human hepatocytes
(Hep) was purchased from Biopredic Intl. and cultured
according to the suppliers” instructions using the chemi-
cally defined medium consisting of a mixture of William’s
E and Ham’s F-12 (1:1, v/v). All cell lines were grown as
adherent monolayers at 37 °C and 5% CO, in a humidified
atmosphere. The 50 mM stock solutions of complexes 1-4
were prepared by dissolving of their appropriate amount in
500 pL of DMF. Cisplatin was involved in the testing for
comparative purposes.

In vitro cytotoxicity testing

The cultured A2780, A2780R, and HT-29 cells were seeded
to 96-well culture plates. The A2780, A2780R, HT-29, and
Hep cells were pre-incubated in drug-free media at 37 °C
for 24 h and then treated for next 24 h at 37 °C with dif-
ferent concentrations of complexes 1-4 and cisplatin (note:
only with complexes 1 and 2 for the Hep cells) prepared
from their stock solutions by a dilution with the appropriate
medium. After 24 h drug exposure, the supernatants were
removed and the cells were washed with drug-free PBS fol-
lowed by staining with MTT dye (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide). The cell viability
was determined using the spectrophotometric evaluation
of the formed formazan (from MTT dye) concentration
(540 nm, Infinite 200 PRO microplate reader, Tecan Group
Ltd., Minnedorf, Switzerland).
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The data were expressed as the percentage of viability,
where 100% and 0% represent the treatments with negative
(0.1% DMF in medium) and positive (1% Triton X-100)
controls, respectively. The data from the cancer cells
were acquired from three independent experiments (con-
ducted in triplicate) using cells from different passages.
The resulting ICs, values (uUM) were calculated from the
viability curves and the results are presented as arithmetic
mean =+ standard deviation (SD).

Cellular accumulation

The cultured A2780 cells were seeded in 6-well culture
plates (1 x 10° cells per well) and incubated overnight
(37 °C and 5% CO, in a humidified incubator). After that
the cells were treated with the ICs, concentrations of com-
plexes 1-4. The treatment was followed by washing with
PBS (2% 2 mL) and the washed cells were harvested by
the trypsin treatment, collected and centrifuged in PBS.
The supernatants were discarded after centrifugation and
the obtained pellets were immediately digested in 250 uLL
of nitric acid (overnight, 70 °C; TMS-200 Thermo Shaker
Incubator, Hangzhou Allsheng Instruments Co., Ltd.,
Hangzhou, China) to give the fully homogenized solu-
tions. The solutions were diluted with 2.25 mL of water
and the Pt content was determined by inductively coupled
plasma mass spectrometry (ICP-MS) using the 7700x ICP-
MS device (Agilent Technologies). The obtained values
were corrected for adsorption effects. The experiments
were conducted in duplicate. The untreated A2780 cells
were used as a negative control and the A2780 cells treated
by the ICs, concentration of cisplatin were involved for
comparative purposes.

Cell cycle analysis

The A2780 cells (1.0 10° per well) were pre-incubated in a
six-well plate for 24 h, as described above. Complexes 1-4
were added at their ICs;, concentrations. After 24 h, the cells
were harvested by trypsinization, washed with PBS, cen-
trifuged and stained for 30 min by a propidium iodide (PI)
supplemented with RNase A and 0.1% (v/v) Triton X-100
(25 °C). After that, the DNA content was assessed using
flow cytometry detecting emission at 617 nm after excita-
tion at 535 nm (CytoFlex, Beckman Coulter). The obtained
data were analysed using CytExpert™ software (Beckman
Coulter). The A2780 cells treated by cisplatin (ICs, con-
centration) were involved for comparative purposes and the
untreated A2780 cells were used as a negative control. All
experiments were carried out in triplicate (three samples
counting ca. 3x 10° cells).
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Mass spectrometry studies of interactions
with sulfur-containing biomolecules and model
proteins

The interactions of selected complex 2 with biomolecules
(sulfur-containing agents L-cysteine (CySH) and reduced
glutathione (GSH) and model proteins cytochrome ¢ from
bovine heart and hen egg-white lysozyme) were studied by
means of a mass spectrometric studies involving the mix-
tures of complex 2 and serum levels of CySH (290 uM) and
GSH (6 uM), and complex 2 and model proteins (3 mg/mL),
respectively. The evaluation of the interacting species was
done according to the previously published procedure [36]
using a LCQ Fleet ion trap spectrometer (Thermo Scientific;
QualBrowser software, version 2.0.7) in positive ionization
mode (ESI+) and the spectra of mixtures containing proteins
were deconvoluted using Promass for Xcalibur ver. 3.0, rev
10 software (Novatia LLC, Newtown, PA, USA) producing
the neutral mass spectra, allowing us to deduce the interact-
ing intermediates.

