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ABSTRACT

ABSTRACT

Anthracyclines are a group of chemotherapeutics$ thelude adriamycin (doxorubicin),
daunorubicin, idarubicin, and epirubicin. Anthraloyes are active against a wide range of
tumours, in particular, adriamycin is used in theatment of breast cancer, Hodgkin's
lymphoma, lung cancer, multiple myeloma and re-aweg ovarian cancer. Despite the broad
spectrum of actions, resistance or severe cardicity limits the use of these important
anticancer-drugs. The search for a “better antltan®y’ has resulted in more than 2000
analogs, but only a few more anthracyclines hataired clinical approval. Although the
exact mechanism by which adriamycin exerts its-tmtiour activity is uncertain, the
dominant mechanism appears to involve impairmenbpbisomerase dl activity consistent
with observed DNA intercalation and nuclear locatii@n. The search for less toxic and more
effective anthracyclines has led to the discovdrgemmorubicin, a doxorubicin derivative in
which the amino nitrogen of the daunosamine unigsrporated into a methoxymorpholinyl
ring. Preclinical investigations showed that nenbazim, unlike classic anthracyclines, is not
cardiotoxic and retains antitumour activity in wars multidrug-resistant tumor models.
Encouraging results have been obtained in phakeliiiical trials in which the drug was
administered by the intra-hepatic artery route. Neerhbicin is 80-120 times more potent than
doxorubicin in vivo; in contrast, its in-vitro aeily is only eight times greater than
doxorubicin’s toward cultured drug sensitive tumaetls. A recent study established that
nemorubicin is converted by enzyme CYP3A in a noytoxic metabolite PNU-159682,
which was found to be 700-2400 times more poteat its parent drug toward cultured
human cancer cells and which exhibits significdhta&cy in in vivo tumor models. Ongoing
studies aimed at exploring the molecular mechamitaction of PNU-159682 indicate that it
has different effects on cell cycle progression alifferent DNA interacting properties,
compared to both MMDX and doxorubicin. Moreoverilier recent data suggest that PNU-
159682 retains its activity against tumor cell §ngith mechanisms of resistance different
from those classical anticancer agents including RVID gene overexpression, reduced
topoisomerase |l activity, and mutations in theoispmerase | gene, these latter genetic
alterations conferring resistance in vitro to trergmt drug, MMDX [1]. We used different
experimental approaches aimed to rationalizinghtigh activity of this metabolite. Test in
vitro performed in our laboratory with kinetoplaBNA confirmed the inactivity of the
metabolite against topoisomerase. [The absence of activity toward topoisomerase asigg

that the high cytotoxicity of this compound hadhke searched elsewhere. Anthracyclines
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ABSTRACT

such as doxorubicin and daunorubicin can bind &bl the DNA when activated with
formaldehyde. Moreover, anthracyclines that hawenisic ability to form cross-links to the
DNA, such as cyanomorpholinyl-doxorubicin or barormycin, were found to exhibit high
cytotoxicity comparable with the PNU. Then we coesed the possibility that PNU interacts
with the DNA as a preactivated anthracycline. Owrkvevidenced that PNU behaves
similarly to the activated doxorubicin (doxorubicmixed with HBCO) in DNA melting
analyses. PNU quickly reacts with double-strandasiucleotides to form adducts detectable
by DPAGE. These adducts are sufficiently stable b isolated by HPLC. Mass
characterization confirmed that these complexesf@amaed by duplex DNA bound to the
anthracycline. These investigations suggest tleateahction between PNU and DNA does not
involve the formation of a classical cross-link,tbm relation to the electrophoretic,
chromatographic and mass spectrometry results tHohects can be ascribed to the family of
“virtual cross-link” (VXL). Anthracyclines-formaldeyde conjugate or anthracyclines in
formaldehyde buffer have the specific ability tdemcalate into DNA, forming covalent
bonding; a methylene bridge links the amino grotifhe anthracycline to the 2-amino group
of a G-base in the minor groove, while the othearst of DNA is stabilized by hydrogen
bonds. Such unusual combination of intercalatievatent bonding and hydrogen bonding is
referred to as thevirtual cross-linkink [2], that leads to the formation of more stable
complexes between the anthracyclines and the DMAraving the drugs’ cell killing ability.
Among the different mechanisms of anticancer agtiof anthracyclines, anthracycline-DNA
adducts formation elicited interest related to plssibility to find safer and more efficacious
anticancer drugs. Anthracycline-formaldehyde coajag and cross-linking anthracyclines
exhibit high cytotoxicity comparable to classicabss-linking drugs. We used different
anthracyclines aimed to rationalize the structwtvidy relationship for the formation of
VXL. We confirmed by electrophoretic and chromagggric analyses that aminosugar and its
amino nitrogen is absolutely necessary for the &iom of “VXL” and we discussed the role
of the 4' position of the daunosamine in modulatmnthis activity. The presence of

methylene bridge and its relationship with guamirmes confirmed by mass spectrometry.
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RIASSUNTO

Le antracicline sono un’importante famiglia di cheterapici, tra queste sono usate
prevalentemente I'adriamicina (doxorubicina), laigiarubicina, I'idarubicina e I'epirubicina.
Sono farmaci con un ampio spettro d’azione, in ipaldre I'adriamicina € usata nel
trattamento del cancro al seno, del linfoma di Halgdel cancro al polmone, del mieloma
multiplo e del cancro ovarico recidivo. Nonostalaenpio spettro d’azione la resistenza e la
severa cardiotossicita limitano l'uso di questi am@nti farmaci anticancro. La ricerca di
migliori derivati ha dato luogo a piu di 2000 argiiodei quali solamente pochi di essi hanno
raggiunto I'approvazione clinica. Anche se il maaseo esatto con il quale I'adriamicina
esercita l'attivita anticancro € incerta, il medsamo principale coinvolge un danno nei
confronti dell’enzima topoisomerasi Il, un meccamis supportato dall'intercalazione nel
DNA e dalla localizzazione nucleare. La ricercamliracicline meno tossiche e piu efficaci ha
portato alla scoperta della nemorubicina, un d&sivdella doxorubicina in cui l'azoto
amminico della daunosamina e incorporato in unlaneletossimorfolinico. Le indagini
precliniche hanno mostrato che la nemorubicinaerdiamente dalle antracicline classiche non
e cardiotossica e l'attivita antitumorale &€ mantamei vari modelli di tumore resistenti alla
terapia. Risultati incoraggianti sono stati otténat fase I/l dove il composto e stato
somministrato attraverso I'arteria intraepatica. neamorubicina € 80-120 piu potente della
doxorubicina in vivo, diversamente la sua attivitavitro € solamente otto volte rispetto alla
doxorubicina verso culture cellulari tumorali sémisialle antracicline. Un recente studio ha
stabilito che la nemorubicina é convertita dalliem@ CYP3A in un metabolita estremamente
piu citotossico, il PNU-159682. Questo metabolitaséiltato dalle 700 alle 2400 volte piu
potente rispetto al progenitore nemorubicina versitule cancerose umane in coltura e ha
mostrato un’efficacia significativa in diversi mdidedi tumore in vivo. Studi in corso
finalizzati a definire il meccanismo molecolareadione di PNU-159682 indicano differenti
effetti sul ciclo cellulare e una differente inteime col DNA rispetto al progenitore
nemorubicina e alla doxorubicina. Inoltre, datieneit indicano che PNU-159682 mantiene la
sua attivita anche verso cellule aventi diversi caatsmi di resistenza rispetto a diversi agenti
anticancro classici, inclusa la sovraespressiohgelee MDR-1, la riduzione dell’attivita di
topoisomerasi Il e mutazioni nel gene codificaner pa topoisomerasi I: quest'ultima
modifica genetica conferisce resistenza in vitda alemorubicina [1]. Noi abbiamo usato
diversi approcci sperimentali per razionalizzamdelvata attivita di questo metabolita. Test

