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Abstract

The conventional cisplatin [cis-diamminedichloridoplatinum(II)] is the most used and
successful anticancer compound more than 50 years. The antitumor properties of
cisplatin are attributed to its major adducts 1,2-GG-intrastrand cross-links formed
in DNA, which is the major pharmacological target of platinum drugs, generally.
Thus, acquired tumor resistance to cisplatin after wider application in clinical prac-
tice is mainly due to removal of major adducts from DNA by nucleotide excision repair
(NER). In addition, undesirable side effects represent additional unfavorable aspect of
the clinical use of cisplatin. Therefore, the current research of metallodrugs continues
in two different directions. One direction is synthesis of polynuclear platinum com-
plexes containing flexible bridged ligands. Such complexes exhibit a different DNA
binding mode, which is responsible for different antitumor properties in comparison
with cisplatin. This group of metallodrugs is represented in this thesis by trinuclear
tridentate platinum complex {[Pt3Cl3 (hptab)]** (hptab=N,N,N’. N’ N” N”-hexakis(2-
pyridylmethyl)-1, 3, 5tris(aminomethyl)benzene)} (1), which was studied because of
its unique DNA binding and cross-linking mode. The second direction of current
research is focused on synthesis of polynuclear platinum complexes with rigid linkers.
These dinuclear azolato- bridged Pt complexes induced in DNA minimal confor-
mational distortions, but, interestingly, they form the same adducts like cisplatin.
This new class of metallodrugs is represented in this thesis by benzotriazolate-bridged
dinuclear Pt" complex [{ cis-Pt(NH3)oCl}, (pu-1, 2, 3-Btaz-H-N1,N3)]C1 (2). The early
phases of the mechanism underlying biological properties of complex 2 were studied.

The primary objective of the study of trinuclear complex 1 was to fully in-
vestigate the binding of complex 1 to natural, high-molecular-mass DNA and
plasmid DNAs with focusing on intramolecular and intermolecular cross-linking.
Our results reveal that complex 1 forms mainly trifunctional intrastrand cross-links,
i.e. when all three Pt centers of complex 1 are coordinated preferentially to G
base residues. Hence, these trifunctional adducts induced in DNA extensive confor-

mational distortions. Intriguingly, complex 1 can cross-link proteins to DNA and can



form interduplex interstrand cross-links under crowding conditions mimicking condi-
tion in cell nucleus. The latter fascinating phenomenon was identified for the class of
trinuclear platinum complexes for the first time.

The study of benzotriazolate-bridged dinuclear Pt complex was focused on in-
teractions with DNA. It was observed that adducts of dinuclear complex 2 distort
DNA differently than adducts of cisplatin. Monofunctional DNA adducts of com-
plex 2 are converted to more toxic bifunctional cross-links significantly more slowly
than cisplatin. Furthermore, the binding of dinuclear complex 2 to DNA in tumor cells
is inactivated by sulfur-containing compounds markedly more than that of cisplatin.

In addition, the attention was also paid to antitumor mononuclear analogues of cis-
platin, namely { cis-[PtCly(3CIHaza)s]} (3) and { cis-[PtCly(3/Haza)s]} (4) (3CIHaza
and 3[Haza = 3- chloro-7-azaindole and 3-iodo-7-azaindole, respectively). This study
revealed that reactions of these complexes (3, 4) with sulfur containing compounds
(which are responsible for the resistance of tumors to platinum drugs) are significantly
retarded in contrast to those of cisplatin.

The results based on the investigation of interactions of platinum complexes exam-
ined within this thesis can expand the theoretical background needed for the design

of new antitumor metallodrugs.



Abstrakt

Konvenéni cisplatina (cis-diammindichloridoplatnaty komplex) je nejpouzivanéjsim a
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mustkum vzniklym po vazbé na DNA, kterd je hlavnim farmakologickym cilem
platinovym 1éciv. Opakované pouzivani cisplatiny v klinické praxi vedlo k rezis-
tenci nadoru vuci cisplatiné, kterd spo¢iva zejména v odstranéni tohoto poskozeni
pomoci nukleotidovych exciznich oprav (NER). Nepfiznivym aspektem pouziti cis-
platiny v klinické praxi jsou také nezadouci vedlejsi ucinky. Proto se dnesni
vyzkum metalofarmak vyddava dvéma rozdilnymi sméry. Prvni smér spociva v
syntéze vicejadernych platinovych komplexu, jejichz reaktivni platinové jednotky
jsou premostény flexibilnimi ligandy. Takové vicejaderné Pt komplexy maiji
rozdilny DNA vazebny modus, ktery vyvolava rozdilné protinadorové vlastnosti
nez cisplatina. Tuto skupinu metalofarmak v této disertaci reprezentuje troj-
jaderny platinovy komplex {[Pt3Cl3 (hptab)]** (hptab=N,N,N’ N’ N” N"-hexakis(2-
pyridylmethyl)-1, 3, 5tris(aminomethyl)benzen)} (1), ktery byl zkoumdan pro svuj je-
dineény vazebny a mustky tvorici modus. Druhy smeér soucasného vyzkumu se
zabyva syntézou vicejadernych platinovych komplext, ve kterych jsou platinové jed-
notky pfemostény rigidnimi linkery. Tyto dvojjaderné Pt komplexy s azoldtovym
mustkem vyvolavaji v DNA minimalni konformacni distorze, i kdyz vytvareji stejné
adukty jako cisplatina. Nova skupina metalofarmak je v této diserta¢ni praci zas-
toupena dvojjadernym platinovym komplexem s benzotriazoldtovym mustkem [{ cis-
Pt(NH3)2Cl}s (p-1, 2, 3-Btaz-H-N1,N3)|Cl (2), u néhoz byla zkouména pocétecni faze
mechanismu zodpovédného za jeho hlavni biologické vlastnosti.

Primarnim cilem studia trojjaderného komplexu 1 bylo prozkoumat jeho vazbu na
DNA se zaméfenim na formovani vnitromolekularnich a mezimolekularnich mustku.
Vysledky odhalily, ze komplex 1 vytvaii hlavné trifunkéni vnitroretézcové mustky,
tzn., ze vSechny tii platinové jednotky jsou koordinovany ke guaninovym béazim v

DNA. Tim dochézi ke znacnym konforma¢nim distorzim. Fascinujicim jevem je, Ze



trojjaderny komplex je schopny vytvaret koordinac¢ni mustky mezi DNA a proteiny a
také meziduplexové mezitetézcové mustky za podminek napodobujich prirozeny stav
uvnitt bunééného jadra. Tento posledné jmenovany jev byl u trojjadernych komplextu
platiny pozorovan poprvé.

Studium dvojjaderného Pt komplexu 2 bylo zaméfeno na jeho interakce s DNA.
Bylo zjisténo, ze adukty komplexu 2 vyvolavaji v DNA odlisné distorze nez adukty
adukty pomaleji, nez v pripadé cisplatiny. Vazba dvojjaderného komplexu 2 na DNA
je inaktivovdna latkami obsahujicimi siru (zodpovédnymi za rezistenci nadorovych
bunék k platinovym cytostatikum) vice nez u cisplatiny.

Déle byly také studovany protinddorové i¢inna analoga cisplatiny, jmenovité { cis-
[PtCly(3CIHaza)s|} (3) a {cis-[PtCly(3Haza)s]} (4) (3CIHaza a 31Haza = 3-chloro-
7-azaindol a 3-iodo-7-azaindol) a bylo zjisténo, ze tyto komplexy se vyznacuji vyrazné
nizsi reaktivitou s latkami obsahujicimi siru v porovnani s cisplatinou.

Vysledky, kterych bylo dosazeno zkoumanim protinadorové tcinnych komplexu v
ramci této disertacni prace umoznuji rozsitit teoretické zazemi dulezité pro navrhy

novych protinddorové uc¢innych metalofarmak.
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Chapter 1

Introduction

1.1 Discovery and development of anticancer drug
cisplatin

Cisplatin (cis-diamminedichloridoplatinum(II)) (Fig. 1-1), which is widely used in
the clinic today, was synthesized for the first time in 1844 by Michele Peyrone [1].
More than a century later the tumor-inhibiting qualities of this substance were discov-
ered by Barnett Rosenberg in 1969. Rosenberg examined the influence of an electric
field on bacterial growth. He used platinum electrodes that were submerged in a so-
lution containing ammonium chloride [2-5]. The bacteria grew up to 300 times their

own length without any cell division (Fig. 1-2).

CI 'I,'l, \\\\\ N H 3 J
Pt

c”” NH, b

(a) (b)
Figure 1-1: Cisplatin, cis-diamminedichloridoplatinum(II) [6].
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This selective influence on cell division, along with an unrestrained growth, was
caused by cis-diamminetetrachloridoplatinum(IV), what was recognized by him later.
It soon occurred to Rosenberg that compounds such as these might also be capable
of inhibiting tumor growth. He proved that all these cis-configurated compound
are active. In contrast to this, the corresponding trans-compounds were found to
be inactive. This led him to synthesize some simple platinum complexes like cisplatin

and to check their cytotoxic activity in experimental tumor models [7-12].

Figure 1-2: Scanning electron microphotograph of a) normal E. coli (Gram-negative
rods); b) E. coli grown in medium containing a few parts per million of
cisplatin. Cisplatin has inhibited cell division, but not growth, leading
to long filaments [2].

Cisplatin entered clinical trials in 1971 and since then has become established as
a highly effective drug for treating testicular tumors, ovarian carcinomas, bladder
tumors, and head and neck cancer. Activity is also established in lung cancers, lym-
phomas, breast cancer, esophageal cancer and other tumor types [13]. Despite its
success, cisplatin has several disadvantages. Its applicability is still limited to a rel-
atively narrow range of tumors. Some tumors have a natural resistance to cisplatin,
while others develop resistance after the initial treatment. Cisplatin also has limited
solubility in aqueous solution and is administered intravenously. There are also sig-

nificant problems in terms inducing severe side effects (especially kidney damage and
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vomiting /nausea). Because of the drawbacks coupled with cisplatin toxicity there has
been an impetus toward the development of improved platinum drugs. Broadening of
chemoterapeutic arsenal depends on understanding existing agents with a view to-
ward developing new modes of attack. It is therefore of great interest to understand
details of molecular and biochemical mechanisms underlying the biological efficacy of

the platinum compound [14].

1.2 Cisplatin analogues as a marketed platinum
anticancer drugs

Over 3000 platinum compounds have been synthesized and tested for their biologi-
cal activity [15]. Of these, however, fewer than 30 compounds have entered clinical
trials [16]. Attempts to develop new anticancer platinum drugs have encountered dif-
ficulties in overcoming the drawbacks of cisplatin in actual clinical tests. At present,
only four platinum drugs (anologues of cisplatin) are registered as marketed drugs (cis-
platin, carboplatin, oxaliplatin and nedaplatin) and only one compound (oxaliplatin)
has been approved by the FDA (Food and Drug Administration) for colorectal cancer

since the release of cisplatin and carboplatin [17-19].

O
HsN O
NI
A Pt\
H,N" O
O
(a) (b)
Figure 1-3: Carboplatin, cis-diammine-1,1-cyclobutanedicarboxylato-platinum(II)
[20].

Carboplatin (cis-diammine-1,1-cyclobutanedicarboxylato-platinum(II)) (Fig. 1-3).
It was hypothesized that modification of cisplatin to contain less labile leaving groups

could alter toxicity [21]. It was found that substitution of more stable ligands for the
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chloride leaving groups did indeed diminish renal effects, while antitumor activity
was retained [22]. Also, carboplatin did not require pretreatment with a rigorous hy-
dration regimen. At effective doses, carboplatin produced substantially less nausea,
vomiting, and neurotoxicity than cisplatin. Equivalence of carboplatin and cisplatin
was demonstrated in the treatment of ovarian cancer [23], but in testicular, and head
and neck cancer, cisplatin appears to be superior. Therefore, on the basis of superior
therapeutic index, greater ease of administration, and more predictable individualized
dosing, carboplatin has largely replaced cisplatin in the treatment of many, but not

all platinum-sensitive tumors [21].

(a) (b)
Figure 1-4: Oxaliplatin, [1R,2R-diaminocyclohexane-(oxalato)platinum (IT)] [24].

Oxaliplatin [1R,2R-diaminocyclohexane-(oxalato)platinum(II)] (Fig. 1-4) is the
other analogue of cisplatin. Nevertheless, evidence for a lack of cross-resistance with
cisplatin and carboplatin has been obtained in vivo [25]. It has been investigated that
oxaliplatin in combination with 5-fluorouracil is potent against colorectal cancer.
This important result lends substantial support to the hypothesis that structural mod-
ifications of the carrier ligand may greatly alter the spectrum of antitumor activity,
and so overcome resistance. The major difference between the cisplatin, carboplatin
and oxaliplatin is likely to be in the manner in which cellular proteins recognize and

process platinum-DNA adducts [26].

1.3 Mechanism of anticancer action of cisplatin

The mechanism of action by which cisplatin manifests its selective toxicity to tumor

cells is complex and includes cellular uptake and transport of the drug to the nu-
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cleus, formation of DNA adducts in chromatin, and recognition by damage-response
proteins [27]. Subsequent signal transduction pathways activated by this interaction
between platinum-DNA damage and other nuclear proteins lead to cell-cycle arrest,
attempts to repair the DNA lesions, and apoptosis or necrosis [28].

In aqueous solution, cisplatin undergoes stepwise aquation reactions in which the
chloride ions are replaced by water [29] (Fig. 1-5). The loss of chloride ions results
in formation of cationic mono- and diaqua complexes. Upon administration to the
bloodstream as an intravenous injection, cisplatin maintains a relatively stable neutral
state, because of the high concentration of chloride ion (~100 mM), until the drug
enters the cell. Inside the cell, however, the lower ambient chloride ion concentration
(~4-12 mM) facilitates cisplatin aquation to form the cationic aqua complexes [30].
Inside the cell, the activated platinum drug reacts with various cellular components,
including DNA as the main biological target responsible for anticancer activity [31]
and proteins, but also small molecules. Among small molecules are amino acids and

oligopeptides with reactive side chains (Cys, Met, His, glutation) [32].