Statistical analysis

An ANOVA test was used for statistical analysis with the
values of p<0.05 (*), 0.01 (**) and 0.005 (***) consid-
ered to be statistically significant. QC Expert 3.2 Statistical
software (TriloByte Ltd.) was used to perform the analysis.

Results
Chemistry

The intermediates NH,[PtCl;(NH;)], K[PtCl;(NH;)], and
K[PtI;(NH;)] were prepared using the slightly modified
procedures [33, 34], while the final platinum(II) complexes
cis-[Pt(4aza),l,] (1), cis-[Ptl,(ip4aza),] (2), cis-[Pt(4aza)
I,(NH;3)] (3) and cis-[Ptl,(ip4aza)(NH;)] (4) were prepared
as described in the Experimental section (Fig. 1) [37]. Com-
plexes 1-4 were only negligibly soluble in water, methanol
(MeOH), ethanol (EtOH) or acetone, but they showed good
solubility in N, N-dimethylformamide (DMF) and dimethyl
sulfoxide (DMSO). Purity of complexes 1-4 was confirmed
by a combination of elemental analysis (< 0.5% differences
between the calculated and found percentage of C, H and
N) and 'H NMR.

ESI+ mass spectra of the cis-[Ptl,(naza),] complexes
1 and 2 contained the peaks of the {[Ptl,(naza),]+Na}™*
and [Ptl(naza),]* species; naza=4aza or ip4aza. In the
ESI- mass spectra, the peaks of the [Pt(naza)l;]™ species
showed with appropriate m/z value and isotopic distribu-
tion for both complexes 1 and 2. The peaks of several spe-
cies (e.g., {[Pt(4aza)l,(NH;)]-H}~ for 3), containing both
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N-donor ligands (i.e., NH; and naza) were detected in the
mass spectra of the sterically hindered complexes 3 and 4.

The FTIR spectra showed the peaks of the v(C-H),, (ca.
3100 cm™!), 1(C-C),, (ca. 1600 cm™!) and v(C-N),, (ca.
1420 cm™!) vibrations of the 4-azaindole ring. In addi-
tion, the FTIR spectra of complexes 3 and 4 contained the
peaks of »(NH;) at 3252 and 1326 cm™! (for 3) and 3221
and 1302 cm™! (for 4) [38]. The spectra of complexes 2
and 4 (containing ip4aza) showed the intensive peaks of the
U(C—H) i, vibrations at 2971 and 2927 cm™! (for 2), and at
2971 and 2928 cm™" (for 4).

The simultaneous TG/DSC analysis proved the represent-
ative complex 1 as unsolvated and thermally stable up to ca.
110 °C. Behind this temperature, a gradual thermal decom-
position was observed and finished at ca. 550 °C without
the formation of thermally stable intermediates (69.2/68.0%
calcd./found weight loss; calculated to PtO). The thermal
decomposition was accompanied on the DSC curve by the
exothermic effects centred at ca. 220, 430 and 545 °C (Fig.
S1).

The "H NMR spectra of complexes 1-4 contained the
signals of aromatic C—H hydrogen atoms at 7.14-8.94 ppm
(Fig. 2, S2 and S3). In addition, the N1-H broad signal was
detected in the spectra of complexes 1 and 3 containing
unsubstituted 4-azaindole, while the spectra of complexes 2
and 4 (containing ip4aza) showed the signals of the isopro-
pyl substituent (ca. 4.9 ppm and 1.5 ppm) of the N1 nitrogen
atom. The presence of the NH; ligand in the structure of the
sterically hindered complexes 3 and 4 was confirmed by the
broad signal at 4.33 ppm (for both complexes).

The *C (Fig. S4 and S5) and "N (Fig. S6) NMR spectra
were recorded only for the representative 4aza-containing
complexes 1 and 3. The individual aromatic carbon atoms
of the C—H groups were clearly assigned using the 'H-!C
HMQC correlation experiments, while the quaternary C3a
and C7a carbons were refined in the 'H-'>C HMBC spec-
tra, as exemplified by the C7a (6=146.4 ppm for 1 and

H,0

Solv.