condotti in vitro nel nostro laboratorio con kingkast DNA hanno confermato l'inattivita del
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RIASSUNTO

metabolita nei confronti della topoisomerasi llagsenza dell'attivita verso la topoisomerasi
ci suggerisce che l'alta citotossicita di questdahelita & da ricercarsi altrove. Antracicline
come doxorubicina e daunorubicina possono legavaleotemente il DNA quando attivate
con formaldeide. Inoltre é stato trovato che amttm@ che hanno un’intrinseca attivita a
formare cross-link col DNA come la cianomorfolinox@rubicina o la barminomicina
posseggono un’alta citotossicita comparabile colUPMNQuindi abbiamo considerato la
possibilita che il PNU interagisca col DNA come wamdraciclina preattivata. Il nostro lavoro
ha evidenziato che il PNU si comporta in modo agalalla doxorubicina attivata
(doxorubicina con formaldeide) nelle analisi di tmg} del DNA. PNU reagisce velocemente
con oligonucleotidi a doppio filamento per forma@dotti visualizzati in DPAGE. Questi
addotti sono sufficientemente stabili per esseotaiistramite HPLC. La caratterizzazione
ottenuta tramite spettrometria di massa ha confierrtlae questi complessi sono formati da
DNA a doppio filamento legato all'antraciclina. Gtiestudi suggeriscono che la reazione tra
PNU e DNA non coinvolge la formazione di un classicoss-link, ma in relazione ai risultati
elettroforetici, cromatografici e di spettrometrith massa questi addotti possono essere
annoverati nella famiglia dei “virtual cross-linXL). | coniugati antracicline-formaldeide
o le antracicline in tampone contenente formaldéideno la specifica abilita di intercalarsi
nel DNA formando legami covalenti; un ponte etiteni lega I'ammino gruppo
dell'antraciclina col 2-amino gruppo della base rgoea nel solco minore, mentre I altra
catena del DNA é stabilizzata tramite legami idrageQuesta particolare combinazione di
intercalazione, legame covalente e legame ad idmgechiamatairtual cross-link(VXL)

[2], che porta alla formazione di complessi pitbgtdra le antracicline e il DNA aumentando
la tossicita cellulare delle antracicline. Tra velisi meccanismi anticancro delle antracicline,
la formazione di addotti DNA-antracicline ha suatt notevole interesse riferito alla
possibilita di trovare nuovi farmaci anticancro psicuri e piu efficaci. | coniugati
antraciclina-formaldeide e le antracicline crosddinti esibiscono un’elevata citotossicita
comparabile con i classici agenti cross-linkantbbAamo usato differenti antracicline con lo
scopo di razionalizzare il rapporto struttura dtivnella formazione del VXL. Abbiamo
confermato attraverso l'analisi elettroforetica wngatografica che I'amminozucchero e
'azoto amminico sono assolutamente necessari @dorinazione del “VXL” e abbiamo
discusso il ruolo della posizione 4' nella daundsamella modulazione di questa attivita. La
presenza del ponte metilenico e la sua relaziondag@uanina € stata confermata mediante

spettrometria di massa.



1. INTRODUCTION

1. INTRODUCTION: anthracyclines in cancer therapy

1.1 Cancer

Cancer is a class of diseases in which a groupekd toses control of their growth. Some
characteristics peculiar to cancer include:

-Uncontrolled growth.

-Invasion and destruction of adjacent tissue.

-Sometimes metastasis allowing cancer cells tohreglcer parts of the body via lymphatic
tissue or blood.

These malignant properties differentiate cancemflmenign tumors, which are self-limited
without invasion and metastasis. Some cancers, aacleukaemia, do not form tumours.
Most tumours take the names from the organ oryibe of cell in which they start.

Cancer may be divided into several categories,daséeheir characteristics:

- Carcinoma originates in the skin or in tistheg covers internal organs.

- Sarcoma originates in bone, cartilage, adipessue, blood vessels or other connective
tissue.

- Leukemia originates in blood-forming tissseich as bone marrow, causing a large
number of abnormal blood cells.

- Lymphoma and myeloma set on in the celliefimmune system.

- Central nervous system cancers begin inissae of the brain and spinal cord.

Cancer affects people at all ages, but the riskeases with age [3]. Cancer cause
approximately 13% (7.9 million) of human death2007 [4]. Cancer can be considered an
environmental disease, with 90-95% of cases dligegiyle and environmental factors and 5-
10% due to genetic factors. The principal causesaater are factors that cause damage to
the cell’'s genetic material: i.e., tobacco, diebesity, infections, radiation, stress, and
environmental pollutants [5].

The branch of medicine related to the study, diagndreatment, and prevention of cancer is
called oncology. An ultimate diagnosis of cancequiees the histological examination of a
biopsy specimen, even if the initial indication thfe cancer can be symptomatic or an
abnormal radiographic image. Most cancers candagetd and cured, but this depends on the
specific type, location, and stage of the dise¥¢ben diagnosed, cancer is usually treated
with a combination of surgery, chemotherapy, ardiotaerapy. Cancer is fundamentally a

disease related to the regulation of tissue growtten a normal cell transforms into a cancer
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cell, the genes that regulate cell growth and dkfiation are changed [6]. Genetic changes
may occur at different levels, from the gain orslag entire chromosomes to a mutation
affecting a single DNA nucleotide [7].

Genetic abnormalities found in cancer typicallyeatfftwo groups of genes: oncogenes and
tumor suppressor genes. Oncogenes may be normes ¢feat are overexpressed, or altered
genes with novel properties. In both cases, onagane typically activated in cancer cells,
promote cancer, and cause in cells the malignamqtigpe endowed with hyperactive growth
and division, protection against apoptosis, lossespect for adjacent tissue, and the ability to
proliferate in different tissue and environment.

Tumor suppressor genes are genes that limit celtty; inhibit cell division and survival,
and are inactivated in cancer cells with a consetipieloss of the cells’ normal functions,
e.g., accurate DNA replication, control of the asjtle, orientation and adhesion within
tissues, and interaction with the cells of the imesystem. Generally, changes in many
genes are required to transform a normal cell antancer cell. Different classifications exist
for the various genomic changes that may contribugenerating cancer cells. Most of these
changes, though not all, are mutations or changefe nucleotide sequence of genomic
DNA.

Aneuploidy, for example, i. e. the presence of Bnoamal number of chromosomes, is a
genomic change but not a mutation, and may inveltiger the gain or loss of one or more
chromosomes through errors in mitosis. Large—staf&ations involve the deletion or gain of
a portion of chromosome. Genomic amplification asowhen a cell gains many copies of a
small chromosomal locus, usually containing onanare oncogenes and adjacent genetic
material; translocation, instead, is the fusiotmad separate chromosomal regions.
Small-scale mutations include point mutations, titeds, and insertions that may occur in the
promoter of a gene and affect its expression, or otaur in the gene’s coding sequence and
alter the function or stability of its protein prart. The disruption of a single gene may also
result from integration of genomic material frone tBNA of a virus or retrovirus, possibly
resulting in the expression of viral oncogenes Hfédct the cell and its genealogy. Living
cells that replicate suffer from errors, and unlesssr correction and prevention is sufficient,
errors will survive and might be passed on to déergbells. Normally the body safeguards
against cancer via numerous methods such as amyptadper molecules (some DNA
polymerase), or possibly senescence but these@rmction methods often fail, particularly
in environments that make errors more likely tarfaand propagate, as, for example, in the

presence of substances called carcinogens or flemmodic injury. Cancer is a progressive
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disease and so progressive errors slowly accumuldikcells lose control; the errors that
cause cancer are often self-amplifying (Fig. 1).