H;N Cl
\./
Pt
H3N/ \c| [CI1=~100 mM
v cH=~4mm
H3N Cl
\./
Pt .
/ \\ Cytosolic components
H;3N Cl
| Nucleus
H,O
RNA I
+ I
H3N OH,
N/ 1
/Pt\ - e e e e s e o s e s o ’
Further modification: HsN cl ::
carbonato or hydroxo «——
complex formation - l H0 Protein I
dampens reactivity
HsN oH, |2 I
Pt - mm r mm o mm s mm o mm s mm s oo ." ..... »
H N/ \OH l
3 2 S-donor
ligands

Figure 1-5: Aquation chemistry of cisplatin in the cell [31].
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Cisplatin enters to cells primarily by passive diffusion (Fig. 1-6). But it is widely
accepted that cisplatin can enter to cells even by active transport [31]. Cellular cop-
per (Cu) transporting proteins are involved in both cisplatin uptake and efflux [33].
Whereas cisplatin uptake appears mediated by the copper transporter Ctrl, the cop-
per transporting Pip — type ATPases ATP7A and ATP7B (Menkes and Wilson dis-
eases proteins) are suggested to be involved in cisplatin efflux. The link between
cisplatin resistance and copper transporters was due to early observations of cis-
platin resistance being associated with overexpression of the ATP7B and ATPT7A
proteins [34,35].

o Umm mp;xu_n:n:cr
i;ﬁ.# HOREOOO0NCC0000NAA L | v
[CHH100 miv oo oope002% 00,
L e
P r"d{
45 e, .
.;PJ f" [0]3 20 mM CMetallothionein >
:95 L‘*
CTRI{for example) ;f:?r Il
NH al L‘E NH e
et o ot o= e Bihy o Hydrolysis N”'---..“.
NH W - t\H"" ""':l NH  TYHO'

Figure 1-6: Cellular uptake of cisplatin and its mechanism of distibution in vivo [36].

1.4 Formation of Pt-DNA adducts and conforma-
tional changes in DNA

The anticancer drug cisplatin forms covalent adducts with DNA, which is its primary

target among many potential cellular possibilities [21,27]. DNA damage is recognized
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with proteins which either bind to the cisplatin-DNA adducts or influence cellular
pathways [21].

Cisplatin forms monofunctional adducts on DNA| preferentially at the N(7) gua-

nine residues and at a much lesser extend at N(7) adenine residues, which are subse-
quently closed to bifunctional adducts creating mainly intrastrand cross-links.
The intrastrand cross-links are either between neighboring guanine residues or be-
tween guanine and adenine residues (65% 1,2-GG- or 25% 1,2-AG-intrastrand cross-
links) [37,38]. Between major aducts also belong 1,3-GXG-intrastrand cross-links
(X=A, T, C). This type of cross-links is formed between two purine nucleotides sepa-
rated by one or even more intervening nucleotides. A small percentage of interstrand
cross-links, preferentially formed between guanine residues in the 5°-GC/5"-GC se-
quences, DNA-protein cross-links and monofunctional adducts are also present [39,40]
(Fig. 1-7). Occurrence of interstrand cross-links is noticeably higher in negatively
supercoiled DNA [41]. DNA-protein cross-links are also formed by the transforma-
tion of DNA monofunctional and intrastrand cross-links of cisplatin. In contrast,
DNA interstrand cross-links of cisplatin are markedly more stable in the presence of
DNA-binding proteins than intrastrand cross-links so that their transformation into
DNA-protein cross-links is markedly more difficult [42].

The trans-diamminedichloridoplatinum(II) (transplatin; trans isomer of cisplatin)
is clinically inactive compound. Transplatin can not form 1,2-intrastrand cross-
links, the major DNA adducts of cisplatin, because of geometric constraints [21].
DNA adducts of transplatin are primary interstrand cross-links, which are formed
between guanine and complementary cytosine residues, and monofunctional adducts
[43,44]. It is accepted that transplatin forms also intrastrand cross-links between
nonadjacent guanine residues or between nonadjacent guanine and either adenine or
cytosine residues [44,45].

Carboplatin and oxaliplatin contain different leaving groups than the chloride ions
of cisplatin and so exhibit different kinetics for DNA binding. They generate disparate
adduct profiles from that of cisplatin [19].

17
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Figure 1-7: Types of cisplatin adducts. (a) Monofunctional adduct; bifunctional
adducts: (b) 1,3-GXG-intrastrand cross-link; (c¢) 1,2-GG- and 1,2-AG-
intrastrand cross-link; (d) interstrand cross-link; (e) DNA-protein cross-
link [38].

Formation of cisplatin adducts significantly alters the structure of the target DNA.
Cisplatin induces unwinding and bending as well as it destabilizes the normal B-
DNA [46,47]. Furthermore, approachability of the binding sites, conformation of the
duplex, nucleotide sequence, electrostatic potential, flexibility, and the formation of
transient reactive species can affect the DNA-binding mode of cisplatin [14].

The minor adducts formed in DNA by cisplatin (monofunctional adducts) at the
guanine sites distort DNA and reduce its thermal stability [48,49]. The most frequent
1,2-intrastrand adducts formed by cisplatin are considered crucial in the antitumor
activity of cisplatin [14].

These major cisplatin adducts (1,2-intrastrand cross-links), unwind the DNA du-
plex in the site of platination by ~13° and bend it toward the major groove by ap-
proximately 35° — 40°. The 1,3-intrastrand cross-links formed by cisplatin bend the
helix axis toward a major groove by ~30° and locally unwind DNA by ~19° [51,52].
On the other hand, the interstrand DNA cross-links formed by cisplatin bends the

18



(b) (c)

Figure 1-8: Conformational changes in DNA induced by cisplatin. X-ray crystal
and NMR structures of double stranded DNA containing adducts of
cisplatin. (a) 1,2-GG intrastrand cross-link; (b) 1,3-GXG intrastrand
cross-link; (c) interstrand cross-link [50].

helix by 47° toward the minor groove in which the platinum moiety is located and
unwind the duplex by 76° — 80° [53] (Fig. 1-8). Although these platinum adducts
display some degree of structural similarity, arising from coordination to the N(7)
position of the guanine base, it is clear that each distorts duplex DNA in a distinc-
tive manner. Moreover, the structures of DNA adducts formed by platinum drugs
with nonleaving groups other than the ammine ligands of cisplatin display additional
variations [19]. These nuances can convey distinctive recognition and processing by
cellular proteins, which possibly translate also different roles in mediating the cyto-

toxicity and anticancer properties of the compounds [31].

1.4.1 Effects of platinum adducts on replication and tran-
scription

The inhibition of DNA synthesis by cisplatin was reported early and is believed to
contribute to the cytotoxicity of cisplatin [54]. Bifunctional adducts, intra- and in-

terstrand cross-links, effectively inhibit DNA polymerases, whereas monofunctional
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adducts seem not to block the polymerases as effectively [55]. Numerous studies
demonstrated that the inhibition of DNA synthesis depends only on the concentra-
tion of cisplatin and not on the sensitivity of the cell line to the drug [56]. Only the
level of cells arrested in the G2 phase correlates with cell line sensitivity to cisplatin.
It is therefore likely that direct inhibition of DNA replication by cisplatin-DNA dam-
age is not the key biological event that confers the unique properties of this anti-
cancer agent [57|. Early in vitro studies reported the ability of cisplatin adducts to
inhibit transcription elongation by various RNA polymerasis [58,59]. Similar to the
inhibition of DNA synthesis, RNA polymerases are strongly blocked by bifunctional
adducts and not by monofunctional adducts [60,61]. Accumulated data indicate a
close relation between transcription inhibition by cisplatin adducts and its ability to

kill the cells [31].

1.5 The response of cellular proteins to Pt-DNA
adducts

Cisplatin forms a variety of DNA adducts, which are recognized by a number of cellu-
lar proteins. These proteins either bind to the cisplatin-DNA cross-links or influence
cellular pathways. Included are proteins that participate in the DNA repair and p53-
regulated pathways, transcription factors and structural proteins. The manner by
which such proteins affect the processing of cisplatin-DNA adducts can determine
whether a cell attempts to repair the damage or activates an irreversible cell death.

Anticancer activity of cisplatin is mediated very likely by these proteins [21].

1.5.1 Nucleotide Excision Repair (NER)

Nucleotide excision repair is a primary process for repairing platinum-damaged DNA.
Bacterial and mammalian cells deficient in NER are more sensitive to platinum com-
pounds [27,62]. On the other hand, a cisplatin-resistant tumor cells exhibit higher
levels of repair activity [63, 64]. It was revealed that both cisplatin 1,2-GG and
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1,2-AG-intrastrand cross-links are substrates for the mammalian excinuclease [65,66].
But the minor adducts of cisplatin (1,3-GXG intrastrand cross-links) are more ef-
ficiently repaired by NER than 1,2-intrastrand cross-links [65, 66]. Althought cis-
platin interstrand cross-links also significantly distort DNA, they are not repaired
by NER [67]. DNA damage induced by interstrand cross-links of cisplatin includes
both DNA strings, therefore can not be repaired by NER, which exploits for final
resynthesis the informations from the complementary string.

The first step of nucleotide excision repair mechanism by mammalian cells is to
recognize damaged DNA with complex of proteins XPC-hHR23B. In particular, after
damage recognition, TFIIH, XPA, and RPA are the next set of proteins to assemble
on the DNA. Although the exact binding order of these proteins is controversial,
they may be cooperatively recruited to the damage site [68,69].

In the next step, XPB and XPD helicases, components of TFIIH, unwind the
DNA in a process that requires ATP. XPC-HR23B is released when endonuclease
XPG binds to this unfolded DNA. The structure-specific endonuclease XPF-ERCC1
is finally recruited to the NER complex, and dual incision occurs to remove plati-
nated oligonucleotides. Excised oligonucleotides (24-32 nucleotides in length), con-
taining a platinum lesion, and dual incision factors are then released from the DNA [70].
The final step of NER is filling the created gap with polymerases (g, ) and replications
factors RPA, PCNA, RFC and DNA ligase I. Therefore, the result is double-stranded,
undamaged DNA [71] (Fig. 1-9).
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Figure 1-9: Mechanism of the nucleotide excision repair (NER) [71].

1.5.2 Mismatch-Repair (MMR) Proteins

Mismatch repair (MMR) is a repair system after replication of DNA that corrects
mispaired and unpaired bases in the duplex [72]. MMR system repairs mismatches

caused by adducts that are not removed by the NER system [73].
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It has been demonstrated that cisplatin-DNA adducts are preferentially recog-
nized and repaired by the MMR system, while oxaliplatin—-DNA adducts are not
[74-79]. DNA mismatch-repair proteins (hMSH2 and MutS) bind with greater affin-
ity to cisplatin adducts than to oxaliplatin adducts [78]. In contrast, MutS shows
low affinity for DNA adducts of the clinically inactive complexes such as transplatin
and the monofunctional [Pt(dien)Cl]™ (dien = diethylenetriamine) [78]. The high-
est affinity of cisplatin modified DNA can be explained on the basis of strong bend
and distortion of the double helix induced by cisplatin. Other Pt compounds do not
induce strong bending and unwinding of the double helix [78].

The DNA mismatch-repair system is critical in regulating cellular sensitivity to
cisplatin, because the loss of mismatch repair due to lack of either hMSH2 or hMLH1
activity results in the resistance to cisplatin and carboplatin, drugs that form the
same adducts in DNA, but the loss of mismatch repair does not cause resistance to
oxaliplatin [77,80-82].

In contrast to cisplatin and carboplatin, no difference in sensitivity between the
DNA mismatch repair-proficient and -deficient cell lines for oxaliplatin, transplatin
had been observed. These observations demonstrated a correlation between failure
of the DNA mismatch-repair proteins to recognize the Pt adduct and low-level resis-
tance [82]. The binding of mismatch-repair complex to Pt-DNA adducts appears to
increase the cytotoxicity of the cisplatin adducts by activating downstream signaling
pathways that lead to apoptosis [83-85]. Defective MMR was shown to result in a
2-4-fold increase in tolerance to cisplatin, which contributes significantly to the failure

of cancer therapy [82,86].

1.5.3 HMG - Domain Proteins

The mammalian proteins with high-mobility group (HMG) domain [87] are founding

members of a class of gene regulatory molecules called “architectural transcription

factors” [88] that specifically recognize and bind to cisplatin-modified DNA [89].
High-mobility-group protein B1 (HMGB1) is a very abundant non-histone nuclear

protein, present in all mammalian tissues and cells and is highly conserved.
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It appears to be involved in a large number of DNA transactions, including determina-
tion of nucleosome structure and stability, as well as transcription and replication [90].
HMGBT1 has three structural domains: the N-terminal A-domain and the central B-
domain are positively charged and bind to DNA, while the acidic terminal C-domain
interacts with histones. The sequences of the two domains A and B of HMG1 are
homologous to segments of about 70 amino acid residues called the HMG box [91].

The major DNA lesions formed with cisplatin are 1,2-GG- and AG-intrastrand
cross-links [62]. These cisplatin-induced cross-links unwind the DNA helix by about
13° and bend it toward the major groove by between 26° and 35° [72, 92-94].
HMGB proteins, as well as other nuclear proteins that contain “B-box” motifs, selec-
tively recognize and further bend DNA distorted by 1,2-intrastrand cisplatin adducts
but do not bind to various minor cisplatin adducts such as 1,3-GXG intrastrand
cross-links and monofunctional adducts [89,93]. HMGBI can also apparently bind to
interstrand cross-links induced in DNA by cisplatin [95]. The distorsions in DNA du-
plex induced by interstrand cross-links are quite different from those which are caused
by 1,2-intrastrand cross-links. Which means that, there is no correlation between the
bending or unwinding angles and HMG protein recognition [21].

Numerous studies have demonstrated that HMGB and other B-box containing
proteins (e.g., an RNA polymerase 1 transcription factor; human mitochondrial tran-
scription factor mtTFA; the testis-specific HMG domain protein tsHMG) inhibit NER
of cisplatin adducts both in vivo and in vitro [65,66,96,97]. The most likely mech-
anism for such inhibition is believed to be that DNA-HMGB-domain protein com-
plexes protect cisplatin adducts from repair by a “shielding mechanism” that prevents
access of NER factors to cisplatin lesions [98].