C8-H NH,

N1-H J
A -,
T T T T T T T T T T T
12 10 8 6 4 2

'H NMR Chemical Shift (ppm)

Fig.2 '"H NMR spectra of the representative complexes 1 (bottom)
and 4 (top); DMF-d, solutions. See Fig. 1 for the structural formulas
and atom numbering scheme

147.0 ppm for 3) <> H5 (6=8.94 ppm for 1 and 8.62 ppm
for 3) long-range correlation peak. The '’N NMR signal of
the N4 nitrogen atom shifted considerably as a consequence
of the formation of complexes 1 (Ad=-92.6 ppm) and 3
(A8=-90.9 ppm), suggesting that this atom represents the
coordination site of the used 4aza ligand involved in the
structure of complexes 1 and 3; A6 = S¢omplex — aaza- The 5N
NMR signal of the NH; ligand showed at — 46.8 ppm in the
'H-!'5N HMBC spectrum of complex 3 (Fig. S6). No new
signals were detected in the 'H NMR spectra of complexes
1-4 dissolved in DMF-d;, after 48 h of standing at ambient
temperature, suggesting their stability in the used solvent.
The Pt NMR signals were detected at — 3186 ppm for
complex 1 and at — 2548 ppm for complex 3 (Fig. S7).

Solution behaviour and hydrophobicity

Complexes 1 and 2 were hydrolytically stable in the 20%
DMF-d,/80% D,O mixture of solvents, because no new
signals showed in the obtained '"H NMR spectra even after
72 h of standing at ambient temperature (Fig. S8); note:
DMF ensured the sufficient solubility of low water soluble
complexes for 'H NMR experiments. The '"H NMR spec-
tra of complexes 3 and 4 showed a new set of naza sig-
nals (Fig. S9). For example, the representative C5—H signal
was detected in the fresh solutions at 8.73 ppm (for 3) and
8.72 ppm (for 4), while a new C5-H signal observed during
the standing of complexes 3 and 4 at 8.63 ppm (for 3) and
8.62 ppm (for 4). Because the C5-H signal of free H4aza
showed at 8.43 ppm in the 20% DMF-d,/80% D,O mixture
of solvents, the observed "H NMR spectral changes of com-
plexes 3 and 4 (as discussed above) can be assigned to the
hydrolysis of these complexes.

The logP studies were not possible to realize owing to
a limited solubility of complexes 1 and 2 in the solvent
system used (OSW). Complexes 3 and 4 were found to be
hydrophilic with similar logP values (— 0.78, and — 0.81,
respectively).

In vitro cytotoxicity and cellular accumulation

Complexes 1-4 were studied for their in vitro cytotoxicity
against three human carcinoma cell lines [ovarian carcinoma
(A2780), its cisplatin-resistant variant (A2780R) and colon
carcinoma (HT-29)], while their cellular accumulation was
studied at the representative A2780 cells only. The obtained
results are summarized in Table 1 (together with cisplatin
for comparative purposes).

The cis-[Ptl,(naza),] complexes 1 and 2 significantly
(p <0.005) exceeded in vitro cytotoxicity of their sterically
hindered cis-[Ptl,(naza)(NH;)] analogues 3 and 4 against
the A2780 and A2780R cells. Within the pairs of the cis-
[Ptl,(rnaza),] (1 and 2) and cis-[Ptl,(naza)(NH;)] (3 and 4)
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Table 1 The in vitro

. Complex HT-29 A2780 A2780R RF Cellular accumulation
cytotoxicity (ICsy+SD; pM)
and Cgl/llear acculflnulation (pmol  js[Pt(4aza),L,] (1) 42410  77+£12%% 89401 12 43.0+2.1
o tﬁlc%mplz)ffscf jﬁff:f:;& G cisTPpdaza);] @) 49410  38+08%% 29403 08  5923+44
(for comparative purposes) cis-[Pt(4aza)l,(NH,)] (3) 58+04  26.1+3.0 324420 12 19.8+0.2
cis-[Ptl(ipdaza)(NH;)] (4)  8.0+£0.6  89+08%** 121+05 14 78.5+3.6
Cisplatin > 50.0 26.7+1.8 > 50.0 - 86.0+2.0