Normal Cell Division
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< 99
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¥
Heahthy oell
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e I
,
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Uncorirpded

callufar growih

Fig. 1 - Loss of cancer division contral2008 Nucleus Medical Art, Inc

Sometimes cancer explodes in a way similar to anaeaction caused by a few errors that

produce more errors. This is effectively the sowteancer and the reason that cancer is so
hard to treat: even if the cancer treatment kilsast all cancerous cells, some surviving cells

can replicate or send error-causing signal, startive process all over again. This is an

undesirable example of “survival of the fittestathpermits cancer to progress toward more

invasive stages; this process is called clonaluiani [8].

1.2 Benefit of Anthracyclines

Anthracyclines are a group of chemotherapeutics$ thelude adriamycin (doxorubicin),
daunorubicin, idarubicin, and epirubicin [9]. Thesf anthracyclines, doxorubicin and
daunorubicin, were isolated from the pigment preduby Streptomyces peucentiearly in

the 1960s. Adriamycin (Fig. 2) is active againsbraad range of tumors and is now
commonly used in treatment of breast cancer, Hodgkymphoma, lung cancer, multiple
myeloma, and re-occurring ovarian cancer [10]. &ahycin represents the anti-cancer agent
with the widest spectrum of anti-tumour activitypwever, resistance and side effects are
major limitations to the success of adriamycin dpgr[11]. As with many other anticancer

agents clinical use of both doxorubicin and daubmin is soon hampered by such serious
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problems as the development of resistance in tuoedls, chronic cardiomyopathy, and
congestive heart failure.

1.3 The Problem of Cardiotoxicity

Cardiac problems are the principal side effects #ifect the therapy with anthracyclines.
Dilated cardiomyopathy and congestive heart fail(@F) develop after completion of
cumulative anthracycline regimens. This usuallyussawithin a year, but delayed forms of
cardiac dysfunction have been described. The tltretsiral modifications of anthracycline-
induced cardiomyopathy include loss of myofibrilation of the sarcoplasmic reticulum,
cytoplasmatic vacuolization, swelling of the mitoddria, and an increased number of
lysosomes. Valvular coronary or myocardial heagedse and a long-standing history of
hypertension were recognized as independent risiorfa of developing cardiomyopathy at
cumulative doses of doxorubicin below 500 to 550mfig

The quick increment of the incidence of cardiomybpaat cumulative doses above 550 to
600 mg/nf of doxorubicin formed the basis for fixing an enigal dose limit of 500 mg/fmas

a strategy to minimize the risk of cardiomyopatkiowever, ultrastructural changes in
endomyocardial biopsies and/or a damage of coniraafter provocative tests have been
documented in patients treated with reportedly safmulative doses. It is no completely
certain whether nonsymptomatic cardiac dysfunctementually would progress to late
cardiac events, diminishing or even eliminating bemefit of cumulative doses below 500
mg/nt [12].

Even if the risk of cardiac morbidity is possibléwow dose treatment, the balance between
risks and benefit can still be considered in favofirthe use of the anthracyclines, at
appropriate dose, in adult patient that can bedcfroen their neoplastic disease [13].

One of the reasons why cardiomyocytes would be nsoszeptible than other tissues to
apoptosis induced by doxorubicin is that cardionyyes exhibit low levels of catalase and
readily undergo inactivation of selenium-depend&8H-peroxidase-1 after exposure to
doxorubicin [14]. Lack of this enzyme associatedoaé increment of superoxide radicals

(O2) represents the first mechanism of cardiotoxycity.
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1.4 Anthracyclines: Anticancer Molecular Mechanisms

Despite extensive clinical use, the mechanismsctbma of anthracyclines in cancer cells
remain a matter of controversy. The principal maedras are the following:

1) intercalation into DNA that inhibits the syntieeef macromolecules,

2) generation of free radicals, leading to DNA dgmar lipid peroxidation,

3) DNA cross-linking,

4) interference with DNA unwinding or DNA strandpseation and helicase activity,

5) direct membrane effects,

6) initiation of DNA damage via inhibition of tommmerase Il, and

7) induction of apoptosis in response to topois@sei! inhibition [15].

1.5 Anthracyclines as Topoisomerase |l poison

Topoisomerases are a family of enzymes that mat#ytopology of DNA without altering
deoxynucleotide structure and sequence. They caosecatransient single-strand
(topoisomerase 1) or double-strand (topoisomergseNA breaks that result in a change of
the twisting status of the double helix. This atgiconfers topoisomerases an important role
as the supercoiling of the DNA double helix is miagied according to the cell cycle phase
and transcriptional activity. Anthracyclines actdigbilizing a reaction-intermediate in which
DNA strands are cut and covalently linked to tynesiesidues of topoisomerase Il, eventually
impeding DNA resealing. The formation and stabiligf an anthracycline-DNA-
topoisomerase Il ternary complex depend on defatedttural characteristics. The planar ring
system of anthracyclines is important for intertalainto DNA, as rings B and C overlap

with adjacent base pairs and ring D passes thrtheggmtercalation site (Fig. 2).

Doxorubicin

Fig. 2 — Structure of doxorubicin.
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The external (non-intercalating) moieties of théhaacycline molecule (i.e., the sugar residue
and the cyclohexane ring A) seem to play an impbontale in the formation and stabilization
of the ternary complex. In particular, the sugarietyy located in the minor groove, is a
critical determinant of the activity of anthracyws as topoisomerase Il poisons.
Topoisomerase Il inhibition increases after remafahmino-substituent at C-3' in the sugar
or of the methoxy-group at C-4 in ring D; moreovire nature of 3'-substituents greatly

influences the sequence selectivity of anthracgetitimulated DNA cleavage [16].

1.6 Role of Free Radicals

The addition of an electron to the quinone moietying C of DOX and other anthracyclines
has long been known to result in the formation skemiquinone that quickly regenerates its
parent quinine by reducing oxygen to reactive orygpecies (ROS) such as superoxide
anion (Q) and hydrogen peroxide §B8,). This futile cycle is supported by a number of
NAD(P)H-oxidoreductases [cytochrome P450 or b5 cémkes, mitochondrial NADH
dehydrogenase, xanthine dehydrogenase, endotheifiat oxide synthase (reductase
domain)]. During this cycle, the semiquinone caspabdxidize with the bond between ring A
and daunosamine, resulting in reductive deglyctisidaand the formation of 7-

deoxyaglycone (Fig. 3).

OH

NAD(P)H + H,
>< X 0" —— = H,0,
NAD(P)™

Fig. 3- One-electron redox cycling canthracycline [2].

The aglycones formed have more lipid solubility antércalate into biologic membranes
forming ROS (reactive oxygen species) in the clopesximity to sensitive targets. This one-
electron redox cycling of doxorubicin is also acpamied by a release of iron from

intracellular stores after interaction with doxaib. The release of iron then results in the

10
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formation of 3:1 drug-iron complexes that convest @nd BHO, into more potent hydroxyl

radicals (OH). Oxidative damage has therefore been considemeichportant mechanism of
anthracycline activity in tumor cells. Moreoyehe iron-mediated formation of ROS and
promotion of myocardial oxidative stress remain fay the most frequently proposed

mechanism of cardiotoxicity [2], [12].

1.7 Virtual Cross-linking

Although adriamycin exerts its anti-tumor activiyth various mechanisms, the dominant
mechanism of action appears to involve the impaitnod topoisomerase dlactivity [17],
[15], [18], consistent with observed DNA intercéat and nuclear localization of adriamycin
[19], [20], [21]. Many potential alternative meclisms of action have been cited and
comprehensively reviewed [2], [15]. It is likely ah adriamycin acts by many different
mechanisms to kill tumor cells, which would be dstent with its broad spectrum of activity.
One of these possible mechanisms, Adriamycin—DNduats formation, was first reported in
1979 by Sinha and Chignell [22], but the adductseveifficult to isolate and characterize. A
further factor in the chemistry of DNA adducts fatmon is the participation of formaldehyde
(H2CO) in vivo, which activates the anthracyclinesaatmore reactive electrophile capable of
forming covalent adducts with DNA [23].