Support for a shielding mechanism comes from the demonstration that the HMGB
proteins all specifically bind to, and inhibit repair of, 1,2-GG-intrastrand cross-links
in vivo and in witro, but do not bind to, or inhibit repair of 1,3-GXG-cross-links

in vitro [65,66].
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1.5.4 Histone H1

The histone H1 protein is representative of non-sequence specific DNA-binding with
structural function. This interaction is similar to that of other abundant chromoso-
mal proteins (HMGB1, HMGB2) and reflect functions involving the organization and
maintenance of chromatin structure. Histone H1 primary binds to altered DNA struc-
tures, including supercoiled DNA and four-way junctions [99]. Protein is associated
with the linker DNA of chromatin. Proteins H1 interact with HMGB1 in vitro, and
it has been proposed that HMGB1 functionally replaces H1 during the remodeling of

chromatin that occurs during replication, transcription or repair [99,100].

1.5.5 Glutathione (GSH), metalothionein (MT) and cellular

resistance

Glutathione (GSH) - y-glutamylcysteinylglycine is a tripeptide thiol. It is the most
abundant thiol in the cell [101]. As a potent nucleophile, GSH reacts with alkylating
agents and with cisplatin. The reaction of GSH and cisplatin in a 2:1 molar ratio
forms a GSH-platinum complex that is then eliminated from the cell by an ATP-
dependent glutathione S-conjugate export pump [102]. GSH may protect cells by
intercepting reactive platinum complexes before they can react with DNA. GSH also
protects cells by supporting DNA repair, possibly by stabilizing repair enzymes such
as DNA polymerase or by promoting the formation of deoxyribonucleotides [103].
Mammalian metallothionein (MT) is a small protein of 61-62 amino acids that
contains 20 cysteine residues [104]. It has a presumed role in the detoxification
of heavy metal ions. MT gene transcription is strongly induced by heavy metal
ions, glucocorticoids, interferon, and stress. Cisplatin binds to MT, with 10 plat-
inum atoms/molecule. The binding rate is much higher than for glutathione.
Heavy metals may even induce the MT thiol content to a level higher than that
of glutathione. When cisplatin binds to MT), it loses its amine ligands and displaces

heavy metal ions [105].
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Figure 1-10: Schematic drawing of the major biochemical mechanisms of resistance
to cisplatin. MMR, mismatch repair; NER, nucleotide excision repair;
GSH, glutathione. Resistance mechanism may operate prior to or after
binding of cisplatin to DNA [106].

In wvitro studies have demonstrated that cellular resistance to cisplatin is multi-
factorial. Involved mechanisms include (Fig. 1-10): altered membrane transport;
inactivation of the drug by cellular thiols such as GSH and metallothioneins; de-
creased Pt-DNA binding; and/or an increased Pt-DNA repair [107]. The role of the
GSH system in cisplatin resistance has received much attention, because cisplatin as
well as other platinum-containing compounds are electrophilic agents which are most
reactive towards sulfurcontaining nucleophiles [108,109].

Increased glutathione levels have been found in some cisplatin resistant cells.
However, the capacity of the cell to synthesize GSH in response to stress may be
more important than the steady state GSH level [110]. In some studies, cell lines
selected with heavy metals showed increases in MT and became cross-resistant to

cisplatin [105,111,112].
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1.6 Programmed cell death

Programmed cell death (apoptosis) is generally defined as a consequence of the mech-
anism of action of cisplatin and a failure of the mechanism of resistance. Mechanism of
resistance to cisplatin include reduced drug accumulation, reduced DNA platination
and altered DNA repair [21].

Apoptotic cells have distinct morphology of cell death due to the biochem-
ical and physical changes that occur in the cytoplasm, nucleus, and cell mem-
brane [113]. Cisplatin induces two different modes of cell death, necrosis and apop-
tosis. Necrosis is characterized by a cytosolic swelling and early loss of plasma
membrane integrity, while the characteristic features of cells undergoing apoptosis
include cell shrinkage, chromatin condensation with activation of endogenous en-
donucleases, DNA fragmentation, membrane blebbing, and the formation of apop-
totic bodies [113-116]. Platinum adducts can interfere with genomic activities by
directly altering nucleosome dynamics and, thereby disrupt nuclear activities and
trigger apoptosis [116]. In the 1980s, necrosis was considered the mode of cell-death
induced by DNA-damaging agents because of the activity of poly (ADPribose) poly-
merase (PARP). By the 1990s, it was thought that most clinically effective anticancer
agents that bind to DNA kill cancer cells by apoptosis [17].

Apoptosis is an irreversible event initiated by various extracellular stimuli, such
as DNA damage (formation of DNA cross-links), heat shock, and growth factor de-
privation, as well as by activation of apoptotic genes and the caspase cascade [117].
Initiation of apoptosis can occur either by the intrinsic pathway, which is thought
to be mediated primarily by mitochondrial dysfunction or by the extrinsic pathway,
which is mediated by cell surface-death receptors (e.g., FAS). Both of these pathways
rely on the activation of caspases, which are commonly referred to as the executioners
of apoptosis [113].

It was proved experimentally that cisplatin-induced programmed cell death in the
cisplatin-sensitive and -resistant cells proceeds via caspase-3-independent extrinsic

and dependent intrinsic pathways, respectively [118].
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1.6.1 Role of tumor suppressor p53

The tumor suppressor protein pb3 is one of the most commonly mutated proteins
in human cancer. p53 is a protein of 393 amino acids containing two DNA bind-
ing domains. The first domain, located in the core of the protein, binds to a specific
gene sequence, whereas the C-terminal DNA-binding domain is believed to recog-
nize damaged DNA. Under normal conditions there is a low level of a latent form
of ph3, which is induced, activated, and stabilized under stress conditions including
DNA damage. The p53 protein regulates DNA repair, cell-cycle arrest, and apop-
tosis by modification of other genes and their products, including those involved in
transcription, DNA repair, and many signaling processes [119].

Two key features of phH3 are required for its transcriptional activities: its abil-
ity to recognize and bind specific DNA sequences, and to recruit both general and
specialized transcriptional co-regulators [120]. Activation of p53 protein can affect
cell fate through the induction of either growth arrest at G1/S or G2/M cellcy-
cle checkpoints or apoptotic cell death. p53 mediates G1-S arrest through pb3-
dependent transcriptional activation of the gene encoding the cyclin-dependent kinase
inhibitor p21WAF/CPl (p21) [121,122]. However, p21 expression could be induced by
chemotherapy irrespective of the p53 status of the tumor [123].

pH3 expression enhances the sensitivity of ph3-deficient cancer cells to cisplatin
[124,125] and accumulation of p53 also sensitizes cells to the drug [126]. In addition,
p53 mutants have been detected in cisplatin-resistant ovarian carcinoma cells [127].
Several studies, however, reveal that p53 can have various effects on cisplatin cyto-
toxicity. pb3-mediated sensitization to cisplatin is reversed by altering cell growth
conditions [128] and p53 expression enhances cisplatin cytotoxicity in HeLa, but not

in cisplatin-resistant HeLa cells [129].

1.6.2 NF-kB transcription factor

NF-kB is a family of transcription factors with five subunits (p52, p50, RelB, c-Rel,

and RelA/p65) that form hetero- and homodimers which remain inactive in the cy-
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toplasm when associated with IxB proteins [130]. Activation of IxB kinases (IxKa,
IkKf3, and NF-£B essential modulator [NEMO]/IxK~) results in the phosphorylation
of the inhibitory IkB (IkBa, 1kBf, and 1kBe) proteins bound to NF-xB. NF-xB is
consequently released and binds to specific DNA sequences in target genes, designated
as kB-elements, and regulates transcription of over 400 genes involved in immunoreg-
ulation, growth regulation, inflammation, carcinogenesis, and apoptosis [130, 131].
The NF-xB pathway can be activated by divergent stimuli including proinflamma-
tory cytokines (e.g., TNF-«, interleukin-1 [IL-1]), T- and B-cell mitogens, bacteria,
lipopolysaccharide (LPS), viruses, viral proteins, double-stranded RNA, and physical,
chemical and cellular stresses [132].

NF-xB may up-regulate the expression of proteins that interfere with the death
receptor apoptotic pathway. One of these target proteins is the FLICE-like inhibitory
protein (FLIP) [133,134]. FLIP shares a high degree of homology with caspase-8 but
lacks protease activity and competes with caspase-8 for the binding to the Death-
Inducing Signaling Complex (DISC). Thus, high levels of FLIP prevent caspase-8
recruitment to the DISC. Up-regulation of FLIP has been reported in many tumors.
It is believed that FLIP expression may explain the resistance to death receptor
apoptosis in some types of tumor [135].

NF-xB also induces the expression of the Inhibitors of Apoptosis (IAPs) [136-138§]
and some members of the anti-apoptotic BCL-2 family [139,140]. It is generally ac-
cepted that NF-xB activation is responsible for apoptosis resistance. However, re-
cent evidences support a pro-apoptotic role of certain dimers of NF-xB. It has been
speculated that NF-«kB may exert a dual function, either as an inhibitor or an ac-
tivator of apoptotic cell death, depending on the levels of RelA and c-Rel [141].
Furthermore, NF-x£B inhibits p53-induced apoptosis, by up-regulating anti-apoptotic
genes, and downregulating pH3 levels.

High levels of c-Rel have been found in solid tumor (non-small cell lung carci-
noma and breast cancer) [142,143]. NF-xB activation has been also identified in
squamous cell carcinomas of the head and neck. Inhibition of NF-xB activity in

these tumors inhibits cell survival and tumor growth [144]. Tumors with constitutive
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NF-kB activation usually show increased resistance to chemotherapy. NF-xB may be
responsible for blocking the efficacy of chemotherapy and radiation in some types of
tumor cells [135].

Several studies have addressed the identification of putative NF-xB inhibitors
as therapeutic agents for cancer. Since NF-xB activation is the result of a multi-
step signaling pathway, these compounds may target different points of the signaling

proces [135].
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Chapter 2

Polynuclear platinum complexes

The tumor resistance to cisplatin is primarily attributed to recognition and removal
of Pt"-GG cross-links from DNA by proteins and enzymes through the nucleotide ex-
cision repair pathway [31,39,145]. One promising approach to overcome this problem
is to design the new generation of Pt"-based antitumour agents that form different
DNA adducts and display a different spectrum of anti-cancer activity compared to
cisplatin and its analogues [143,146,147]. Tt is generally believed that the antitumor
effects of platinum compounds is covered in the DNA binding and the consequences
for structure and function. Furthermore, hypothesis for design of new class of plat-
inum complexes is created on the basis of change of antitumor activity by change of
DNA binding [148]. Polynuclear platinum complexes exert their antitumor activity
by the geometry, number of platinum centers and leaving groups in the coordination
sphere of platinum atoms as well as the nature of the linkers bridging the platinum

centers [149].

2.1 Polynuclear complexes with monofunctional

Pt units

Platinum(II) complexes with two or three platinum-amine units linked by a variable-

length diamine chain have been shown to be successful approaches lacking cross-
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Figure 2-1: cis-PtCly(NHs), [155].
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resistance [150, 151]. These complexes have novel types of intra- and interstrand
cross-links, suggesting that different DNA binding modes may exert different biolog-
ical effects [152,153]. Furthermore, these polynuclear platinum complexes undergo
chemical degradation upon binding of reduced glutathione (GSH) under physiological
conditions through the liberation of the terminal amine of the alkanediamine linker,
which could result in deactivation as well as higher toxicity [154].

The first dinuclear compound was reported in 1988 by group of prof. Farrell and
consisted of two cis-Pt (cis-PtCly(NH3)s) units linked by a flexible diamine chain
(Fig. 2-1). It was intriguing, that dinuclear complex exerted activity in cisplatin-
resistant cells and so overcomes resistance to cisplatin [21, 148].

Representative of trinuclear platinum complexes is BBR3464 described as two
trans-[PtC1(NHs)s]™ units linked by a non-covalent tetra-amine [Pt(NHj)s {H2N
(CHg)6NHaz }o]** unit (Fig. 2-2).

+4
H3N ‘., “\NHZ_(CHZ)S_HZN ‘. ) NH3 H3N 4, “\\\CI_‘
- Pty Pt JPty
Cl NH, H3N NH,—(CH,)s—H,N NH,
(a)

(b)
Figure 2-2: BBR3464 [31,156].
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This compound is the first platinum drug not based on the classical cisplatin
structure which entered human clinical trials [21]. BBR3464 was in phase II stage
of clinical trial before it was stopped due to significant toxicity namely neutropenias,
diarrhoea and nausea [157]. Remarkable features of successful BBR3464 are the po-
tency, the ten-fold lower maximum tolerated dose in comparison to cisplatin, and the
broad spectrum of tumors sensitive to this complex [21]. It forms bifunctional DNA
adducts through long-range inter- and intrastrand crosss-links and has (4+) charge
which suggests, that with this advance, the paradigm of cisplatin-based antitumor

agents is altered [21,158].

2.1.1 DNA binding

Polynuclear complexes are characterized by rapid binding to DNA and formation
of a significant percentage of long-range intra- and 1,2-, 1,4-, 1,6-interstrand cross-
links and irreversible sequence-dependent conformational changes (B — Z; B — A)
[159].  The structural features of complexes like both (cis and trans) geometries
display useful antitumor activity. It has been demonstrated than cis isomer is more
effective cross-linking agent that the trans isomer [148]. Linker properties such as
length, flexibility and charge are also important factors that contribute to antitumor
properties of the complexes [158]. The charge enhances cellular accumulation and in
this manner, the cytotoxicity [160, 161].

Interstrand cross-links formed by BBR3464 occur in the 5°— 5 direction (DNA
helix is normally read from the 5’-side), but also in the opposite antiparallel
3’— 37 direction [162] (Fig. 2-3). Nature of the cross-links govern the direction-
ality [148]. The 1,2-interstrand CLs occurs in only the 3"— 3 direction while the
1,4-interstrand CLs forms in both directions (5"— 5" and 3"— 3”) in roughly equal
proportions and 1,6-interstrand CLs occur in the 5°— 5" direction [148]. While sim-
ple dinuclear compound (1,1/t,t) forms only cross-links in the 5°— 5" direction [163].
Similar unwinding of DNA is induced by both isomers, but the 3"— 3" bends slightly
more than 5~ — 57 isomers in the direction of the major groove, 21° and 15° respec-

tively [148].
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Figure 2-3: Schematic of directional isomers formed in 1,4-interstrand cross-links
by polynuclear platinum complexes showing directionality [148].