Cytotoxicity was studied at the human HT-29 colon carcinoma, A2780 ovarian carcinoma, and A2780R
cisplatin-resistant ovarian carcinoma cells (24 h exposure time, MTT assay), with the significant differ-
ences between the obtained ICs, values of complexes 1-4 against cisplatin given as *** p <0.005. Cellular
accumulation was studied at the A2780 cells

RF resistance factor (calculated as IC5,(A2780R)/IC5,(A2780))

complexes containing the same naza ligands, the ip4aza-
containing complexes 2 and 4 were significantly (p <0.005)
more in vitro cytotoxic at the A2780 and A2780R cells
than their analogues (1 and 3) containing the unsubstituted
4-azaindole. Complexes 1, 2, and 4 exhibited significantly
(» <0.005) higher cytotoxic potency at the A2780 cells than
cisplatin. Cellular accumulation at the A2780 cells was
markedly higher for (a) the ip4aza-containing complexes (2,
4), and (b) for the complexes with two azaindoles involved
in their structure (1, 2), meaning that Pt of the highest-
active complex 2 was accumulated significantly more than
observed for other studied complexes (Table 1).

The resistance factors, calculated as 1C5,(A2780R)/
IC5,(A2780) (see Table 1), indicated that complexes 1-4
are able to circumvent the acquired resistance of the A2780
human ovarian carcinoma cells against the therapeutic action
of cisplatin.

The in vitro cytotoxicity of complexes 1-4 against the
HT-29 cells ranged from the ICy, value of 4.2-8.0 pM,
and was considerably higher as compared with cisplatin

2000
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Fig.3 Left: the selected results of the flow cytometry studies of the
cell cycle modification induced at the A2780 human ovarian carci-
noma cells (stained with PI/RNase) by the equitoxic (ICs,) concen-
trations of complexes 1-4 and cisplatin (for comparative purposes),
given together with the negative control (untreated cells). Right:
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(Table 1). Complexes 1-3 were significantly more cytotoxic
(p» <0.05) than the least effective complex 4. Similarly as
in the A2780 cells, the cis-[Ptl,(raza),] complexes 1 and 2
exceeded the in vitro cytotoxicity of their ammine-contain-
ing cis-[Ptl,(naza)(NH;)] analogues 3 and 4 at the HT-29
cells.

Complex 1 and 2 were tested for their toxicity at the pri-
mary culture of human hepatocytes (Hep). Complex 1 did
not affect the viability of the Hep cells up to the highest
tested concentration (IC5,> 100 uM), while the toxicity of
complex 2 equalled IC5,=38.4 uM.

Cell cycle analysis

The flow cytometry studies of the cell cycle perturbation
were performed at the A2780 cells treated by the ICs, con-
centrations of complexes 1-4 and cisplatin for compara-
tive purposes, and stained with propidium iodide (PI). The
results are depicted in Fig. 3 and summarized in Table S1.
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the populations in the cell cycle phases observed at the A2780 cells
treated with complexes 1-4 and cisplatin (for comparative purposes),
depicted together with the negative control (untreated cells); see
Table S1 for the complete data given as arithmetic mean +SD
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The treatment of the A2780 cells by complexes 1, 2,
and 4 induced the cell cycle perturbation connected with a
decrease of the G/G, cell cycle phase population (39-58%
for 1, 2, and 4, and 72% for negative control) while the G,/M
cell cycle phase populations were higher for the samples
treated by complexes 1, 2, and 4 (27-45%), as compared
with the untreated cells (16%; Fig. 3 and Table S1). The
most profound differences in the A2780 cell cycle were
induced by the ip4aza-complexes 2 and 4. Within the A2780
cells treated by complex 2, high sub-G, cell cycle phase
population was observed. On the other hand, the G,/M cell
cycle phase population was markedly higher for complex
4, as compared with complexes 1-3, as well as with con-
ventional cisplatin. Relevant differences were also observed
between the biological effect of cisplatin (48% S cell cycle
phase population) and complexes 1-4 (10-14% S cell cycle
phase populations).