Doxorubicin and daunorubicin catalyze the formatdriormaldehyde under oxidative stress
conditions in controlled buffer systems. Koch amtleagues investigated whether the same
effect could be observed in tumor cells treatedhaithracyclines. In fact, many groups have
reported that doxorubicin treatment leads to oxwastress in tumor cells, and this may
contribute to the formation of formaldehyde in vij&3]. Elevated levels of fCO have been
detected in doxorubicin-sensitive cancer cells, mit in doxorubicin-resistant cancer cells
equipped with higher levels of ROS-detoxifying emag [25], [26]

Iron-mediated free radical reactions enable anjiatanes to produce formaldehyde AEO)
from carbon cellular sources like spermine andlipi

Topoisomerase Il inhibitors and alkylating agentsnt two distinct classes of clinical
antitumor agents and the presence of both mecharo$iaction of the anthracyclines may be
an interesting characteristic of these drugs.

In addition to doxorubicin, daunomycin and epiruviceact with formaldehyde to produce
conjugates in which two anthracycline moleculesobee linked through three methylene
groups [27] (Fig. 4).

11
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1)

oxazolidine ring

oxazolidine ring —

Fig. 4 - Structure of formaldehyde-conjugates atfclines. 1) doxoform (R=0H) and daunoform (R=H);

2) epidoxoform; 3) doxazolidine
These conjugates were synthesized by the reacfitimeoanthracyclines with a methanolic
solution of formaldehyde in an acetate buffer at @Hand the conjugates extracted in
chloroform as they formed. A presumed intermediddeazolidine, was not observed in these
conditions[28]. In contrast, the reaction of a dasucin free base in chloroform-solvent
with paraformaldehyde (the polymer of formaldehyd®nitored by'H NMR, showed the
formation of doxazolidine followed by the formatiohdoxoform [29]. Doxazolidine induces
apoptosis by a topoisomerase |l independent mestmamdrming adducts to DNA [30].
Anthracycline-formaldehyde conjugates exhibit erdeahtoxicity to anthracyclines-sensitive
and resistant tumor cells. These conjugates hdrecid interest because of their ability to
intercalate into DNA, forming covalent bonding beem the daunosamine amino-group and
the 2-amino group of a G-base in the minor grodwba® DNA, linked by a methylene bridge.
Some authors observed the formation of more thanadduct anthracycline-DNA using short
oligonucleotides at different times of incubati@l]. Each adduct had a different structure
and stability. In all cases, such an unusual coatlan of intercalation, covalent bonding, and
hydrogen bonding is referred to as tual cross-linkingof DNA by anthracyclines [32]
Recently, Phillips demonstrated that the anthracgsl in clinical use (doxorubicin,
daunorubicin, idarubicin, and epirubicin) crossklthe DNA in the presence of formaldehyde

even if epirubicin is less active[33]
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1. INTRODUCTION

Adducts were also detected in MCF-7 breast canedls ¢reated with doxorubicin at
subclinical doxorubicin concentrations without ddition of exogenous formaldehyde [34].
The requirements for formation of formaldehyde-ragell Adriamycin—-DNA adducts, like
the presence of the amino group of the daunosaamdethe 2'-aminogroup of the guanine,
have now been well characterized and reviewed lys@und colleagues [23], [35] and their
structure proposed [36, 37],[38].

% DNA strand I

%z DNA strand |

Fig. 5 - Structure proposed for the monoadductdifal cross-link” between doxorubicin and DNA [36].

Moreover, some high cytotoxic anthracyclines, sashcyanomorpholinyl-doxorubicin and
barminomycin, are able to form covalent adducthi\WNA in absence of formaldehyde [39,

40]. These compounds behave as pre-activated anthnaeycli

1.8 Nemorubicin and PNU: A New Perspective for BetAnthracyclines

The search for better performing anthracyclineghwie main goal of limiting cardiotoxicity,
has resulted in more than 2000 analogs, a numhbgeshiould not be surprising considering
the number of chemical modifications or substitasiohat can be introduced in the tetra-
cyclic ring, the side chain, or the aminosugar.

The search for less toxic and more effective acguitnes has led to the discovery of
nemorubicin  (3'-deamino-3'-[2"(S)-methoxy-4"-mioopnyl]doxorubicin;  MMDX), a
doxorubicin derivative in which the amino nitrogehthe daunosamine unit is incorporated

into a methoxymorpholinyl ring (Fig. 6 ) [9], [41].
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doxorubicin nemorubicin (MMDX) PNU-159682

Fig. 6 - Structures of doxorubicin, nemorubicin (\d) and PNU-159682 (PNU).

Early preclinical investigations showed that MMDMjlike classical anthracyclines, is not
cardiotoxic at optimal antitumor doses [11] andaird antitumor activity in various
multidrug-resistant tumor models [9], [41], [4243]. Encouraging results were obtained in
Phase I/l clinical trials conducted in Europe &liuina, where the drug was administered by
the intra-hepatic artery route to patients with dtepellular carcinoma [7]. Based on these
clinical data and on preclinical results showing MKl synergism with cisplatin, the
MMDX-cisplatin combination underwent a Phase l/linical trial for the loco-regional
treatment of hepatocellular carcinoma in Europe.

This compound does not show activity against theyme topoisomeraseall exhibiting
unchanged activity against anthracycline-resistatis (CEM/VM1) with mutated topo dl
[44].

In vivo, MMDX is 80-120 times more potent than daoxaicin [41]. In contrast, its in-vitro
cytotoxicity is only eight and two times greateanhthat of doxorubicin toward cultured drug
sensitive tumor cells and hematopoietic progendelfs, respectively [11], [45]. Various
studies have also shown that incubation of MMDXIWNIADPH and isolated human, mouse
or rat liver microsomes results in marked enhancgénoé potency toward cultured tumor
cells, suggesting that MMDX is converted to a muaobre cytotoxic metabolite(s) by liver
microsomal enzymes. Further in vivo [48hd in vitro result, [47], [48], [49]suggest that
enzymes belonging to the CYP3A subfamily are ingdhvin MMDX biotransformation.
Moreover a further study [llestablished that MMDX is converted by human liver
microsomes (HLMs) to a major metabolite, identifiésl 3'-deamino-3", 4'-anhydro-[2" (S)-
methoxy-3" (R)-oxy-4"-morpholinyljdoxorubicin (RN159682) (Fig. 6). PNU-159682 was
found to be 700-2400 times more potent than nenmruboward cultured human tumor

cells, and exhibited significant efficacy in in @situmor models [1]. These results suggest that
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1. INTRODUCTION

PNU-159682 is the chemical entity responsible Ifiar liver microsome-mediated increase in
MMDX cytotoxicity in vitro [46-48], and certainly lpys a dominant role in the in vivo
antitumor activity of the drug. Ongoing studies adrat exploring the molecular mechanism
of action of PNU-159682 indicate that it has difierr effects on cell cycle progression and
unlike DNA-interacting properties, compared withtlbdIMDX and doxorubicin. Moreover
PNU-159682 (PNU) retains its activity against turel lines with different mechanisms of
resistance to classical anticancer agents, indudibR-1 gene overexpression, reduced
topoisomerase Il activity, and mutations in theoispmerase | gene - these latter genetic

alterations conferring resistance in vitro to tlaegmt drug, MMDX [1].
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2. AIMS

2.1 PNU Mechanistic Aspects

In our work, we investigated the mechanism by wHietlU is remarkably more cytotoxic
than its parent compound nemorubicin (MMDX). Testyitro performed in our laboratory
with kinetoplast DNA confirmed the inactivity of @hmetabolite against topoisomerase Il
After incubation of MMDX with liver microsom, Siki¢dound an increase in cytotoxicity
associated with the appearance of alkylating dgtivased on the alkaline elution even if he
did not find the metabolite responsible of this\att [47]. The high cytotoxicity of the major
metabolite formed after microsomes incubation, PEllfjgests a possible alkylating activity
like cyanomorpholinyl-doxorubicin or barminomyciWe sought after more experimental
proof of this hypothesized mechanism using differastrumental methods. The reactivity of
this compound toward different synthetic oligonotides was studied using gel

electrophoresis, fluorescence quenching, chromapdge, and mass spectrometric methods.