The nucleotides covered by 1,4-interstrand CLs are mixture of syn and anti con-
formations and Watson-Crick hydrogen bonding. This observation suggests how de-
localization of lesions beyond the binding site may occur. The 5°— 5" 1,4-GG inter-
strand CLs show minimal distortion to the duplex while 3°— 3" 1,4-GG interstrand
CLs seem to be a highly distorted adduct [148,164,165]. The 1,4-cross-links induce
the B — Z transition because of the appearance of the syn purine sugar conformation,
an absolute requirement for the left-handed helix [166]. B-Z transition is a prereq-
uisite for a good antitumor activity of the complexes [21]. This is in contrast to the
major 1,2-intrastrand adduct of cisplatin which maintains the B-form in solution,
although bends the helix significantly [72,167].

The nature of template DNA may also uniquely affect processes, such as aquation

kinetics, leading to specificity of the substrate. Dinuclear and trinuclear platinum
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complexes show a kinetic preference for binding to single-stranded (ss) DNA over
double-stranded (ds) DNA [148].

Polynuclear complexes in the presence of double-stranded DNA, in comparison
with single-stranded DNA, have three fold slowing aquation [168]. The high affinity
of polynuclear compounds for DNA, with a rapid electrostatic interaction because of
charge effects coupled with a slow hydrolysis, could imply that DNA binding does

not require activation by hydrolysis, a clear diference to the cisplatin case [21].

2.1.2 Protein recognition of DNA adducts

High mobility group HMGB1 proteins don “t recognize the 1,4-interstrand cross-links
and this lack of recognition shows that this event is not critical to the cytotoxicity
of BBR3464. The explanation can be that the prebending due to the 1,4-interstrand
CL is small to be recognized by HMG-domain proteins or that the trinuclear complex
restricts the additional DNA bending required for protein binding [148]. The central
Pt(tetraamine) unit present in the minor groove may sterically block the protein
recognition, which may have a biological consequence [148].

Trinuclear complex BBR3464 displays high activity in human tumor cell lines and
in vivo murine xenografts characterized by both wild type and mutant p53 genes [169].
The p53 (tumor suppressor protein) is involved in DNA repair and induction of apop-
tosis by DNA-damaging agents [148]. It was demonstrated, that 1,4-interstrand CLs
are resistant to nucleotide excision repair (NER), because no excision products were
showed after incubation of 1,4-cross-links with repair proficient human or rodent cell-

free extracts (CEF) [162].

2.2 Dinuclear azolato- and azinato-bridged Pt!!
complexes

Recently, highly cytotoxic new class of dinuclear bifunctional azole and azine-

bridged platinum(IT) complexes were introduced by Komeda, Reedijk and their
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coworkers [170-172]. These complexes own rigid bridging ligands, such as hydrazine
and azoles [173]. Azolato-bridged platinum complexes contain the bridging by hy-
droxo anion, which has the function as leaving group to provide bifunctional coor-
dination on DNA [153]. On the other hand, azinato-bridged platinum complexes
contain the non-bridging chloride ions as a leaving groups [174]. Interestingly, azole-
bridged dinuclear platinum complexes form 1,2-intrastrand GG cross-links like cis-
platin, but with less local distortions upon binding DNA [170]. In fact, this kind of 1,2-
intrastrand DNA adduct could be a trigger to induce cytotoxic effects and be favorable
for escaping from the DNA recognition and repair systems in the cells [171]. It was
demonstrated that dinuclear azolato-bridged platinum complexes show remarkably
higher activity than cisplatin in several human tumor cell lines [171]. Dinuclear plat-
inum(II) complexes with isomeric azines (pyrazine, pyrimidine and pyridazine) as
bridging ligands show lower cytotoxicity than cisplatin for the human tumor cell lines
and their cytotoxicity for the mouse cell lines is comparable to or higher than that
of cisplatin [175]. This class of azine dinuclear compounds is extended with other
azines such as quinazoline, phthalazine and 2,5-dimethylpyrazine as bridging ligands.
These new dinuclear azine-bridged platinum complexes show considerable anticancer

potential, but they have different steric and electronic properties [173].
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Chapter 3

Aims of the Ph.D. thesis

The aims of this thesis are:

1. To study more fully the DNA binding mode of trinuclear Pt" com-
plex {[Pt3Cl3 (hptab)]*™ (hptab=N,N,N’ N’ N” N”-hexakis(2-pyridylmethyl)-
1,3, 5tris(aminomethyl)benzene)} (1) in cell-free medium including also its

unique intramolecular and intermolecular cross-linking capability.

2. To examine early phases of the mechanism underlying biological properties of
benzotriazolate (Btaz)-bridged dinuclear Pt" complex [{cis-Pt(NHs)oCl}y (-
1,2, 3-Btaz-H-N1,N3)|Cl (2).

3. To investigate the interaction between cisplatin analogues {cis-
[PtCly(3CIHaza)s]} (3) or { cis-[PtCly(3IHaza)s|} (4) (3CIHaza and 3[Haza =
3-chloro-7-azaindole and 3-iodo-7-azaindole, respectively) and sulfur-containing

compounds, which are associated with cellular resistance mechanisms.
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Chapter 4

Materials and methods

4.1 Chemicals

Trinuclear Pt" complex {[Pt3Cls (hptab)]** (hptab=N,N,N’,N’,N” N”-hexakis(2-
pyridylmethyl)-1, 3, 5tris(aminomethyl)benzene)} (1) (Fig. 4-la) was prepared as
described previously [158,176]. Benzotriazolate-bridged dinuclear Pt" complex [{ cis-
Pt(NHj3)2Cl}o (u-1,2,3-Btaz-H-N1,N3)|Cl (2) (Fig. 4-1b) was synthesized according
to the previously published procedures [177]. The purity of complexes 1 and 2 was
higher than 95% as established by combustion analysis carried out with a Hewlett-
Packard 185 C, H, and N analyzer.

Cisplatin was obtained from Sigma (Prague, Czech Republic) (purity was ~ 99.9%

based on elemental and ICP trace analysis). Chloridodiethylenetriamineplatinum(II)

N 1 W[

N HyN—Pt—Cl
- N—Pt—Cl |
N
IN/ | ) o N\NH
ci- Pt—N =
|
HsN—Pt—Cl
NH;
(b) (d)

Figure 4-1: Overview of platinum compounds used in this work
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chloride ([PtCl(dien)]Cl) was a generous gift from Prof. G. Natile (University of
Bari, Italy). The stock solutions of platinum compounds were prepared in 10 mM
NaClOy4 and stored at —20°C in the dark. The concentrations of platinum complexes
in the stock solutions were determined by flameless atomic absorption spectrometry
(FAAS). The concentrations of the platinum complexes indicated in the present work
are related to the whole compound (not to the Pt content in the case of the trinuclear
or dinuclear complexes).

The complexes { cis-[PtCly(3CIHaza)s]} (3) (Fig. 4-1c) or {cis-[PtCly(3/Haza)s|}
(4) (Fig. 4-1d) (3ClHaza and 3/Haza = 3-chloro-7-azaindole and 3-iodo-7-azaindole,
respectively) were synthesized and characterized as described previously [178]. Stock
solutions of complexes 3, 4 were prepared at a concentration of 5x1072M in DMF,
stored at 4°C in the dark, and diluted by water to the appropriate concentration just
before use. The final concentration of DMF was less than 0.5%. The concentrations
of platinum in the stock solutions and after dilution by water were determined by
flameless atomic absorption spectrometry (FAAS).

Calf thymus (CT) DNA (42% G + C, mean molecular mass ca. 20,000 kDa) was
prepared and characterized as described previously [179,180]. Plasmids pUC19 (2686
base pairs(bp)) and pSP73KB (2455 bp) were isolated according to standard proce-
dures. The oligodeoxyribonucleotide duplex containing 50 base pairs bp 5°- CCA-
GATCTGATATCATCGATGAATTCGAGCTCGGTACCCGGGGATCCTCC / 5'-
GGAGGATCCCCGGGTACCGAGCTCGAATTCATCGATGATATCAGATCTGG
was from VBC-GENOMICS (Vienna, Austria). The purity of the oligonucleotides
was verified by either high-performance liquid chromatography (HPLC) or gel elec-
trophoresis. The duplex was formed by heating the mixture of the complementary
single-stranded oligonucleotides at equal concentrations at 90°C for 5 min followed
by incubation at 25°C for 4 h.

The Klenow fragment from DNA polymerase I (exonuclease minus, mutated to re-
move the 3’- 57 proofreading domain) and restriction endonucleases were purchased
from New England Biolabs (Beverly, MA). DNase I from bovine pancreas, nucle-

ase P1 from Penicillium citrinum and alkaline phosphatase from calf intestine were
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from Sigma-Aldrich (Prague, Czech Republic). Agarose was from FMC BioProducts
(Rockland, ME), ethidium bromide (EtBr), urea, trichloroacetic acid (TCA), NaCN
and dithiothreitol were from Merck KgaA (Darmstadt, Germany). Proteinase K and
ATP were from Boehringer (Mannheim, Germany). Sodium dodecyl sulfate (SDS)
was from Serva (Heidelberg, Germany). NF-xB protein (p50 homodimer) was kindly
provided by Prof. M. Vasak (University of Zurich, Switzerland). Histone H1 was
from Roche Diagnostics, GmbH (Mannheim, Germany). Glutathione (GSH), N,N"-
dimethylformamide (DMF) were purchased from Sigma (Prague, Czech Republic)
and rabbit metallothionenin isoform designated MT-2 (Zn7-MT-2) was a kind gift of
Prof. M. Vasak (University of Zurich, Zurich, Switzerland). Radioactive products
were from Amersham (Arlington Heights, IL, USA).

4.2 DNA platination in cell free media

Calf thymus (CT) or plasmid DNAs were incubated with the platinum complexes
in 10 mM NaClO,4 at 37°C in the dark. After 24 h, the samples were exhaustively
dialyzed against the medium required for subsequent biochemical or biophysical anal-
ysis. An Aliquot of these samples was used to determine the value of r, (1, is defined
as the number of molecules of the platinum complex bound per nucleotide residue)
by flameless atomic absorption spectrophotometry (FAAS) or by differential pulse
polarography (DPP).

50-bp deoxyribooligonucleotide duplex [with a random nucleotide sequence (G + C
content was 54%; see section 4.1)] was treated with trinuclear complex 1 for 24 h;
the level of platination corresponded to r, = 0.023. The platinated 50-bp duplex was
repurified by ion-exchange fast protein liquid chromatography (FPLC). It was verified
by platinum FAAS and by the measurements of the optical density that the modified
50-bp duplex contained three platinum atoms [181].
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4.2.1 Polarograhic determination of DN A binding kinetics

Solutions of double-helical CT DNA at a concentration of 0.032 mg mL~! were incu-
bated with trinuclear complex 1 at an r; of 0.05 or 0.1 and dinuclear complex 2 at an
r; of 0.1 in NaClO4 (10 mM) at 37°C (r; is defined as the molar ratio of free platinum
complex to nucleotide phosphates at the onset of incubation with DNA). At vari-
ous time intervals, an aliquot of the reaction mixture was withdrawn and assayed by
DPP for platinum not bound to DNA. The amount of molecules of complexes 1 and
2 bound to DNA (1) was calculated by subtracting the amount of free (unbound)
molecules of complexes 1 and 2 from the total amount of complexes 1 and 2 present
in the reaction. No changes in the pH of the reaction mixture containing DNA and
platinum compounds were measured within 48 h after mixing DNA with the plat-
inum complex. The amount of the platinum compounds bound to DNA increased

with time.

4.3 Characterization of DNA adducts by thiourea

Previous studies [182-185] have shown that under the appropriate conditions thiourea
quantitatively reacts with DNA monoadducts of bifunctional Pt" complexes without
displacing platinum from the DNA. In other words, during the initial period of the
reaction of DNA with bifunctional Pt complexes, when a significant part of the
molecules is bound monofunctionally, the other coordination site can be blocked by
thiourea [184]. This is because, although Pt-N bond has higher thermodynamic
stability than Pt—S(thioether) bond, thioether sulfur is kinetically more favorable
than guanine nitrogen when binding to Pt drugs.

Incorporation of [**C] thiourea into DNA under controlled conditions (8.7 x 107M,
10 min, 25°C [182]) was used to quantitate platinum-DNA mono- or bifunctional
adducts of complexes 1 and 2. The measurements were carried out in 10 mM NaClO,
at 25°C. The molar ratio of free complex 1 and 2 to nucleotidephosphates at the on-
set of incubation with CT DNA, r;, was 0.05 (DNA concentration was 0.24 mg-mL ™!

(0.75 mM related to the phosphorus content), and the concentration of 1 and 2 was
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3.75 x 107°M). Samples (120 uL) were withdrawn at various time intervals, and each
sample was divided into two aliquots (60 uL). In one aliquot, conversion of the mono-
functional adducts to bifunctional CLs, and in case of complex 1 eventual subsequent
conversion of bifunctional adducts to trifunctional CLs, were blocked by addition of
NaCl (final concentration was 0.15 M) and quick cooling to —20°C. The unbound
complexes 1 and 2 were removed from these samples by centrifugation through a
Sephadex G50 coarse column, and a molar ratio of covalently bound molecules of
complexes 1 and 2 per nucleotide residue, rp,, were determined by FAAS. In the other
aliquot, the conversion of the adducts was blocked by addition of [**C] thiourea (final
concentration was 8.7 x 107*M, and specific activity was 2.5 mCi-mmol~!) and NaCl
(final concentration was 0.15 M) so that the final volume of these samples was 1.0 mL.
The samples were further incubated at 25°C for 10 min and subsequently layered on
Millipore filters (diameter of pores was 0.1 pum); the unreacted thiourea and com-
plexes formed between unbound 1 and 2 and thiourea were removed by washing the
filters with 15 mL of 5% (v/v) trichloroacetic acid (TCA). The filters were dried
under an infrared lamp and transferred to glass tubes, to which 5 mL of toluene scin-
tillator was added. The radioactivity was measured on a liquid scintillation analyzer
TriCarb 2800 TR (Perkin-Elmer) (2 x 2 min). The content of free coordination sites
in DNA adducts of 1 and 2 not involved in the binding to DNA was determined as
the amount (%) of radioactive thiourea bound to platinated DNA; the concentration
of thiourea corresponding to 3-fold concentration of complex 1 (having three poten-
tial DNA binding sites) and 2-fold concentration of complex 2 (having two poteintial
DNA binding sites) bound to DNA in each sample (in each time interval) determined
by FAAS (r;) was taken as 100%. It was also verified that, at 8.7 x 10~*M thiourea,
complete saturation of monofunctional or bifunctional adducts was obtained with no

apparent reversal of platination [183,184].
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4.4 Characterization of DNA adducts by ethidium
bromide (EtBr) fluorescence

EtBr as a fluorescent probe has been used to characterize perturbations in-
duced in DNA by bifunctional adducts of several mononuclear platinum com-
pounds [152,186-188]. Double-helical DNA was first modified by bifunctional cis-
platin, monofunctional [PtCl(dien)|C], trinuclear complex 1 or dinuclear complex 2
for 48 h. The levels of the modification corresponded to the values of 1, in the range
between 0 — 0.04 or 0.02 — 0.08 for complex 1 or complex 2, respectively.