Mass spectrometry studies of interactions
with sulfur-containing biomolecules and model
proteins

The mass spectrometric studies revealed the moderate
reactivity of the representative complex 2 with L-cysteine
(CySH; a final concentration of 290 uM), as confirmed

by the appearance of the peaks in the ESI+MS spectrum
(see Fig. 4) of the mixture measured after 48 h. These
signals are assignable to the species [Pt(ipdaza)(Cys)]*
(m/z=475.22), [Pt(ip4aza),(Cys)]* (m/z=635.16) and
[Pt(ip4aza),(Cys) + CH;OH]* (m/z=667.22). No peaks
representing the interaction species with the reduced glu-
tathione (GSH) were found in the spectra.

Complex 2 showed higher affinity towards the
cytochrome ¢, with whom it formed both the 1:1 and 1:2
adducts, than towards the second-used model protein
HEWL (only 1:1 adduct was observed) (see Fig. 5). The
mass difference in all adducts of 768 or 769 Da corre-
sponds to the whole molar equivalent of complex 2, which
means that there can be two alternative modes of interac-
tion of complex 2 with both proteins. The first one involves
an electrostatic interaction, while the second one is associ-
ated with the formation of coordination bond between the
platinum atom and appropriate donor atom from the pro-
tein, while the released iodide anion form an electrostatic
interaction with positively charged surface of the protein.

Fig.4 The ESI+MS spectrum +, 642,10
100 = 2
of the solution of complex 2 A 5 |2 80211
in MeOH: H,0 (1:1, v/v) after %0 r |X 3
. . . O Qo e
48 h of incubation at labora- 80 T ¥ =T T
3 o) O, a o O
tory temperature (a) and the e 70 = T s i
ESI+MS spectrum of the "8“ 60 o & 3] *,
mixture containing complex 2 3 — ::% % = &
(at the final concentration of S50 E ﬁ = é‘ .\%
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concentration of 290 uM) and 2 30 =2 e & S =
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Fig.5 The neutral mass spectra obtained by the deconvolution of the
ESI+MS spectra of the mixtures containing complex 2 (at the final
concentration of 10 uM) and one of the model proteins, cytochrome ¢
or HEWL at the final concentration of 3 mg/mL. The depicted mass
differences correspond to the formation of 1:1 and 1:2 adducts with
cytochrome ¢ (upper panel) and 1:1 adduct with lysozyme (lower
panel)

Discussion

The platinum(IT) complexes containing 7-azaindole and its
derivatives (7aza) were recently reported by us and others
as highly in vitro cytotoxic agents at various human can-
cer cell lines [11-22, 39-41]. Among these complexes of
various structural types (e.g., dichlorido [13—15], diiodido
[19], oxalato [17] or cyclobutane-1,1-dicarboxylato [16])
the diiodido complexes cis-[Pt(7aza),l,] were the high-
est active ones, exceeding the cytotoxic activity of their
various analogues including the dichlorido complexes and
showing some pharmacological advantages over their ana-
logues and cisplatin (e.g., different cell cycle perturbation
or different interaction with relevant biomolecules). Bear-
ing this in mind, we decided to study two structural types,
cis-[Ptl,(naza),] (1, 2) and cis-[Ptl,(naza)(NH,)] (3, 4), of
platinum(II) diiodido complexes containing 4-azaindole
(4aza) or its N1-alkylated derivative ip4aza. Design of this
series of compounds allowed us to evaluate, whether (a)
the platinum(II) complexes containing 4-azaindoles show
the in vitro cytotoxicity against the selected human cancer
cell lines, as recently reported for similar complexes with
7-azaindoles, (b) the replacement of the NH; ligand by naza
affects the in vitro cytotoxicity of the studied complexes, and
(c) the N1-alkylation of the 4-azaindole moiety affects the
in vitro cytotoxicity of complexes containing such ligands.

A series of four diiodido platinum(II) complexes of the
general formulas cis-[Ptl,(naza),] (1, 2) and cis-[Ptl,(rnaza)
(NH5)] (3, 4) (Fig. 1) was prepared and thoroughly
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characterized. The syntheses of complexes 1 and 2 started
from K,[PtCl,] through the key intermediate K,[Ptl,] [37],
whose stoichiometric reaction with 4aza and ip4aza led to
complexes 1 and 2, respectively, as described for example
for similar diiodido platinum(II) complexes containing
7-azaindole and its various C-derivatives [19]. The synthe-
ses of complexes 3 and 4 also started from K,[PtCl,] and
they were conducted through the cis-[PtCl,(NH;),] (cispl-
atin), NH,[PtC1y(NH;)], K[PtCl;(NH;)] and K[Ptl;(NH;)]
intermediates, similarly as described previously [33, 34].
Finally, the reactions of K[PtI;(NH;)] with either 4aza or
ip4aza provided complexes 3 and 4, respectively (Fig. 1).