2.2 SAR (Structure Activity Relationship) in Virtu&ross-linking

The introduction described the role of virtual asdigking in the anthracyclines’ interaction
with DNA. The ability of all therapeutic anthracyets to form VXLs plays an important role
in anticancer activity. Even if topoisomerase llisoming is the major mechanism of
anticancer activity in therapy, the formation of M Xreates new opportunities to individuate
more active and less toxic anthracyclines.

We first focused our attention on a study of theidtire activity relationships (SAR) of
several anthracyclines to clarify their ability frm DNA adducts and cross-links (Fig. 7).
We used daunomycin, doxorubicin, idarubicin andrupcin (anthracyclines in current
clinical use) as positive controls and compounddhaut daunosamine groups (aglycon) as
negative controls to validate our methods of angslys

We evaluate the ability to cross-link DNA by anttyeines with different modifications at
position 4 the —OH group in 4' is crucial in th@mation of the reactive oxazoline in
doxazolidine and in anthracyclines-formaldehydejugates, see (Fig. 4). In epirubicin (4'-
epimer), the different configuration of 4'-OH pret® the formation of an oxazoline ring.
Consequently epirubicin is less active in formingr@ss-link than the other anthracyclines in
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2. AIMS

clinical use [33]. Therefore, we focused our expents on deoxydoxorubicin lacking 4'-OH
and iododoxorubicin having a 4' iodine substitution

We used denaturing gel electrophoresis (DPAGE) acipg by IP RP HPLC (lon-Pair
Reverse-Phase High Pressure Liquid Chromatograpby)nvestigate the formation of

covalent adducts between anthracyclines and DNA.

Aglycon

H,C O]
4 R7
NH,
OH
Anthracyclines R4 R9 R7 e (M cm™) #
Doxorubicin (adriamycin) (dx) * -OCH | C(=0O)CHOH Daunosamine 13735+369
Daunorubicin (daunomycin) (dn) * -OGH C(=0)CH Daunosamine 9535+201
Epirubicin (4-epidoxorubicin) (epi) { -OCH| C(=0)CHOH Daunosamine 7403+244
4'-epimer
Idarubicin H C(=0)CH; Daunosamine 70344222
(4'-demetoxidaunomycin) (ida) * - B
lododoxorubicin Daunosamine with
- = i -+
(4'-deossi,4'iododoxorubicin) (iodg OCH, C(FO)CHOH in4' 6043+334
- Daunosamine
- = +
Deoxydoxorubicin (deox) OCH| C(=O)CHOH without —OH in 4 9429+299
Doxorubycin aglycon
-l = - +
(adriamycinon) (dxru) OCH; C(=O)CHOH OH 9104+285
Daunorubycin aglycon
- = - +.
(daunomycinon) (dau) OCH, C(FO)CH OH 1773443

Fig. 7 - Structure of anthracyclines tested. *Anthracyclinescurrent clinical use# Molar extinction
coefficient €) at 485 nm in Tris 10 mM pH 7.5.

2.3 New Insight into doxorubicin Virtual Cross-Linkg

We finally focused our attention on the better-knofermaldehyde-mediated doxorubicin-
DNA adduct to evaluate the structural charactesstf the methylene bridge using high-
resolution mass spectrometry. Our purpose was \testigate the chemical nature of the
cross-link between doxorubicin and different sytitheduplex and single stranded
oligonucleotides. In

this connection,

unprecedentbgyh-resolution tandem mass
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2. AIMS

spectrometry experiments on the above adducts pesfermed. Formation of the VXL can
involve also the formation of adducts between P BNA and a better knowledge of the

covalent bond between doxorubicin and DNA can helpto better understand PNU-DNA
interactions.
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3. MATERIALS

3.1 Compounds

PNU-159682 &gs= 6310 M'cm™ in Tris buffer 10 mM pH 7.5), Cyanomorpholinyl-
doxorubicin (cma)dues= 8685 M'cm in CH;OH), and MMDX €495= 9039 M*cm™ in Tris
buffer 10 mM pH 7.5) were supplied by Nerviano MediSciences Srl (Nerviano, Italy).
Doxorubicin §4g5= 13735 M'cm* in Tris buffer 10 mM pH 7.5), was supplied by Sam
Aldrich.

The other anthracyclines tested (Fig. 7 page 18)ewsipplied by Menarini Industrie
Farmaceutiche Riunite, Via Sette Santi, 350131nZige

Compounds were dissolved in DMSO to a 50 mM statit®n and the concentrations were

calculated using the molar extinction coefficient (

3.2 Oligos

In the FQA assay (chapter 5.2) we used the follommementary oligos:

fluorescein labeled oligo z1 forward (z1f): FAMACT-ATT-CCC-GGG-TAA-TGA-3' and
dabcyl labeled oligo z1 reverse (z1r): 5-TCA-TTA&C-GGG-AAT-AGT-3'-DAB.

In the cross-link assa (chapter 5.3) we used thgtementary oligos:

- (z1f): FAM-5'-ACT-ATT-CCC-GGG-TAA-TGA-3' and

oligo zagl reverse (zaglr): 5-TCA-TTA-CCC-GGG-AAIGT-3'.

- Fluorescein labeled oligo z2 forward (z2f): FAMACT-ATT-GGC-GCC -TAA-TGA-3'
and oligo zag2 reverse (zag2r): 5'-TCA-TTA-GGC-GBEAT-AGT-3..

In these tests, double stranded-fluorescein lakElédaglr and z2f-zag2r were visualized by
the fluorescence of fluorescein (Excitatignx = 490 nm, Emissiofimax =520 nm).

For the HPLC analysis (chapter 5.4, 5.5, 5.6 a)l &e used complementary oligos z1f and
zaglr and non fluorescent complementary oligos Zagiard (zaglf: 5-ACT-ATT-CCC-
GGG-TAA-TGA-3') and zaglr.

For mass spectrometry (chapter 5.7 and 5.8), wears@lementary oligos z1f (MW: 6036.2)
and zaglr (MW: 5498.6) and self-complementary oli@@ (CG oligo: 5-CCC-GGG-3'
(MW: 1793.2).
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All of these oligos were supplied by S.A. Liege é3ie Park, Rue Bois Saint-Jean 5, 4102
Seraing, Belgium, except oligo CG, which was swggpby Metabion International AG, Lena-
Christ-Street 44, 82152 Planegg/Martinsried, Gegman

Structural analyses of the VXL (chapter 6.3) wererf@grmed using the following
complementary oligos:

- zaglr : 5-TCA-TTACCC-GGG-AAT-AGT-3' MW: 5498.6

- zaglf: 5'-ACT-ATT-CCC-GGG-TAA-TGA-3' MW: 5498.6

- ktl: 5'-TCT-CGC-TCT-T-3' MW: 2944.97

- kt2: 5'-AAG-AGC-GAG-A-3' MW: 3110.11

- kt3: 5'-TCT-CTC-GCT-CTT-CT-3' MW: 4131.73

- kt4: 5'-AGA-AGA-GCG-AGA-GA-3' MW: 4394.95

-zemen 1 (zml): 5-AAT-TAT-GCT-TAA-AA-3' MW: 42589

-zemen 2 (zm2): 5-TTT-TAA-GCA-TAA-TT-3 MW: 42586

These oligos were supplied by IDT Integrated DNARmlogies (Coralville, IA, USA).