These measurements were performed on a Varian Cary fluorescence spectropho-
tometer using a 0.5 cm quartz cell. Fluorescence measurements were performed
at an excitation wavelength of 546 nm, and the emitted fluorescence was analyzed
at 590 nm. The fluorescence intensity was measured at 25°C in NaCl (0.4 M) to avoid
for EtBr, which corresponded to the saturation of all intercalation sites of EtBr in

DNA [189).

4.5 HPLC analyses of enzymatically digested
DNA

These analyses were performed using a Waters Breeze liquid chromatograph system
equipped with 2489 UV /visible detector, 1525 binary HPLC pump, and a Discovery
HSF5 HPLC column, 5 gm particle size (Sigma Aldrich-Supelco). The products were
separated by reverse phase (RP) HPLC (isocratic elution with ammonium acetate
(0.1 M, pH 4.5), in CH3CN (3.9%) at 1 mL-min~! flow rate). The following enzy-
matic digestion protocol was used in order to characterize the platinated 50-bp DNA
fragment. The samples [1 nmol (30.7 ug) of the DNA] were incubated with 60 units
of DNase I at 37°C. After 10 h, nuclease P1 (12 ug) was added, and the reaction
was allowed to continue at 37°C for 24 h. Finally, alkaline phosphatase (5 units)

was added and the incubation continued for an additional 4 h at 37°C. The samples
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were digested with the enzymes in the buffers recommended by the manufacturers.
The digested samples containing constituent nucleosides were then heated for 30 min
at 50°C and centrifuged, the enzymes were separated by filters Nanosep NMWL:30K
(Pall Filtron, Inc., Northborough, MA, USA) and the supernatant was analyzed by
RP-HPLC. Each analysis was performed three times, and the data varied on average

by +1% from their mean.

4.6 Circular dichroism spectroscopy

Isothermal circular dichroism (CD) spectra of CT DNA were recorded using a Jasco
J-720 spectropolarimeter equipped with a thermoelectrically controlled cell holder.
The cell path length was 10 mm. CD spectra were collected using a Jasco J-720
spectropolarimeter. CD spectra of CT DNA at a concentration of 0.032 mg-mL™!
(1 x 107*M in nucleotides) modified by complex 2 at r;, in the range of 0.01 — 0.1 were
recorded at 25°C in NaClOy4 (10 mM) with Tris-HCI (10 mM, pH 7.0) in the range of
200 — 400 nm.

4.7 Reactions with sulfur-containing compounds

Pt" compounds have a strong thermodynamic preference for binding to sulfur donor
ligands. Hence, before antitumor platinum drugs reach DNA in the nucleus of tu-
mor cells, they may interact with various compounds, including sulfur-containing
molecules. These interactions are generally thought to play a role in inactivation
of platinum drugs, mechanisms underlying tumor resistance to platinum compounds
and their side effects [190,191]. Examples of endogenous thiols to which platinum
complexes bind when they are administered intravenously or after they enter the cell

are glutathione (GSH) and metallothioneins (MTs).
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4.7.1 Reaction of benzotriazolate-bridged dinuclear Pt

complex and cisplatin with GSH and MT-2

Reactions of GSH and mammalian MT-2 with complex 2 and cisplatin were inves-
tigated by monitoring UV absorption at 260 nm of solutions containing the plat-
inum complex and GSH or MT-2 exactly as described in the previous work [192-194];
the absorbance at 260 nm reflects the presence of platinum-sulfur and disulfide bonds.
The platinum compounds were mixed with GSH or MT-2 at 37°C in the medium of
NaClO,4 (10 mM) plus phosphate buffer (0.1 mM, pH 7.0) in the dark in a nitrogen
atmosphere. Reactions were initiated by mixing the platinum complex with the buffer
followed by immediate addition of GSH or MT-2. The kinetic data were fitted by
non-linear regression (GraphPad Prism) to one- and two-phase exponential associ-
ation. The decision as to which fit was more appropriate for each dependence was

made by comparing the fits of the two equations by using an F-test (GrahPad Prism).

4.7.2 Reaction of the cis-Pt(II)-dichlorido complexes con-
taining 7-azaindole halogeno-derivates and cisplatin

with GSH

Reactions of GSH and with complex 3, 4 and cisplatin were investigated by moni-
toring UV absorption at 260 nm of solutions containing the platinum complex and
GSH as described in the previous work [192,195]; the absorbance at 260 nm reflects
the presence of platinum-sulfur and disulfide bonds. The Pt" complexes (30 puM)
were mixed with GSH (15 mM) at 37°C in 4.6 mM NaCl plus 100 mM NaClOy,
pH 6.0 and 50% DMF. Reactions were initiated by mixing the Pt"' complex with the
buffer followed by immediate addition of GSH. The kinetic data were fitted by nonlin-
ear regression (GraphPad Prism) to one-phase or two-phase exponential association.
The decision that fit to two-phase exponential association was more appropriate for

each dependence was made by comparing the fits of two equations by using an F test

(GrahPad Prism).
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4.8 DNA melting

The melting curves of CT DNAs at the concentration of 32 ug-mL~! were recorded by
measuring the absorbance at 260 nm. The melting curves of unmodified or metalated
DNA were recorded in the medium containing NaClOy4 (0.01 or 0.1 M) with Tris-HCI
(1 mM, pH 7.4)/EDTA (0.1 mM). The melting temperature (t,,) was determined as
the temperature corresponding to a maximum on the first-derivative profile of the

melting curves. The t,, values could be thus determined with an accuracy of +0.3°C.

4.9 Unwinding of negatively supercoiled DNA

Unwinding of closed circular supercoiled pUC19 plasmid DNA was assayed by an
agarose gel mobility shift assay [196]. The unwinding angle ®, induced per one DNA
adduct of the platinum complex, was calculated upon the determination of the r,
value at which the complete transformation of the supercoiled to relaxed form of the
plasmid was attained. Samples of plasmid DNA were incubated with the platinum
complex at 37°C in the dark for 24 h. The samples were subsequently subjected to
electrophoresis on 1% native agarose gel running at 25°C in the dark with TAE buffer
[Tris-acetate (40 mM, pH 8.0)/EDTA (1 mM)] and the voltage set at 18 V. The gels
were then stained with EtBr, followed by photography with transilluminator.

4.10 Interstrand (intramolecular) cross-linking

Complexes 1 and 2 at varying concentrations was incubated for 24 h with 0.5 ug of
a linear 2686-bp fragment of pUC19 plasmid linearized by FEcoRI. The linear frag-
ment was first 3"-end labeled by means of the Klenow fragment of DNA polymerase
I in the presence of [a 32P|dATP. The platinated samples were analyzed for DNA
interstrand CLs by previously published procedures [44,197]. The number of inter-
strand CLs was analyzed by electrophoresis under denaturing conditions on alkaline
agarose gel (1%). After the electrophoresis had been completed, the intensities of the

bands corresponding to single strands of DNA and interstrand cross-linked duplex
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were quantified. The frequency of interstrand CLs was calculated as % ICL/Pt =
XL/5372r;, (the DNA fragment contained 5372 nucleotide residues), where % ICL/Pt
is the number of interstrand CLs per adduct multiplied by 100, and XL is the number
of interstrand CLs per molecule of the linearized DNA duplex and was calculated as-
suming a Poisson distribution of the interstrand CLs as XL = —InA, where A is the

fraction of molecules running as a band corresponding to the non-cross-linked DNA.

4.11 Interduplex cross-linking

At least two types of DNA interstrand cross-linking by multifunctional platinum
complexes can exist, depending on whether the platinum complex coordinates to the
bases in one DNA molecule (intraduplex interstrand CLs) or coordinates to the bases
in separate DNA molecules (interduplex interstrand CLs). A large number of DNA
cross-linking agents are known, but the reactive moieties of such compounds usually
bind to the same DNA duplex because binding via one leaving group inevitably
leaves the other in close proximity to other binding sites in the same duplex, leading
to intraduplex interstrand cross-linking. However, if the reactive sites of the cross-
linking agents are connected by a more rigid linker that forces those sites to point in
appropriate directions and if the stereochemistry of the reactive sites of such cross-
linking agents proves appropriate, such agents could bind to adjacent duplexes [198—
200]. Such cross-linking agents might be effective interduplex cross-linkers in cases of
two fragments of double-helical DNA molecules forced to lie together, i.e. for instance
during recombination, at replication forks or sites of topoisomerase action [199,201]
or more generally in cellular environmental conditions [202,203].

The double-stranded linearized pUC19 DNA (2686 bp) 3’-end-labeled with
[ 32P] dATP was platinated by trinuclear complex 1 at r, = 0.0001 — 0.005 or
by cisplatin at r, = 0.001 — 0.05 in the medium containing sodium acetate (0.2 M,
pH 5.5) and ethanol (70%) in a reaction volume of 15 uL at 37°C for 48 h. Each re-
action contained 500 ng of plasmid DNA. Then samples were stored on dry ice for 30

min and centrifugated at 14000g for 30 min at 4°C; supernatant was removed, and
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pellet was dried and dissolved in TAE buffer. The amount of interduplex CLs was
analyzed by electrophoresis in native agarose gel (0.5%). After the electrophoresis
had been completed, the intensities of the bands corresponding to interduplex cross-
linked and non-interduplex cross-linked duplexes were quantified. The frequency of
interduplex CLs (% IICL/Pt) was calculated as % IICL/Pt = IXL/5372r, (the DNA
fragment contained 5372 nucleotide residues), where % IICL/Pt is the number of
interduplex CLs per adduct multiplied by 100, IXL is the number of interduplex CLs
per molecule of the linearized DNA duplex and was calculated assuming a Poisson
distribution as IXL. = —InB, where B is the fraction of molecules running as a band

corresponding to the non-interduplex cross-linked DNA.

4.12 DNA-protein cross-linking

Trinuclear complex 1 was investigated for its ability to form ternary DNA-protein
complexes covalently linked by the platinum moiety. The proteins were chosen for
these studies that bind to DNA with a relatively high affinity. The linker histone
H1 was chosen as the representative of non-sequence specific DNA-binding proteins
with structural function, whereas transcription factor NF-xB (p50 dimer) was chosen
as the representative of a sequence specific DNA-binding protein with a regulation
function [42].

A double-stranded linearized DNA was prepared by digesting the pUC19 plas-
mid with Ndel and EcoRI. The resulting two fragments, 2473 and 213 bp long, were
separated on 1% agarose gel. The 213 bp fragment was cut from the agarose gel
and fragment was elutioned to TAE buffer using electrophoresis. 213 bp fragment
was extracted with phenol/chloroform (1:1), ethanol precipitated and dissolved in
10mM NaClO,. DNA was 3’-end-labeled with [« 32P]dATP by using Klenow frag-
ment [42]. The 213 bp fragment was modified with cisplatin and complex 1 for 24 h
in 10mM NaClOy4 to an r, value of 0.025. Radioactively labeled and platinated DNA
(213 bp fragment) was incubated with the proteins (histone H1, NF-xB) overnight at

room temperature. The ability to form CLs by platinum complexes between 213 bp
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DNA fragment and proteins was assessed by 2% agarose (agarose and Metaphor
agarose 1:1). Platinated and labeled DNA at a concentration of 10 nM was incu-
bated with the proteins (histone H1 or NF-xB (p50 dimer)) at a concentration of
100 nM overnight at room temperature in the appropriate buffer: Tris-HCI1 (10 mM,
pH 7.9) and NaCl (20 mM) (histone H1); HEPES (42 mM), KCI (42 mM), MgCl,
(1mM), EDTA (0.02 mM), DTT (210 mM), glycerol (2.5%), and Ficoll (2%) (NF-xB).
The ability to form CLs by complex 1 or cisplatin between the 213 bp DNA fragment
and proteins was assessed by 2% agarose (agarose and Metaphor agarose 1:1) after
mixing the samples with the loading buffer (Tris-HCI (50 mM, pH 6.8), SDS (2%),
bromophenol blue (0.1%), glycerol (10%)) and denaturing by heat at 90°C for 5 min.
Gels were electrophoresed for 3 h at 40 V, dried and visualized with a bioimaging

analyzer [42].

4.13 Other physical methods

Absorption spectra were measured with a Beckman DU-7400 spectrophotometer.
FAAS measurements were carried out with a Varian AA2407Z Zeeman atomic ab-
sorption spectrometer equipped with a GTA 120 graphite tube atomizer. For FAAS
analysis, DNA was precipitated with ethanol and dissolved in HCI (0.1 M). DPP
was performed with an EG&G Princeton Applied Research Corporation model 384B
polarographic analyzer. HPLC purification of oligonucleotides was carried out on a
Waters HPLC system consisting of a Waters 262 pump, Waters 2487 UV detector, and
Waters 6008 controller with MonoQ HR 5/50 GL column. The gels were visualized
by using the BAS 2500 FUJIFILM bioimaging analyzer, and the radioactivities asso-
ciated with bands were quantitated with the AIDA image analyzer software (Raytest,

Germany).
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Chapter 5

Results and discussion

This doctoral thesis is based on three papers published in peer-reviewed international
journals. These full papers with comments on author’s contribution are enclosed
in the part Appendix. The overall results obtained, are briefly summarized in this

chapter.