Concerning the 'TH NMR spectroscopy, the preparation
of ip4aza led to the disappearance of the N1-H signal of
4aza (due to deprotonation) and detection of two new sig-
nals at 4.70 ppm and 1.58 ppm (due to alkylation), clearly
assignable to the isopropyl substituent of ip4aza [42]. Simi-
lar differences were observed also for the pairs of the cis-
[Ptl,(naza),] (1 and 2) and cis-[Ptl,(naza)(NH;)] (3 and 4)
complexes containing 4aza (for 1 and 3) or ip4aza (for 2 and
4) ligands. The NH; ligand of complexes 3 and 4 showed for
both complexes at 4.33 ppm, which is consistent with similar
complexes of the cis-[Ptl,(L)(NH;)] type, where L stands for
pyrimidine or 5,7-diphenyl-1,2,4-triazolo[1,5-a]pyrimidine
(LY [32, 43]. The positions of the 195p¢ NMR signals in
the spectra of complexes 1 and 3 (Fig. S6) correlated well
with the formerly reported complexes cis-[PtIZ(Ll)z] and cis-
[PtL(L")(NH;)] containing 5,7-diphenyl-1,2,4-triazolo[ 1,5-
a]pyrimidine (LY [32].

The cis-[Ptl,(naza),] complexes 1 and 2 are hydrolyti-
cally stable in 20% DMF-d,/80% D,0, while the sterically
hindered complexes 3 and 4 hydrolysed under the used
experimental conditions. Hydrolysis of complexes 3 and 4
is not connected with a release of the naza ligand, because
the positions of the 'H NMR signals were different for the
new signals in the spectra of complexes 3 and 4, and free
naza. In general, hydrolytic stability of platinum(II) diiodido
complexes depends on the N-donor ligand involved in their
structures. In particular, the cis-[Ptl,(NH;),] complex, an
iodido analogue of cisplatin, readily hydrolysed at physi-
ological pH which was connected with a release of both the
halogenido ligands (similarly as for cisplatin) [44]. The
hydrolysis rate was somehow slower for cis-[Ptl,(NH;),]
as compared with cisplatin. However, a release of the NH;
ligand at slightly acidic pH was also observed in the same
work for cis-[Ptl,(NH;),], indicating its different solution
behaviour from cisplatin. The cis-[Pt(7aza'),I,] complex
(7aza' = 4-bromo-7-azaindole), representing platinum(II)
diiodido complexes containing 7-azaindoles, showed high
hydrolytic stability, because only ca. 10% hydrolysed in the
used 10% DMF-d;/90% D,O mixture of solvents after 48 h
of standing at ambient temperature [19]. Concerning the
hydrolysis of complex 2, the ESI+MS studies uncovered
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only the formation of a deiodinated hydroxido-intermediate
with the proposed composition [Pt(ip4aza),(OH) +2H,0 +
CH,OH]" after 48 h of incubation.

On the other hand, the interaction studies involving
sulfur-containing biomolecules, L-cysteine and reduced
glutathione confirmed the moderate reactivity of complex
2 towards the normal serum levels of L-cysteine, as dem-
onstrated by the emergence of new peaks in the ESI+MS
spectrum (see Fig. 4). Moreover, the interaction studies
involving the model proteins cytochrome ¢ and lysozyme
(see Fig. 5) revealed the ability of complex 2 to form the
adduct containing up to 2 molecules of complex 2 per one
molecule of cytochrome ¢ and the formation of 1:1 adduct
with lysozyme. This finding may indicate that the nature of
the interaction between complex 2 and model proteins could
involve either pure electrostatic interaction or the covalent
bonding of the deiodinated species accompanied at the same
time by the electrostatic interaction of the released iodide
anions with cationic parts of the protein.