3.3 Solution buffers

- TE 1X (Tris 10 mM, EDTA 1 mM to pH 7.5)

- TBE 1X (Tris 89 mM, Boric Acid 89 mM, EDTA 2 mMtpH 8.0)
- TEAA (Triethylammonium acetate 100 mM to pH 7.0)
-HFIP/TEA (hexafluoro-2-propanol 100 mM/TEA to pE23

3.4 Gel electrophoresis

Polyacrylamide and the N,N-bisacrylamide for gedceiophoresis were supplied by Fluka
and by National Diagnostic, while the ammonium pHate and TEMED, used for
acceleration of the polymerization of the acrylamiavere respectively supplied by Sigma
and by Fluka.

The gel loading buffer used as tracing in the ebgttoretic run in the cross-linking assay
(chapter 5.3) was composed by Ficoll 400 (PharmBmé&ech) 18%, EDTA 6 mM, 0.2% of
bromophenol blue (Amersham) and 0.2% of xylene ay&mersham).

Images of the DNA in the polyacrylamide gels wel#amed using the apparatus Perkin-

Elmer Geliance 600; the oligonucleotide z1 forwasd functionalized with fluorescein
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(Excitationimax = 490 nm, Emissioimax =520 nm) and therefore could directly be visualize
without the addition of ethidium bromide.

The gel loading buffer used in the gels stainedhWwitgma Stains-All (chapter 6.3) consisted
of 50% glycerol (native gel) or 50% glycerol 8M ar@enaturing gel).

The images of these gels were obtained with an44{® 8canner.

3.5 General reactants

- Acetic acid supplied by Fluka

- Acetonitrile supplied by Carlo Erba

- Ammonium acetate supplied by Fluka

- APS (ammonium persulfate) supplied by Sigma

- ATP (adenosine-5'-triphosphate) supplied by Sigma

- Boric acid supplied by Sigma

- Bromophenol blue supplied by Amersham

- BSA (bovine serum albumin) supplied by Sigma

- DMSO (dimethyl sulfoxide) supplied by Riedel-daéth

- DTT (dithiothreitol) supplied by Sigma

- EDTA (disodium ethylenediaminetetraacetate) siepidby Fluka
- Ethidium bromide supplied by Sigma

- Glycerol supplied by Fluka

- HFIP (hexafluoro-2-propanol), supplied by Fluka

- Hydrochloric acid supplied by Carlo Erba

- Isopropanol supplied by Fluka

- KCI (potassium chloride) supplied by Prolabo

- Methanol supplied by Fluka

- MgCl, x 6H,O (magnesium chloride hexahydrate) supplied by d&luk
- Stains-All supplied by Sigma

- TEA (triethylamine) supplied by Fluka

- TEMED (N,N,N',N' tetramethylethylenediamine)supglby Fluka
- Tris (tris(hydroxymethyl)aminomethane) suppligdSigma

- Xylene cyanol supplied by Amersham
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4. METHODS

4.1 Topoisomerase Il inhibition

Topoisomerases are enzymes that modify the topaddNA without altering its structure
and sequence. They can cause transient singleds{tapoisomerase |) or double-strand
(topoisomerase II) DNA breaks; the DNA strandsrajeined after the changing of twisting
status of the double helix. This activity confersimportant role on topoisomerases, as the
supercoiling of the DNA double helix is modulateccerding to the cell cycle phase and
transcriptional activity [16]. Anthracyclines acy Istabilizing an intermediate reaction in
which DNA strands are cut and covalently linkedtymsine residues of topoisomerase I,
eventually hindering DNA resealing. The formatiamdastability of an anthracycline-DNA-
topoisomerase |l ternary complex depend on defstedctural properties. The planar ring
system is important for intercalation into DNA, rasgs B and C overlap with adjacent base
pairs, and ring D passes through the intercalasia. The external (nonintercalating)
moieties of the anthracycline molecule (i.e., thgas residue and the cyclohexane ring A)
seem to play an important role in the formation atabilization of the ternary complex. In
particular, the sugar moiety, located in the migooove, is a critical determinant of the
activity of anthracyclines such as topoisomeragmisons. Adriamycin is widely known as a
topoisomerase |l poison, and therefore in our arparts we have verified whether the
structurally correlated PNU is also able to inhitie human enzyme. To investigate the
inhibitory effects of doxorubicin and PNU on thezgmatic activity of topoisomerase II, we

used a decatenation assay as in Fig. 8.

@-=0-C

Catenated Decatenated DNA
KDNA Monomers, Relaxed

Fig. 8 — Different decatenation pructs with human topoisomerase || akDNA

The DNA used in this test is the kinetoplast DNADKKA), the mitochondrial DNA of
Crithidia fasciculata a catenated network of DNA rings, most of whiae 2.5 KB
monomers. Type Il topoisomerase (although not tyges the ability to decatenate KDNA

and generate the monomer DNA,; therefore, decatenaia highly specific assay for topo |l
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(Fig. 8). The KDNA networks are large relative be tmonomers and do not migrate in the gel
remaining in the well while the minicircles candssily resolved in agarose gel. Both gel and
the running buffer are contained the intercalatbideum bromide, which permits monitoring
of the appearance of monomers with a UV light sewand to resolve various DNA forms
(linear, nicked circular DNA, and relaxed DNA monens). The presence of ethidium
bromide simplifies the gel. In fact different topomeres of relaxed minicircles supercoil in
the presence of ethidium bromide, forming only Isawith the same electrophoretic mobility.
This permits to distinguish clearly the linear DNXvAm the nicked circular DNA that are not

affected by supercoiling as intact minicircles (Fy

Topo |l
Topo |l Linear clepcat_

kDMa 1 est activity Lopa KD A
Marker [Low HighI Marker pgarker

- == == —— Catenated kDNA

—— Decatenated kDNA (Nicked, Open Circular DNA)

— — Linear DNA

Decatenated kDNA (Relaxed DNA)

Fig. 9 - Idealized view of KDNA reactivity with eakyotic topoisomerase Il

This test is specific for both isoforms of topoismase Il ¢ andp) because it relies on the
conversion of catenated DNA to its decatenated favinich requires double strand cut and
ligation uniquely done by topoisomerase II.

In this experiment, 200 ng of KDNAs were incubatéith adriamycin at concentration 10, 1
and 0.1uM and with PNU 100, 10 anduM, respectively, in the presence of 0.025 U of
human topoisomeraseulin a topoisomerase Il reaction buffer (Tris-HCI g9 40 mM, KCI
80 mM, DTT 5 mM, BSA 15ug/ml, ATP 1 mM and MgGl10 mM) at 37 °C for one hour.
After incubation, we added to each samplé & GLB and analyzed the samples by agarose
gel electrophoresis. We performed electrophoreticin agarose gel 1% in TBE 1X (Tris 89
mM, boric Acid 89 mM, EDTA 2 mM, pH 8.0) in the m@nce of ethidium bromide
0.5ug/ml. Samples were run overnight at 1 VV/cm.
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4.2 DNA melting by FQA (Fluorescence-Quenching Ag3a

The fluorescence-quenching assay derives from FIgHUorescence Resonance Energy
Transfer). Fluorescence resonance energy tranERET) has become widely used in all
applications of fluorescence, including medical gdiastics. FRET is an electrodynamic
phenomenon that can be explained using classioaigh FRET occurs between a donor
molecule in the exited state and an acceptor mldetu the ground state. The donor
molecules typically emit at shorter wavelength thaerlap with the acceptor’'s absorption
spectrum. The term “resonance energy transfer” (R&preferred because the process does
not involve the appearance of a photon and is #sltr of a long-range dipole-dipole
interaction. The rate of energy transfer dependshenrange of spectral overlap of the
emission spectrum of the donor with the absorpsipactrum of the acceptor, the quantum
yield of the donor, the relative orientation of th@nor and acceptor transition dipoles, and the

distance between the donor and acceptor molecules.