5.1 Unique DNA binding mode of antitumor trin-

uclear tridentate platinum(IT) compound (pa-

per I)

Polynuclear platinum complexes represent a class of the new generation of Pt'-based
antitumor agents that form different DNA adducts and display a different spectrum
of anti-cancer activity compared to cisplatin and its analogues [158]. In an effort to
design a new polynuclear platinum compound that is able to bind to DNA in a funda-
mentally new manner and consequently having novel preclinical properties, trinuclear
trifunctional Pt" complex {[Pt3Cls (hptab)]** (hptab=N,N,N’,N’ N” N”-hexakis(2-
pyridylmethyl)-1, 3, 5tris(aminomethyl)benzene)} was recently synthesized [158].
In this trinuclear and tridentate compound, the Pt™ centers are bridged by bulky semi-
rigid aromatic linkers (Fig. 1, paper I). This new trifunctional agent exerted promising

cytotoxic effects in human and mouse tumor cell lines [158,176]. In addition, the ge-
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ometry of leaving groups in the coordination sphere of platinum atoms in complex 1
does not undergo decomposition of the polynuclear structure upon reaction with sulfur
nucleophiles, in contrast to another trinuclear, but bidentate Pt" complex [{trans-
PtC1(NH3)s }o(pu-trans-Pt-(NH3)o{ NHy (CHy ) NHy }o)|*™ (BBR3464, Figure 1). Thus,
also for this reason this trifunctional Pt"' complex can be considered a promising can-
didate for further preclinical and clinical testing. The entirely unique spatial configu-
ration of leaving groups in trinuclear complex 1, semirigid linkers bridging three Pt
centers and three reactive groups predispose this trifunctional complex to a unique
DNA binding mode.

Our primary objective in the present work was to understand more fully the DNA
binding mode of complex 1 in a cell-free medium including also its unique intramolec-
ular and intermolecular cross-linking capability. Comparisons of these results with
those obtained earlier for conventional mononuclear cisplatin and other polynuclear
Pt" complex BBR3464 yielded new information that broadens the theoretical back-

ground needed for search and design of new, more effective antitumor metallodrugs.

5.1.1 DNA binding

The binding of complex 1 to natural double-helical CT DNA was performed in cell
free media. It was demonstrated that the rate of binding of trinuclear complex 1 to
natural double helical DNA is considerably higher than that of cisplatin and somewhat
lower than that of other antitumor trinuclear Pt complex BBR3464. In this binding
experiment, the time at which the binding reached 50% (t50%) was 60 min. The value
of t5gy for the reaction of conventional mononuclear cisplatin and other antitumor
trinuclear Pt" complex BBR3464 with DNA under comparable conditions was ~120
or 60 min, respectively [152,204].

In this binding experiment, CT DNA was incubated with complex 1 at r; of 0.05
and 0.1 and absolutely the same rate of the binding was observed. The binding
experiments indicated that such platination reactions resulted in the coordination of

all molecules of trinuclear complex 1.
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5.1.2 Characterization of DN A adducts

Characterization of adducts induced by trinuclear complex 1 in a 50-bp deoxyri-
booligonucleotide duplex [with a random nucleotide sequence (G + C content was
54%; see section 4.1] was carried out with RP-HPLC analysis of the products of
enzymatic digest of platinated DNA fragment. Digestion of the unmodified 50-bp
duplex produced mononucleoside peaks whose areas reflected the proper proportions
and content of the single mononucleosides. On the other hand, digestion of the plati-
nated sample resulted in a decrease of the integrated area of the deoxyriboguano-
sine peak by 17.8% and the deoxyriboadenosine peak by 8.1% (Fig. 4, paper I).
The peaks for deoxyribocytidine and thymidine were not affected. This experiment
showed the decrease of the deoxyriboguanosine and deoxyriboadenosine peaks cor-
responds to the loss of ~4.8 guanine and ~1.9 adenine residues, i.e. in total ~6.7
base residues. These results came up to expectations if r, value is 0.023 so 6.9 base
residue in the 50-bp DNA fragment would be platinated in the case of the trifunc-
tional binding of trinuclear complex 1. This implies that, at a relatively low level
of binding of complex 1 to DNA and after 24 h, this complex formed mainly tri-
functional adducts. Furthermore, characterization of DNA adducts of complex 1 by
HPLC analysis of enzymatically digested DNA revealed that guanine residues are
the preferential DNA binding sites of complex 1 when polymeric DNA is modified
with this complex in a random fashion and that complex 1 can also bind adenine
residues, but to a lesser extent.

For characterization of DNA binding induced by platinum compounds can be used
a fluorescent probe such as EtBr [152,205]. The binding of EtBr to DNA by intercala-
tion is blocked in a stoichiometric manner by a wide spectrum of platinum compounds
binding to DNA. The experiment demonstrated that the modification of DNA by bi-
functional cisplatin, monofunctional [PtCl(dien)]Cl or trinuclear tridentate complex 1
resulted in a decrease of EtBr fluorescence (Fig. 2, paper I). Modification of DNA by
monofunctional platinum complexes resulted in only a slight decrease of EtBr fluo-

rescence intensity as compared with the control DNA-EtBr complex [152,186-188].
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In contrast, adducts of trinuclear complex 1 caused markedly more pronounced de-
crease of EtBr fluorescence intensity than that induced by the adducts of cisplatin.
The explanation for this phenomenon of trinuclear complex 1 can be that complex 1
bound to CT DNA sterically block approach of EtBr to DNA and in this way hinder
the EtBr to intercalate. The structures of DNA adducts of complex 1 may arise
from one to three monofunctional substitutions on the polynucleotide. The confor-
mational distortion in DNA induced by the adducts of trinuclear complex 1 is much
more delocalized and extends over considerably more base pairs around the platina-
tion sites compared with the adducts of mononuclear complexes such as [PtCl(dien)|Cl
and cisplatin. These obtained results are in agreement with capability of complex 1 to
form DNA adducts which either span more base pairs around the binding sites or at
least induce conformational distortions in DNA which extend over several base pairs.
In this context, complex 1 forms long-range cross-links preferentially at G residues
similarly as other trinuclear Pt" complex BBR3464. Nevertheless, the spatial con-
figuration of leaving groups in both trinuclear Pt"! complexes is markedly different.
Both complexes induce in DNA different conformational alterations [152,206,207].
Quantification of platinum-DNA mono- or bifunctional adducts of trinuclear com-

plex 1 was performed by incorporation of [140] thiourea into DNA under controlled

conditions [182] (see section 4.3). Incorporation of ["*C] thiourea into CT DNA was
used to quantification of the adducts in which complex 1 have free coordination sites
not involved in the binding to DNA. Thus, these adducts could be blocked by thiourea
in mono- or bi- or even trifunctional lesions because it is expected that DNA adducts
of complex 1 can be trifunctional CLs. The resulting data gained from the experiment
demonstrated that in the early phase of the reaction of DNA with complex 1 (30 min)
approximately 40% coordination sites in all molecules of complex 1 present in the re-
action were already involved in DNA adducts. The amount of these coordination
sites in complex 1 rapidly decreased with time of incubation. After 2 h, ~90% coor-

dination sites in all molecules of complex 1 were already involved in DNA adducts.

Intriguingly, after 24 h, when all molecules of complex 1 were already bound to DNA
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(vide supra), approximately 98% coordination sites in all molecules of complex 1 were
already involved in DNA adducts (Fig. 3, paper I).

This result is consistent with the statement gained from binding experiment in
cell free media. All three Pt centers of complex 1 were coordinated to DNA base
residues after 24 h of incubation of DNA with complex 1. Also, previous experimental
findings [176] indicating that complex 1 formed trifunctional CLs in short synthetic
oligodeoxyribonucleotide duplexes. These recorded figures are also supported with
RP-HPLC analysis (Fig. 4, paper 1) and experiment with EtBr (Fig. 2, paper I),
which showed delocalized cross-links with span more than two base pair. The later
long-range CLs may occur, because of distance between reactive sites: the Pt-Pt
distances in complex 1 are in the range 0.73 — 0.84 nm [158] and the distance of
neighboring base residues in B-DNA: approximately 0.34 nm. It is clear that the

molecule of complex 1 can easily span 3-4 base pairs.

5.1.3 Conformation changes induced in DNA

Another proof that DNA binding mode of trifunctional complex 1 is markedly differ-
ent from that of cisplatin was observed. This interesting finding was revealed by the
different melting behaviour of DNA modified by complex 1 and cisplatin recorded in
the media of low and high salt concentration (0.01 and 0.1 M NaClOy,, respectively).
At low concentrations of NaClO,4 (0.01 M) an increase of t,, was observed even at
relatively high levels of the modification of DNA by trinuclear complex 1 (1, = 0.045).
At high salt concentrations of 0.1 M the modification of DNA by complex 1 resulted
in a decrease of t,,, which became more pronounced with increasing r, value (Fig. 5,
paper I). On the other hand, at salt concentrations ranging from 0.01 to 0.2 M NaClO,
the modification of DNA by cisplatin resulted in a decrease of t,,, which is in contrast
with result obtained for complex 1.

The different melting temperature of DNA modified by trinuclear complex 1 can
be explained by three major factors affect the thermal stability of DNA modified
by Pt" complexes [208]. These major factors are (i) a destabilizing effect of con-

formational distortions due to the formation of CLs induced in DNA by platinum
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coordination; (ii) stabilizing effects of DNA interstrand (intramolecular) cross-links
which prevent dissociation of DNA strands; (iii) the positive charge on the Pt cen-
ters. Both the positive charge of platinum complexes and cations present in the
medium stabilize DNA against thermal denaturation by decreasing electrostatic re-
pulsion of negative charges of phosphate groups located at the complementary strands.
The concentration of cations in the medium directly affect the stabilization effect of
positive charge of platinum complexes. Thus, at high ionic strength (0.1 M NaClO,)
when the electrostatic stabilizing effects of complex 1 are markedly weakened, the de-
creases in t,, are caused by destabilizing effects of conformational distortions induced
by lesions of complex 1 which dominate the stabilizing effects of interstrand CLs (in
fact, complex 1 formed only 9% of interstrand CLs) (Fig. 7, paper I). On the other
hand, at low ionic strength (0.1 M NaClO,) was observed the increase in t,, because
of dominated electrostatic stabilizing effect of complex 1.

Capability of trinuclear complex 1 unwinds the negatively supercoiled pUC19 plas-
mid DNA was studied by migration of DNA in native agarose gel at various degrees
of modification by this complex (Fig. 6, paper I). Complex 1 unwinds the negatively
supercoiled DNA and reduces the number of supercoils resulting in decrease of elec-
trophoretic mobility this DNA in compared with relaxed DNA. Unwinding of negative
supercoiled DNA by complex 1 can be observed and quantified on the basis of de-
crease of migration this DNA through the native agarose gel. In contrast, the mobility
of relaxed DNA was accelerated similarly to cisplatin whose bifunctional binding to
DNA shortens and condenses the DNA helix [158]. Considerable decrease of the
separation between supercoiled and relaxed DNA was observed with an increase of
values of r,. Both bands comigrated at the coalescence point which corresponded
to the full relaxation of the supercoiled DNA. Beyond this point, the migration rate
began to increase again as positive supercoils [158]. The unwinding angle is given by
¢ =-180/ 15y Where o is the superhelical density and 1y is the value of 1, at which
the supercoiled and relaxed forms comigrate [196]. Under the present experimental
conditions, o was calculated to be -0.0505 on the basis of the data of cisplatin for which

the ry) was determined in this study and ® = 13° was assumed. We determined the
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DNA unwinding angle to be in the range 53° + 3° for complex 1. This considerably
large unwind of DNA is caused by formation of tridentate adducts by complex 1 in
double helical DNA.

Polynuclear platinum complexes induced in DNA various types of interstrand
and intrastrand cross-links. Many studies have been demonstrated that just men-
tioned types of cross-links caused the antitumor efficiency of platinum compounds.
Therefore, the quantification of interstrand cross-linking efficiency of complex 1
in linearized and radioactively labeled pUC19 plasmid (2686 bp) was performed.
Linearized DNA was modified at various r; values by complex 1 and analyzed by
agarose gel electrophoresis under denaturing conditions for the interstrand cross-
links [44]. The interstrand cross-linked DNA migrated through the agarose gel more
slowly as a higher molecular mass species than the 2686-base single-stranded (ss)
DNA. The intensity of interstrand cross-linked fragments in the agarose gel rose with
the increased values of 1, (Fig. 7, paper I). The fraction of non-cross-linked and cross-
linked DNA was measured by radioactivity associated with the individual bands and
frequency of interstrand CLs (% ICL per one molecule of the Pt complex) was calcu-
lated by technique described in section 4.10. We found that the intramolecular DNA
interstrand cross-linking efficiency of complex 1 was only 9%, although slightly higher
than that found for cisplatin (6% [44]), but markedly lower than that for trinuclear
BBR3464 (20% [152]). Another intriguing feature of DNA binding mode of trinu-
clear complex 1 is that its interstrand CLs are diminished compared with BBR3464.
Hence, major adducts formed in DNA globally modified for 24 h by complex 1 (in the
absence of proteins and molecular crowding agents) appear to be unique tridentate
intrastrand rather than intramolecular interstrand CLs.

Another unique feature of DNA binding mode of trinuclear tridentate complex
is the fact that this complex can form another type of cross-links called interduplex
CLs under molecular crowding conditions mimicking environmental conditions in cel-
lular nucleus. Trinuclear complex 1 may coordinate to the bases in separate DNA
molecules (interduplex interstrand CLs). This is possible because of stereochemistry

reactive sides of complex 1 and rigid linker [198-200]. This interesting experiment was
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performed that the radioactively labeled double stranded linearized pUC19 (2686-bp)
was modified by complex 1 in medium containing 70% ethanol and high concentra-
tion of counter cations (0.2 M Na) because of minimizes the electrostatic repulsion
between the sugar-phosphate backbones of two different duplex. Interduplex CLs
were analyzed using of native agarose gel electrophoresis. The interduplex cross-
linked duplex (two or more) migrated through the agarose gel more slowly as a higher
molecular mass species than the non cross-linked double stranded linearized labeled
pUC19 plasmid which migrates as a 2686-bp DNA molecule. The intensity of in-
terduplex cross-linked fragments in the agarose gel rised with the increased values
of r, (Fig. 9, paper I). The fraction of non-interduplex cross-linked and interdu-
plex cross-linked DNA was measured by radioactivity associated with the individual
bands on the agarose gel and frequency of interduplex CLs (% IICL/Pt) was calcu-
lated as described in section 4.11. The frequency of these interhelical CLs tethered
by platinum-DNA bonds was markedly higher (21%) than for mononuclear cisplatin
~1%. The explanation of this result is that crowding conditions in the nucleus allow
interduplex contacts that are sufficient for the interduplex cross-linking by trinuclear

complex 1, but not by cisplatin.