The in vitro cytotoxicity of complexes 1-4 was screened
at three human cancer cell lines, carefully chosen to rep-
resent the cisplatin-sensitive cells (A2780), cells with
acquired resistance to cisplatin (A2780R) and cells known
to be intrinsically resistant to cisplatin (HT-29) (Table 1).
Complex 2 was significantly (p <0.01) more cytotoxic than
complex 1, and complex 4 exceeded significant (p <0.005)
potency of complex 3 against the A2780 cells. Similarly, the
ip4aza-containing complexes 2 and 4 exceeded the cytotoxic
activity of their 4aza-containing analogues 1 and 3, respec-
tively, at the A2780R cells. This suggests that alkylation of
4-azaindole moiety affected the in vitro cytotoxicity of both
types of the studied complexes in a positive way at both the
cisplatin-sensitive and -resistant human ovarian carcinoma
cells (i.e., A2780, A2780R). Further, the results also proved
that complexes 1 and 2 are more in vitro cytotoxic than their
sterically hindered analogues 3 and 4 against the A2780 and
A2780R cells, indicating that the replacement of the NH;
ligand by naza has a positive impact on the resulting cyto-
toxic potency. The opposite trend was reported for a pair of
the cis-[Ptl,(L'),] (IC5,=67 pM) and cis-[PtL,(L")(NH;)]
(IC5y=7 pM) complexes studied at the A549 non-small lung
carcinoma cells [32].

Concerning a comparison with other platinum(II)
iodido complexes studied at the human ovarian carci-
noma cells, the relative activity (RA; see Introduction) of
the best-performing complex 2 equalled ca. 7.0, meaning
approximately 7-fold higher cytotoxicity as compared with
cisplatin at the used A2780 cells. The cis-[Ptl,(ipam),]
complex, where ipam stands for isopropylamine, was
studied at several human cancer cell lines including the
A2780 cells, where this agent markedly exceeded cispl-
atin (RA ~7.3; sulforhodamide B (SRB) assay, 48 h expo-
sure time) [45]. The complex cis-[Ptl,(NHj;),], an iodido

analogue of cisplatin, had RA ~ 3.4 against the IGROV-1
ovarian carcinoma cells (Trypan blue assay, 24 h expo-
sure) [44], while the complex cis—[Pt(7azaz)212] showed
RA ~16.5 against the A2780 cells (7aza® =2-methyl-4-
chloro-7-azaindole; MTT assay, 24 h exposure time) [19].
The complex cis-[PtI,(L*)(NH;)] exhibited ca. 2-fold
lower activity (RA ~0.5) at the A2780 cells than cisplatin
(MTT assay, 72 h exposure time) [33].

Similar cytotoxicity of complexes 1-4 at both the A2780
and A2780R cells resulted in the resistance factors (RF) of
ca. 0.8-1.4 (Table 1), indicating their ability to overcome
the acquired resistance of the human cancer cells against
cisplatin. This has to be highlighted especially for the best-
performing complex 2 showing unusually low RF~0.8. The
complex cis—[Pt(7aza2)212], containing 7-azaindole-based
N-donor ligand, was also somehow more in vitro cytotoxic
at the resistant variant (ICs5,= 1.0 pM) than at the cisplatin-
sensitive A2780 cells (IC5,=1.7 pM), meaning that RF was
ca. 0.6 [19]. Similar trend of in vitro cytotoxicity (RF=0.8)
was also reported for the above-mentioned sterically hin-
dered complex cis-[PtIz(Lz)(NH3)] [33].

Complexes 1, 2, and 4 exhibited comparable in vitro
cytotoxicity against the cisplatin-resistant HT-29 and cis-
platin-sensitive A2780 cells, while complex 3 was mark-
edly more potent at the HT-29 cells than at the A2780 ones
(Table 1). All complexes 1-4 were considerably more cyto-
toxic at the HT-29 cells than cisplatin. Although the RA
values could not be calculated, it can be stated that com-
plexes 1 and 2 are more than 10-times more cytotoxic at the
HT-29 colon carcinoma cells than cisplatin. The RA value
of the complexes cis-[Ptl,(NHj;),] and [Pt(dach)l,] equalled
ca. 1.4 and 0.6 at the HT-29 cells (Trypan blue assay, 24 h
exposure; dach = (1R,2R)-cyclohexane-1,2-diamine) [46].
A representative of the platinum(II) diiodido complexes
containing 7-azaindoles, cis-[Pt(7aza2)212], was several
times more in vitro cytotoxic (IC5,=0.4 pM) than cisplatin
(IC5,>90 pM) at the Caco-2 human colon carcinoma cells
(MTT assay, 24 h exposure time) [19]. Further, the complex
trans—[Pt(ach)Iz(L3)] showed higher activity (ICs,=1.5 uM)
against the HT-29 cells than cisplatin (IC5,> 100 uM;
72 h exposure, MTT assay); ach =cyclohexanamine,
L’ =1,3-dimethyl-N-boc-O-methylhistidin-2-ylidene [47].