Donor J(A) Acceptor
fluorescence absorption

Wavelength (1)

Fig. 10 — Overlapping of spectrum of donor and ptmeto obtain a phenomenon of energy transfer (RET

The distance at which RET is 50% efficient is ahllbe Forster distance (R which is
typically in the range of 20 to 60 A. The rate okgyy transfer from a donor to an acceptor
KT is given by

kT = (Lhp)*(Ro/r)°

wheretp is the decay time of the donor in the absencecoétor, B is the Forster distance
[50], and r is the donor-to-acceptor distance. teetloe rate of transfer is equal to the decay
rate of the donor (1tp) when the donor-to-acceptor distance (r) is edaathe Forster
distance and the transfer efficiency is 50%. As tistance (r = i the donor emission would
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be decreased to half its intensity in the abserfcacoeptors. The rate of RET depends
strongly on distance, and is proportional fo Forster distances ranging from 20 to 90 A are
convenient for studies of biological macromolecuesthis distance is comparable to the size
of biomolecules and the distance between sites witi-subunit proteins. Any condition that
affects the donor-acceptor distance will affect thensfer rate, allowing the change in
distance to be quantified [51]. Fluorescence quiegchoncerns any process that decreases
the fluorescence intensity of a sample, includingrgy transfer. But if the donor and the
acceptor are closer than Forster distance, thasityeof the fluorescence of both is reduced.
At these intimate distances, most of the absorbedgy is dissipated as heat and only a small
amount of energy is emitted as light. This phenamneis sometimes called static or contact
guenching. Both mechanisms are used in moleculdlody. In adjacent probes and in
randomly coiled probes, the donor and the acceptmeties remain at such a distance from
each other that FRET is the predominant mechanfamenching. In contrast, in competitive
hybridization probes and in molecular beacons, wihely are not hybridized to targets, the
two moieties are very close to each other and cogizenching is the predominant quenching
mechanism. A useful characteristic of contact ghamgis that all fluorophores are quenched
equally well, regardless of whether the emissioacspm of the fuorophore overlaps the
absorption spectrum of the quencher, one of theckagitions that determines the efficiency
of FRET [52].

A further simplification of the tests that use ftascently-labelled probes is the use of non-
fluorescent dyes as acceptor or quencher [53]. Queg by non-fluorescent dyes enables
changes in the intensity of fluorescence to be oredsdirectly, rather than as an alteration in
the shape of the emission spectrum, which is mifiieudt to monitor.

Our model (complementary oligonucleotides 18 bamieszlf and z1r) contains an oligo
duplex where one strand has the 5' extremity labdelvith the fluorophore 6-carboxy-
fluorescein (FAM) and the other strand with the {floorescent quencher Dabcyl (DAB).
Dabcyl often behaves as a contact quencher andinrmadel is sufficiently close to the

fluorophore to work as a contact quencher.

z1 forward (z1f) MAS'-ACT-ATT-CCC-GGG-TAA-TGA-3'
Duplex z1f-z1r
z1 reverse (z1NABD3'-TGA-TAA-GGG-CCC-ATT-ACT-5'

This model allows us to measure the melting tempezaof different oligonucleotide

duplexes, with information on the interactions wsthall molecules. The melting temperature
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is the temperature at which 50% of the double g&dnoligonucleotides are denatured.
Compounds that interact with the duplex DNA areediol modify the melting temperature,
compounds able to intercalate in the DNA stabitiee double helix and increase the melting
temperature of linear double stranded DNA, and maés that destabilize the helix structure
decrease the melting temperature. The oligonudeatiL forward (z1f) is labelled with the
fluorophore FAM, while z1reverse (z1r) is labellwdh the quencher DAB. When the oligos
anneal to form the duplex, the fluorophore andahencher are close and the fluorescence is
quenched, but when the duplex denatures FAM and [#AB quencher) are far and we
observe an increment of the fluorescence (Fig. 11).

FQA assays were conducted with a Roche Light Cykclinstrument, using glass capillaries
containing the following reaction mixture: 2 of drug examined 10X in water, |2 TE 10X
(Tris 100 mM, EDTA 10 mM at pH 7.5), duplex z1f-z1ruM (final concentration), and
water mQ to 20ul. The protocol for the assay was: 2 minutes oftheom at 30 °C,
temperature increments to 95 °C in 30 minutes {nggltand finally a step of annealing,
cooling the mix in 1 hour to 30 °C. Fluorescenceswead during the melting and annealing

by the instrument at 530 nm.

FAM &
ST DD Fluorescence

/ * Quenching
DAB

Quenching
Fluorescence ”b,?)

Fig. 11 — Fluorescence quenching of two complenmgrabgonucleotides functionalized with fluorescein
and Dabcyl.
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Fig. 12 — Profile of thermal denaturation of oligdf single strand (z1fam) and duplex oligo (z1f-
z1r) in TE 1X.
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In Fig 12 we can observe the thermal denaturatiofil@ of single-stranded oligo z1f and the
duplex z1f-zlr, respectively. The flex point of tlweirve corresponds to the melting
temperature where the 50% of the duplex is denaturee melting point can be determined

more easily using the first derivative of the ciyEig. 13).

-6 | — duplex

oligozl fam | 4

1

1

-7 ‘ !
30 g0 M

T T T T T 1
50 60 70 80 20 100
T(C)

Fig. 13 - First derivative profile of thermal deugttion of oligos z1f single strand (z1fam) and ldup
oligo (z1f-z1r) in TE 1X.

The single-stranded oligo z1f decreases its flummese intensity with the increment of
temperature (generally an increase in temperataoeedses the fluorescence). Instead, the
duplex oligo has a low fluorescence that increasdgh the progression of the thermal
denaturation. When the duplex is completely deratuthe change in fluorescence with the
temperature is the same as that of the singledstthaligo z1f.

4.3 In vitro cross-link assay

The basis of the “in vitro cross-link assay” is tttgrugs induce stabilization of DNA

preventing the complete denaturation of doublessied DNA (DS) upon exposure to
denaturing conditions. Gel electrophoresis techmigs a widely used technique for
manipulation of different biomolecules, includingNB, RNA and proteins. With the

increased availability of relatively short, custonade oligonucleotides, denaturing
polyacrylamide gel electrophoresis (DPAGE) has bee@ commonly performed assay for
manipulating DNA and assessing its interaction$ \ait/ariety of others compounds. DPAGE
is also a useful method for detention of intersdramoss-links. When a double-stranded
oligonucleotides is denatured, the single strand/eamoslowly (compared to the original
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duplex) through the gel matrix. If an interstramdss-link has been formed, however, the
strands cannot separate. As a result, they ref&iin tetarded mobility and form a discrete
band that does not progress nearly as far thronghgel [54]. In the experiments with the
PNU (chapter 5.3) and in SAR analysis (chapter @d )used the duplex z1f-zaglr and z2f-
zag?2r, fluorescein labeled duplexes that permit®ussualize the oligos taking advantage of

the fluorescence.

z1 forward FABRACT-ATT-CCC-GGG-TAA-TGA-3'

Duplex Zlf'zagl{ zagl reverse 3-TGA-TAA-GGG-CCC-ATT-ACT-5'

z2 forward FANHACT-ATT-GGC-GCC -TAA-TGA-3'
zag2 reverse 3'-TGA-TAA-CCG-CGG-ATT-ACT-5'

Duplex sz—zagZ?{
Operatively oligos were incubated with differentamts of anthracyclines at 37 °C in TE
1X. After incubation the samples were loaded inyaotylamide (acrylamyde : bisacrylamide
ratio 19:1) denaturing gel (DPAGE) 20% containingeau as denaturing agent at the
concentration of 6 M. Electrophoretic runs werefgraned in TBE 1X. The gels were read
directly with Perkin-Elmer Geliance 600.