5.1.4 Recognition of DNA adducts by proteins

Trinuclear tridentate platinum complex 1 forms various types of cross-links
such as intrastrand CLs, interstrand CLs or interestingly even interduplex CLs.
Therefore, we decided to investigate complex 1 for its ability to form ternary DNA-
protein complexes covalently linked by the platinum moiety. For this experiment, the
proteins were chosen that bind to DNA with a relatively high affinity. The linker
histone H1 was chosen as the representative of non-sequence specific DNA-binding
proteins with structural function. Transcription factor NF-xB (p50 dimer) was chosen
as the representative of a sequence specific DNA-binding protein with a regulation
function. The first step of formation of ternary DNA-protein complex is that, rela-
tively flexible DNA-binding proteins (such as NF-xB and the linker histone H1) come

into close contact with DNA at the site of platination. After that, one molecule
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of complex 1 can be bound simultaneously to base residue(s) in DNA and reactive
group(s) in the protein, but only if a noncovalent preassociation takes place first.
The experiment was performed that 213-bp fragment long of pUC19 plasmid and
radioactively labeled was globally modified by complex 1 and cisplatin for 24 h to the
1, value of 0.025. Then the DNA fragment was mixed with histone H1 and NF-«xB
(the molar ratio protein/duplex was 8 or 34, respectively) and incubated overnight.
DNA-Pt-protein cross-linking efficiency was assessed by agarose gel mobility shift
assay (Fig. 10, paper I). Upon electrophoresis, DNA-protein CLs migrated through
the agarose gel with significantly delayed mobility than free probe (fragments mod-
ified by complex 1 and cisplatin without proteins). The mechanism of formation of
DPCLs mentioned above was supported by NaCN or proteinase K which these more
slowly migrating fractions eliminated or converted them to these of unmodified probes
(not shown), respectively. These results suggest that the species is a protein-DNA CL
tethered by platinum-DNA and platinum-protein coordination bonds. The amount of
radioactivity associated with the bands corresponding to DPCLs formed by complex 1
was higher compared to cisplatin. The complex 1 exhibited a significantly higher effi-
ciency (ca. 2.6-fold) to form ternary DNA-protein CLs than cisplatin. The formation
of DPCLs mediated by complex 1 raises the possibility of "suicide” lesions, which may
irreversibly sequester various DNA-binding proteins, such as transcription factors or
repair proteins [209,210].

The another experiment was carried out to determine if differences exist in the
recognition of the adducts of complex 1 by full-length HMGBI1 protein, because the
DNA conformational changes induced by complex 1 are very different from those
induced by cisplatin. No recognition of DNA adducts of complex 1 by HMGB1
protein was observed (Fig. 8, paper I). This can be explained by the prebending, due
to the adducts of complex 1, is too small to be recognized by HMG domain proteins or
that bulky adducts of complex 1 could restrict the additional DNA bending required
for HMG domain binding [211,212].
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5.2 Mechanistic insights into toxic effects of a ben-
zotriazolate-bridged dinuclear platinum/(IT)
compound in tumor cells (paper II)

Polynuclear platinum complexes are a structurally unique class of anticancer drugs.
Some of the polynuclear (mostly dinuclear) antitumor active Pt"' complexes described
in the literature by group of prof. Farrell, contain flexible [213,214] or semiflexi-
ble bridging ligands [149, 215], while others possess rigid linkers [174, 175,216, 217].
It has been demonstrated that the complexes with flexible linkers form in DNA
unique long-range cross-links (CLs), which aren’t formed by mononuclear bifunc-
tional Pt"" complexes [152,218]. Recently, Reedijk, Komeda and their coworkers
synthesized a new class of dinuclear bifunctional azolato- or azinato-bridged Pt" com-
pounds [153,171,174,175,219-221], described in section 2.2. Interestingly, the azolato-
bridged dinuclear complexes form in DNA 1,2-intrastrand CLs which are identical of
the major DNA adducts of cisplatin [221]. However, in contrast to cisplatin, these
adducts formed by the dinuclear azolato-bridged Pt" compounds induce only minimal
conformational changes in double-helical DNA [219,222]. Thus, we studied the new
benzotriazolate (Btaz)-bridged dinuclear Pt" complex [{cis-Pt(NH;z),Cl}s (p-1,2, 3-
Btaz-H-N1,N3)|C1(2) (Fig. 1, paper II) designed first by Stetsenko and coworkes [177].
This bifunctional Pt complex presents a combination of the two above-mentioned
types of dinuclear Pt complexes such as it utilizes rigid aromatic ring of azole as a
linker between two Pt atoms, featuring at the same time non-bridging chloride ions
as leaving groups similar to azinato compounds.

Our primary objective of this present work was to examine toxicity in tumor
cells and early phases of the mechanism underlying biological properties of dinuclear
bifunctional platinum complex 2. These results can provide a more rational basis for
the design of new antitumor metallodrugs and chemotherapeutic strategies.

The comparative cellular experiments between dinuclear complex and cisplatin

demonstrated:
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. The cytotoxic activity of complex 2 was markedly lower than that of cisplatin
in human ovarian carcinoma cell lines and human breast cancer cells (Tab. 1,
paper II). This result shows a difference in that mechanism of cytotoxicity of

complex 2 and cisplatin.

. The cellular platinum uptake was greater (~4-7-fold) than that of cisplatin
(Tab. 2, paper II). These results suggests that cellular uptake may not be re-
sponsible for reduced toxicity of complex 2 in tumor cell lines when compared

with the effects of cisplatin.

. DNA binding in cells exposed to complex 2 was lower than that of cisplatin
(Tab. 3, paper II). This observation suggests that inside the cells must be some
mechanism hindering of complex 2 to bind to DNA or/and reducing the amount

of complex 2 bound to DNA.

. Damage-induced by DNA repair synthesis in the plasmid modified by complex 2
was markedly lower that that of cisplatin (Fig. 3, paper II). Explanation of this
feature is that DNA repair is implausible factor responsible for the reduced

amount of adducts of complex 2 on DNA.

5.2.1 DNA-binding mode

The binding of dinuclear complex 2 to natural double-helical CT DNA was performed

in cell free media. The amount of complex 2 bound to DNA increased with time and

was quantitatively bound after 24 h. In this binding experiment, the time at which

the binding reached 50% (ts0%) was 11+1 min. (Fig. 2, paper II). The value of tsy

for the reaction of conventional mononuclear cisplatin with DNA under comparable

conditions was ~120 min. [204]. It was shown that the rate of binding of complex 2

to natural double helical DNA is considerably higher than that of cisplatin, so that

the reduced biological activity of complex 2 is not due to the slower rate of initial

binding of complex 2 to DNA.

Reaction of complex 2 and cisplatin with sulfur-containing compound such as glu-
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tathione (GSH) and mammalian metallothionein (MT-2) was investigated. The rea-
son for performing this experiment was that platinum(II) compounds have a strong
thermodynamic preference for binding to sulfur donor ligands. The reaction between
platinum complexes and sulfur-containing compounds play a role in inactivation of
platinum drugs, mechanisms tumor resistance to platinum drugs and their side ef-
fects [190,191]. Dinuclear complex 2 and cisplatin at a concentration of 33 uM or 200
uM were mixed with 15mM GSH or 2.1 uM MT-2 at 37°C as described in section
4.7., respectively. The t;/, (half-times of the reactions, which mainly result in the
formation of platinum-sulfur bonds) of the reaction of complex 2 or cisplatin with
GSH were 4744 min and 8945 min, respectively (one-phase exponential association).
And the half-times of the reaction of complex 2 or cisplatin with MT-2 were 10647
and 190£9 min, respectively. From the results is noticed that complex 2 reacted with
GSH and MT-2 significantly faster than cisplatin. Thus, efficiency of complex 2 to
bind coordinatively DNA in tumor cells is inactivated by sulfur-containing compounds
considerably more than that of cisplatin. Reasonable explanation of this observation
is that deactivation of complex 2 by sulfur containing compounds contribute to its
reduced DNA binding in cells and subsequently to its reduced cytotoxicity.

Circular dichroism (CD) spectra of CT DNA modified by dinuclear complex 2
to 1, values 0.02 — 0.1 was measured (Fig. 5, paper II) and compared with CD
spectra earlier determined for cisplatin under the same experimental conditions [223].
The conservative CD spectrum of DNA is normally in the canonical B-conformation,
neverthless upon binding platinum complexes to CT DNA it considerably transforms
at wavelengths below 300 nm. It was observed that the intensity of the positive band
significantly decreased around 280 nm if DNA was modified by complex 2 already at
relatively low values of r;, (Fig. 5, paper IT). On the other hand, if DNA was modified
by cisplatin, an increase of this band was noticed at relatively low values of r, and
at higher levels of the modification (r, > 0.6), the intensity of this CD band began
to decrease [223]. This result indicates that CD spectra of CT DNA was affected
by complex 2 in different manner from cisplatin, but similarly to transplatin, which

induces in DNA conformation nondenaturational alterations [223].
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5.2.2 Characterization of DN A adducts

Quantification of platinum-DNA mono- or bifunctional adducts of dinuclear com-
plex 2 and cisplatin was carried out by incorporation of [14(3] thiourea into DNA un-
der controlled conditions [149, 182] (see section 4.3). The experiment demonstrated
that in the early phase of the reaction of DNA with complex 2 (10 min) approxi-
mately ~52% coordination sites in all molecules of complex 2 present in the reaction
were already involved in DNA adducts. The amount of these coordination sites in
complex 2 rapidly increased with time of incubation. After 2 h, ~85% coordination
sites in all molecules of complex 2 were already involved in DNA adducts. In other
words, after two hours complex 2 formed in DNA ~85% cross-links and only ~15% of
monofunctional adducts. In contrast, in the early phase of the reaction of DNA with
cisplatin (10 min) approximately 92% coordination sites in all molecules of cisplatin
were involved in DNA adducts. After 120 min, 97% coordination sites in all molecules
of cisplatin were already involved in DNA adducts. These results (Fig. 6, paper II)
show, that the rate of conversion of monofunctional DNA adducts of complex 2 to
bifunctional CLs is considerably slower than that of cisplatin. The different biolog-
ical activities of complex 2 and cisplatin can be explained with large differences in
monofunctional adduct lifetimes. Definitely, monofunctional adducts of complex 2
react more rapidly with sulfur containing compounds than of cisplatin. This feature

can contribute to the reduced activity of complex 2.

5.2.3 Conformation changes induced in DNA

The melting behaviour of DNA modified by complex 2 and cisplatin was recorded in
the media of high salt concentration (0.1 M NaClOy4). A considerably less decrease
of t,, was observed for DNA modified by complex 2 than cisplatin. The different
melting temperature of DNA modified by complex 2 can be explained by three ma-
jor factors affect the thermal stability of DNA modified by Pt") complexes [208].
These factors are (i) a destabilizing effect of conformational distortions due to the

formation of CLs induced in DNA by platinum coordination; (ii) stabilizing effects
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of DNA interstrand (intramolecular) cross-links which prevent dissociation of DNA
strands; (iii) the positive charge on the Pt" centers.

Thus, at high ionic strength (0.1 M NaClO4) when the electrostatic stabilizing
effects of complex 2 are markedly weakened, the decreases in t,, are caused by desta-
bilizing effects of conformational distortions induced by lesions of complex 2 which
dominate the stabilizing effects of interstrand CLs (in fact, complex 2 formed only 6%
of interstrand CLs like cisplatin) (Fig. 4, paper II). The observation of the melting
behaviour of DNA suggests that major DNA adducts of complex 2 distort and desta-
bilize double helix of DNA significantly less than major DNA adducts of cisplatin.

The comparative experiments between complex 2 and cisplatin, where were

achieved of similar results:

1. Similar decrease of EtBr fluorescence in CT DNA induced by adducts of com-
plex 2 or cisplatin. This result suggests that adducts of complex 2 induced in
DNA conformation distorsion extends over approximately the same number of

base pairs around the binding site like cisplatin.

2. DNA unwinding angle 1342° induced by adducts of complex 2 was identical to
that produced by the major adducts of cisplatin [196].

3. The interstrand cross-linking efficiency of complex 2 (6+£0.5%) was identical to
that of cisplatin (6% [44]).

4. In vitro RNA synthesis by T7 RNA polymerase on DNA revealed that adducts
of complex 2 produced similar major stop sites like cisplatin, which are mainly

at guanine residues and a few at adenine residues.
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5.3 Insight into the toxic effects of the cis-Pt(1I)-
dichlorido complexes containing 7-azaindole
halogeno-derivatives in tumor cells (paper 1II)

The new  cisplatin  analogues  {cis-[PtCly(3CIHaza)s]}(3) or  {cis-
[PtCly(3/Haza)s|}(4) (3CIHaza and 3[Haza = 3-chloro-7-azaindole and 3-iodo-
7-azaindole, respectively) (Fig. 1, paper III) previously showed [178] promising
in wvitro cytotoxicity against the HOS (osteosarcoma), MCFEF7 (breast adenocarci-
noma) and LNCaP (prostate adenocarcinoma) human cancer cell lines, i.e. against
the tumor cell lines inherently resistant to cisplatin.

The primary objective of this paper was to study potential factors involved in the
mechanism underlying the cytotoxic effects of complex 3, 4 and compared with cis-
platin.

The results indicate that efficient cellular uptake and different effects at the level
of cell cycle regulation and reduced propensity of DNA adducts to repair are the
main reasons for higher cytotoxicity of complexes 3 and 4. Furthermore, the results
show efficient DNA binding in cells exposed to these complexes and capability of
circumventing resistance to cisplatin induced by alterations in cellular accumulation

and DNA repair.

5.3.1 Reactions with reduced glutathione (GSH)

Platinum(IT) drugs may react with various compounds including S-containing mo-
lecules (because of strong thermodynamic preference), before they reach the DNA in
the nucleus of tumor cells, or even after they bind to DNA [190,224]. Generally has
been believed, that these reactions play a role in mechanisms underlying tumor resis-
tance to Pt compounds, their inactivation, and side effects.