Complexes 1 and 2 showed a pharmacologically prospec-
tive selectivity towards the cancer cells over the non-can-
cerous ones. In particular, toxicity of the best-performing
complex 2 was approximately one order of magnitude lower
at the primary culture of human hepatocytes than at the used
cancer cells. Although these results indicated higher toxicity
of complex 2 than determined for cisplatin under the same
experimental conditions (ICs,>75 uM), it has to be high-
lighted that both complexes 1 and 2 are much less effective
against the Hep cells than their recently reported analogues
containing 7-azaindole-based ligands, which showed the
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ICy, values of 3.8-11.8 uM at the Hep cells (MTT assay,
24 h exposure time) [19].

The studies of cellular accumulation by the A2780 cells
showed good correlation between cytotoxicity and amount
of platinum uptaken by the used cells (Table 1). In par-
ticular, the best-performing complex 2 was markedly (one
order of magnitude) more accumulated by the used cells than
complexes 1, 3, and 4, as well as than cisplatin. It is also
noteworthy that complex 4 and cisplatin showed different
cytotoxicity while their cellular accumulation was compara-
ble, and on the other hand, complex 3 and cisplatin showed
different cellular accumulation while their potency at the
A2780 cells was of the same level. On the other hand, the
correlation of cellular accumulation and logP (or cytotoxic-
ity and logP) is not possible, because both the complexes are
comparably hydrophilic, but their cellular accumulation and
cytotoxicity differ markedly.

The cytotoxic effect of complexes 1, 2, and 4 at the
A2780 cells was connected with the profound cell cycle
changes, as compared with the results obtained by the ana-
logical experiments for the untreated cells (negative control)
as well as for the cells treated by the equipotent concentra-
tion of cisplatin, implying different mechanism of action
of these diiodido platinum(II) complexes and cisplatin
(Fig. 3 and Table S1). However, the relevant differences
were observed also in the individual cell cycle phase popu-
lations of the ip4aza-containing complexes 2 (high sub-G;
population) and 4 (high G,/M population). This indicates
that the structural type of the studied complexes could be
decisive for the cell cycle progress of the cells treated by
such complexes. Importantly, the cell cycle perturbation
induced by complexes 1, 2, and 4 at the A2780 cells was
different than in the case of the platinum(Il) diiodido com-
plexes containing 7-azaindoles [19], 9-deazahypoxanthine
derivatives [48] or sterically hindered complexes contain-
ing 1-(cyclohexylmethyl)-3-methylimidazol-2-ylidene and
G-quadruplex-binding pyridodicarboxamide [49], which,
similarly to the herein studied complex 3, did not modify
the cell cycle of the A2780 human cancer cells.

Conclusions

In the present work, we synthesized four new cis-diiodido-
platinum(Il) complexes of two structural types, either con-
taining two 4-azaindole-based ligands (complexes 1 and
2) or ammine complexes with only one 4-azaindole-based
ligand (complexes 3 and 4). The in vitro cytotoxicity of com-
plexes 1-4 was investigated at three cell lines with different
sensitivity towards cisplatin (A2780, A2780R, and HT-29).
Besides high in vitro cytotoxicity (ICs, & 3-9 uM) of the
studied complexes 1 and 2 containing 4-azaindole-based
ligands, their low toxicity at non-cancerous cells [primary

@ Springer

culture of human hepatocytes (Hep) was used; IC5,> 100
pM (1) and IC5,=38 pM (2)] has to be pointed out as a sig-
nificant improvement from the recently reported analogues
containing various 7-azaindole derivatives (toxicity at Hep
cells with ICsy = 4-12 pM). The obtained results indicated
that 4-azaindole and its derivatives have to be taken into
account as suitable ligands for development of prospective
platinum anticancer complexes, because complexes 1-4
exceeded the cytotoxicity of conventional cisplatin at the
used human cancer cells. Further, the alkylation of 4-azain-
dole moiety as well as the replacement of the NH; ligand by
4-azaindole-based ligand had a positive effect on the in vitro
cytotoxicity and cellular accumulation within a series of the
studied complexes.
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