The reaction of complexes 3, 4 and cisplatin with reduced form of glutathione was
performed by using the UV absorption spectrophotometry such as described in section

4.7.2. The gained results demonstrated that complexes 3 and 4 react with GSH with a
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rate similar to that of cisplatin and that the absorbance at 260 nm determined for the
reaction of GSH with complexes 3 and 4 was approximately 1.2-fold lower than that
determined for the reaction of GSH with cisplatin (Fig. 5, paper III). The absorbance
at 260 nm reflects the presence of platinum-sulfur and disulfide bonds [192,195].

The explanation of the result can be cover in the mechanism of the reaction be-
tween platinum complexes 3, 4 or cisplatin and GSH. The initial products of the re-
action between cisplatin or complexes 3, 4 and GSH contain only one sulfur molecule,
which were slowly transformed to bissulfur or bridged Pt species (polymers) with the
1:2 Pt:GSH stoichiometry on the basis of the trans effect of the N-donor ligands.
The large differences in the trans effects of dissimilar types of N-donor ligands (NHs,
nHaza) are not observed. Thus, the more difficult binding of a second GSH to the Pt
atom in cis-[PtCl(SG)(nHaza)s] (in comparison with cis-[PtCl(SG)(NHj)s] initially
arising from reaction of cisplatin with GSH) supported of thesis that bulkier nHaza
sterically blocks the Pt atom in cis-[PtCl(SG)(nHaza)s] more than a smaller NH;
group in cis-[PtCl(SG)(NHs)o].

In sum, the steric properties of the N-donor ligands appear to be the dominating
factor in determining the substitution kinetics of cisplatin and complexes 3 and 4

when bridged species (polymers) with the 1:2 Pt:GSH stoichiometry are formed.
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Chapter 6

Conclusion

The results described and discussed in this thesis demonstrated that:

1. Trinuclear complex 1 forms in polymeric DNA mainly trifunctional intrastrand
cross-links, which means that all three Pt centers of this complex are coordi-

nated to DNA preferentially at guanine residues.

2. The adducts of trinuclear complex 1 induced in DNA conformational distortion,
which are much more delocalized and extended over markedly more base pairs

around the platination sites that in case of cisplatin.

3. Tridentate adducts of trinuclear complex 1 markedly unwind DNA double helix
and thermally destabilize it.

4. Trinuclear tridentate complex 1 can form specific DNA lesions, which can ef-
ficiently cross-link proteins to DNA. It is an intriguing aspect of this unique

DNA binding mode of complex 1.

5. Another aspect of this trinuclear complex 1, which is even more interesting
and observed for the first time for antitumor trinuclear platinum complexes is
that complex 1 can form interduplex interstrand cross-links. In a high yield
trinuclear complex 1 can cross-link two DNA duplexes under the molecular

crowding conditions mimicking environmental conditions in cellular nucleus.
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10.

11.

Thus, the unique DNA binding mode of complex 1 with semirigid aromatic
linkers can expand the theoretical background needed for the design of new
compounds which exhibit a variety of biological effects and can be useful in

nucleic acids research.

The dinuclear complex 2 forms DNA adducts, which distort DNA conformation
differently than adducts of cisplatin.

. Monofunctional DNA adducts of dinucler complex 2 are converted to more toxic

bifunctional cross-links markedly more slowly than in case of cisplatin.

The binding of dinuclear complex 2 to DNA in tumor cells is inactivated by
sulfur-containing compounds (GSH or MT-2) markedly more than that of cis-
platin.

The results focused on the mechanism underlying biological effects of dinuclear
complexes, such as dinuclear bifunctional azolato-bridged platinum compounds,
should provide a more rational basis for the design of new antitumor metallo-

drugs and chemotherapeutic strategies.

Cisplatin analogues 3 and 4 show retarded reactivity toward sulfur-containing
compounds (GSH) which may contribute to promising antitumor activity of

these metallodrugs.
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ABSTRACT: The new trinuclear tridentate Pt" complex [Pt;Cl;(hptab)]** (1; hptab = j 3+
N,N,N’,N',N",N"-hexakis(2-pyridylmethyl)-1,3,5-tris(aminomethyl)benzene) exhibits promis-

ing cytotoxic effects in human and mouse tumor cells including those resistant to conventional N—Pt—Cl
cisplatin (Dalton Trans. 2006, 2617; Chem. Eur. J. 2009, 15, 524S). The present study is | == \

focused on the molecular pharmacology of 1, in particular on its interactions with DNA (which N>

is the major pharmacological target of platinum antitumor drugs), to elucidate more deeply the Cl-Pt—N

mechanism underlying its antitumor effects. Results obtained with the aid of methods of \ N
molecular biophysics and pharmacology reveal new details of DNA modifications by 1. d: Plt—‘Nb
Complex 1 binds to DNA forming in the absence of proteins and molecular crowding agents N7 1\ 7/
mainly trifunctional intrastrand cross-links. In these DNA adducts all three Pt" centers of 1 are c
coordinated to DNA base residues, which leads to extensive conformational alterations in

DNA. An intriguing aspect of the DNA-binding mode of this trinuclear Pt" complex 1 is that it can cross-link proteins to DNA.
Even more interestingly, 1 can cross-link in the presence of molecular crowding agent, which mimics environmental conditions in
cell nucleus, two DNA duplexes in a high yield—a feature observed for the first time for antitumor trinuclear platinum
complexes. Thus, the concept for the design of agents capable of forming intramolecular tridentate DNA adducts, DNA—protein
and interduplex DNA—DNA cross-links based on trinuclear tridentate Pt" complexes with semirigid aromatic linkers may result
in new compounds which exhibit a variety of biological effects and can be also useful in nucleic acids research.

KEYWORDS: platinum drug, antitumor, DNA binding, interduplex cross-links, DNA—protein cross-links

Bl INTRODUCTION polynuclear Pt" compounds determines their susceptibility to
deactivating metabolic decomposition by the sulfur nucleo-
philes since substitution of the bond between Pt" center and
leaving group (for instance Cl) by a trans-influencing S donor
results in bridge cleavage.6’7

In an effort to design a new polynuclear platinum compound
that is able to bind to DNA in a fundamentally new manner
and consequently having novel preclinical properties, trinuclear
trifunctional Pt" complex [Pt,;Cl;(hptab)]** (1; hptab = N,N,

More than forty years after antitumor activity of cisplatin was
discovered in 1969,' the search continues for platinum
compounds having novel preclinical properties, in particular
activity in tumor cells exhibiting inherent or acquired resistance
to cisplatin and its clinically used analogues and/or reduced
side effects. The findings include structures that significantly
violate the original structure—pharmacological activity relation-
ship, including cationic polynuclear Pt" complexes. This class of

new antitumor platinum compounds was designed as a result of N ,N,N"N "—hexakis(2—pyridylmethyl)é1,3,5—tris(aminomethyl)—
systematically testing the hypothesis that there is a correlation benzene) was recently synthesized.” In this trinuclear and
between clinical efficacy of platinum compounds and their tridentate compound, the Pt centers are bridged by bulky
ability to induce a certain sort of damage or conformational semirigid aromatic linkers (Figure 1). This new trifunctional
change in target DNA. In other words, platinum drugs that agent exerted promising cytotoxic effects in human and mouse
bind to DNA in a manner fundamentally different from that of tumor cell lines.* In addition, in contrast to another trinuclear
conventional cisplatin and its mononuclear analogues can but bidentate Pt complex [{trans-PtCI(NH;),},(u-trans-Pt-
exhibit altered biological properties including the spectrum and (NH;),{NH,(CH,),NH,},)]* (BBR3464, Figure 1), which is
intensity of antitumor activity.>®> The antitumor effects of in clinical trials,”” the geometry of leaving groups in the
polynuclear platinum complexes may be modulated by the

geometry and number of platinum centers and leaving groups Received: June 15, 2011

in the coordination sphere of platinum atoms as well as the Revised: ~ October 30, 2011

nature of the linkers bridging the platinum centers.*® In Accepted: November 3, 2011

addition, location of leaving ligands in relation to the linkers in Published: November 3, 2011

v ACS Publications  © 2011 American Chemical Society 2368 dx.doi.org/10.1021/mp200298g | Mol. Pharmaceutics 2011, 8, 2368—2378
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We examined toxicity in tumor cells as well as some early phases of the mechanism underlying biological
properties of benzotriazolate (Btaz)-bridged dinuclear Pt" complex ([{cis-Pt(NH3),Cl}x( p-Btaz-H)]CI (1)).
This dinuclear bifunctional Pt" complex utilizes rigid aromatic ring of azole as a linker between two Pt
atoms, featuring at the same time non-bridging chloride ions as leaving groups. The results of the present
work demonstrate that the toxicity of 1 in several human tumor cell lines was lower than that of conven-

Metals in Medicine Special Issue

g‘?ﬁ ‘:colreisr. platinum tional cisplatin. The results obtained are consistent with the idea, and support the postulate that deacti-
Antitumor vation of 1 by sulfur-containing compounds is a significant factor contributing to reduced DNA binding of
Cellular accumulation 1 in cells and subsequently to its reduced cytotoxicity. In addition, the observations that DNA adducts of 1
DNA binding and cisplatin distort DNA conformation differently and that monofunctional DNA adducts of 1 are con-

verted to more toxic bifunctional cross-links considerably more slowly in comparison with cisplatin
may contribute to the reduced cytoxicity of 1. The results of the present work afford further details on
the mechanism underlying biological effects of bifunctional polynuclear Pt" compounds and should pro-
vide a more rational basis for the design of new antitumor metallodrugs and chemotherapeutic

Sulfur-containing compounds

strategies.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Polynuclear platinum agents are a structurally unique class of
anticancer drugs. Clinical profile and mechanism of action of
polyplatin complexes are different from the established platinum
mononuclear compounds, such as the cisplatin (cis-dimminedi-
chloridoplatinum(Il)) family. The biological activity of polynuclear
platinum complexes may be modulated by the geometry and num-
ber of leaving groups in the coordination sphere of platinum atoms
as well as by the nature of linkers connecting the platinum centers.

As regards molecular mechanisms of antitumor polynuclear Pt"
complexes, an attention has been so far paid to various types of
polynuclear Pt" complexes including several trans and cis Pt" com-
plexes. The Pt centers in these complexes were bridged by various
linkers which differed in rigidity. Spatial configuration of leaving
groups predisposed these polynuclear Pt complexes to react with
their pharmacological target, presumably with DNA, in a unique
way [1,2].

Some of the polynuclear (mostly dinuclear) antitumor active Pt"
complexes described in the literature contain flexible [3,4] or semi-

* Corresponding authors.
E-mail address: brabec@ibp.cz (V. Brabec).

0020-1693/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.ica.2012.06.002

flexible bridging ligands [5,6], while others possess rigid linkers
[7-10]. The complexes with flexible linkers has been shown to
form in DNA unique long-range cross-links (CLs) not formed by
mononuclear bifunctional Pt complexes [11,12].

Recently, a new class of dinuclear bifunctional azolato- or azi-
nato-bridged Pt" compounds was synthesized by Reedijk, Komeda
and their coworkers [9,10,13-17]. Both azolato- and azinato-
bridged complexes contain a bridging hydroxide or non-bridging
chloride ions as leaving groups, respectively and rigid linkers.
Intriguingly, the structural properties predisposed the azolato-
bridged dinuclear complexes to form in DNA the adducts identical
to major DNA adducts of cisplatin, i.e. 1,2-intrastrand CLs [16].
However, in contrast to cisplatin, these adducts formed by the
dinuclear azolato-bridged Pt" compounds induce only minimal
conformational changes in double-helical DNA [14,18]. This may
overcome the problem of acquired cellular resistance since small
DNA perturbations may be hardly recognized and removed from
DNA by DNA repair systems. Consistent with this was the observa-
tion that the dinuclear azolato-bridged Pt" compounds exhibited
markedly higher toxic effects in some tumor cell lines than con-
ventional mononuclear cisplatin [13,17,19]. Moreover, isomeric
azines (pyrazine, pyrimidine, and pyridazine) as bridging ligands
for the synthesis of dinuclear Pt" complexes have been used as well
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Abstract The cisplatin analogues cis-[PtCl,(3C1Haza),]
(1) and cis-[PtCl,(31Haza),] (2) (3ClHaza and 3IH-
aza are 3-chloro-7-azaindole and  3-iodo-7-azaindole,
respectively) are quite toxic to ovarian tumor cells, with
moderately better ICso values than for cisplatin in the
cisplatin-sensitive cell line A2780. We investigated
potential factors which might be involved in the mecha-
nism underlying the cytotoxic effects of 1 and 2 and
compared these factors with those involved in the mecha-
nism underlying the effects of conventional cisplatin. Our
data indicate that the higher cytotoxicity of 1 and 2 origi-
nates mainly from their efficient cellular accumulation,
different effects at the level of cell cycle regulation, and
reduced propensity for DNA adduct repair. Studies of their
reactivity toward cellular components reveal efficient
binding to DNA, which is typically required for an active
platinum drug. Further results suggest that 1 and 2 are
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capable of circumventing resistance to cisplatin induced by
alterations in cellular accumulation and DNA repair.
Hence, the latter two factors appear to be responsible for
differences in the toxicity of 1 or 2, and cisplatin in tumor
cells. The results of this work reinforce the idea that direct
analogues of conventional cisplatin-containing halogeno-
substituted 7-azaindoles offer much promise for the design
of novel therapeutic agents.

Keywords Platinum drugs - Cytotoxicity - Cellular
uptake - Cell cycle - DNA damage - DNA repair

Abbreviations

3ClHaza 3-Chloro-7-azaindole
3[Haza 3-lodo-7-azaindole
CT Calf thymus

DMF N,N'-Dimethylformamide

EtBr Ethidium bromide

FAAS Flameless atomic absorption spectrometry

GSH Glutathione

1Cso Compound concentration that produces 50 %
cell growth inhibition

ICP-MS  Inductively coupled plasma mass spectroscopy

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide

SD Standard deviation

Introduction

The design of new potential platinum drugs to overcome
tumor resistance to conventional cisplatin is an active area
of bioinorganic chemistry and molecular pharmacology.
This is because clinical use of platinum-based drugs is
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