In the part that treats the structure of the ctiwdgs{chapter 6.3, page 94) we used unlabelled
oligos kt3, kt4, zm1, zm2, zaglr and zaglf andyide were stained with Sigma Stains-All.

kt 3: 5-TCT-CTC-GCT-CTT-CT-3'
kt 4: 5'-AGA-AGA-GCG-AGA-GA-3'
zemenl: 5'-AAT-TAT-GCT-TAA-AA-3'
Duplex Zemef{ zemen2: 5-TTT-TAA-GCA-TAA-TT-3'
zaglr: 5-TCA-TTA-CCC-GGG-AAT-AGT-3'
Duplex Zag{ zaglf: 5-ACT-ATT-CCC-GGG-TAA-TGA-3'

Duplex kt3-kt4{

Stains-All is suitable to stain both double stramnd single strand DNA, and allowed us to use
unlabelled oligonucleotides, even if this meantt the had to load the gel with a higher
quantity of DNA.

Operatively in the experiments described in chapt8roligos single and double stranded
were incubated with different amounts of anthraogd at 37 °C (oligo zag), room
temperature (oligo zemen) or 4 °C (oligo kt). Aftecubation the samples were loaded in
polyacrylamide (acrylamyde : bisacrylamide ratio:1}9denaturing gel (DPAGE) 20%

containing urea as denaturing agent at the coratemirof 7.5 M. Electrophoretic runs were
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performed in TBE 1X. Gels were stained with StaMisand images captured with an HP
7400 scanner. Different conditions will be desalibe detail during the discussion of the
results. The in vitro crosslink study provides direevidence for the formation of

anthracyclines-DNA adducts.

4.4 lon-pair reversed-phase HPLC

lon-pair reverse-phase HPLC (IP RP HPLC) is a ss&faé technique used to resolve and
purify oligonucleotides. The retention times of i#ek such as proteins, peptides, and
oligonucleotides can be modified by adding ion ipgiragents to the mobile phase. lon
pairing agents bind to the solute by ionic intamw, which results in modification of the
solute’s hydrophobicity. Both anionic and catioroa pairing agents are used depending on
the ionic character of the solute molecule andpHeof the mobile phase. The ion pairing
agent used with oligonucleotides, which containegative charge at neutral to high pH, is
typically triethylamine. In some cases, the additad ion pairing agents to the mobile phase
is an absolute requirement for binding the solatthé reversed phase medium. For example,
retention of deprotected synthetic oligonucleotidies., without the trityl protecting group
attached) requires triethylamine in the mobile phd$e concentration of ion pairing agents
in the mobile phases is generally in the range @.B%. Potential problems include possible
absorbance of UV light by the ion pairing agent ahdnges in the extinction coefficient with
the concentration of the organic modifier. This casult in either ascending or descending
baselines during gradient elution. Temperature Play important rule in the separation:
increasing the temperature, we reach denaturindittons sufficient to separate the duplex
DNA and obtain the two single strands, improving éfficiency of the separation (Fig. 14). If
the temperature is too low, we do not have semarati the duplex; and if the temperature is

too high, we reduce the life of the column.
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Fig. 14. — Different profile of elution of duplexNA at 30 °C and 40

°C using IP RP HPLC.

IP RP HPLC allows us to efficiently separate oligoeotides and drug-DNA adducts.

Oligonucleotides are very hydrophilic and interaetakly with reversed-phase C18 column;

we improved the interaction using the ion pairirgert triethylammonium acetate, which

interacts with the stationary phase of the columa @ith the oligonucleotide. In particular,

the ethyl groups of the salt interact with the istary phase C18 while the quaternary

ammonium charge interacts with the phosphate grof@iplse DNA, increasing the retention

time of the oligonucleotides (Fig. 15).

(&Y ‘rj PO group on Olige chain |

g

Fig. 15 — Triethylammonium interacts both with tstationary phase of the column and with the DNA,
increasing the retention time of oligonucleotidesttcan be separated according to their size.

We performed and discussed the chromatographigse®sin collaboration with the doctor

Luigi Quintieri (Department of Pharmacology and Atmesiology, University of Padova).
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The chromatographic analyses were performed onirtsieument Hewlett-Packard series
1100 HPLC system. This instrument is equipped witbgasser, quaternary pump,
autosampler, and multiple-wavelength detector @uil formerly Hewlett-Packard GMBH,
Germany); chromatographic data were collected aridgrated by the Hewlett-Packard
ChemStation software (version A.06.03) (instrumé&ht Some chromatographic analyses
were performed in another instrument (instrument@a2yarian ProStar 210 equipped with a
diode array detectotU{/-VIS DAD Diod Array ProStar 335)The column used was XTerra
(Waters) RP18 (3.0 x 200 mm; 3ufn). Chromatographic runs were performed at 40 °C.
The gradient method used two solvents: acetondani@ TEAA (100 mM pH 7) (Tab. 1).

A) Time

%CH:CN | % TEAA | B) [ Time | %CHCN | % TEAA
(min) 0,1M (min) 0,1M
0 5% 95% 0 5% 95%
8 5% 95% 8 5% 95%
20 40% 60% 20 40% 60%
25 40% 60% 25 40% 60%
28 50% 50%
Time (min) | %CHsCN % TEAA

0,1M

0 5% 95%

8 5% 95%

15 15% 85%

C) 20 40% 60%

25 40% 60%

Tab. 1 - Methods and gradients used for the chrognaphic analyses of DNA-adducts formed by
doxorubicin and PNU (A), iododoxorubicin (B) andxdform (C).

We used method C to analyze doxoform adducts wighrument 1. Instrument 2 gave better
results with method A. Method B, used in instrumnse®t is method A with an additional 3

minutes with which we reached 50% of §&HN, which allowed us to elute iododoxorubicin,
more lipophile with respect the other anthracydine

4.5 Mass spectrometry analyses

Different methods and techniques are used to imgastoligonucleotides. If the best method

available to verify oligonucleotide purity is anadal capillary electrophoresis (CE), the best

method available to value compound identity in ghhthroughput environment is mass
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spectrometry (MS). In mass spectrometry analysismall quantity of oligonucleotide is
ionized and the ions are propelled into a massctfanalyzer where molecular weight is
calculated. In routine use, two methods of masstepmetry are principally used to
investigate nucleic acids: MALDI-TOF (Matrix Assest Laser Desorption lonization-Time of
Flight) and ESI (ElectroSpray lonization). Each hnoet has advantages and disadvantages
that change with the analytical environment in \lrticey are used.

In MALDI-TOF mass spectrometry, a small amount (fif8ol) of a sample is mixed with a
matrix solution, usually 3-hydroxypicolinic acidné the mixture is deposited at a fixed
position on a sample grate in the MALDI-TOF instemh The sample-mixture is then
vaporized with a pulse of laser light at a fixedvel@ngth. This is the desorption phase of the
analysis. During desorption, some of the oligonoiitee molecules become ionized through
protonation (i.e., the oligonucleotides gain a pnoand gain a +1 charge relative to the
unprotonated molecules). This instrument works @sifove ion mode, then detects the
positive ion generated.

ESI Technology was developed around the same tsnBIALDI. With this technique, a
sample in a solvent is introduced into the syst@mrnjection of a fine spray from a capillary
in the presence of a strong electric field. Thiscebstatic field causes the break up of the
sample solution into small droplets. Typically, \&oit is removed from the droplets by
passing nitrogen gas into the interface. The mddscare then carried up to a high-vacuum
region of the ESI instrument via a low-pressur@gport system. In the low-pressure region,
which is a heated metal capillary, sample molecatesseparated from any remaining solvent
in a process called “declustering.” During this g@ss, the molecules become ionized via
deprotonation. In the case of oligonucleotides,tiplel protons are removed, resulting in a
variety of multiply negatively charged species. sTts the ionization phase. Generally ESI
works in negative ion mode for the analysis of atigcleotides detecting the negative ions.

In the TOF detection phase, ionized oligonucleotit@ecules are then accelerated with an
electrostatic field in the instrument to a commarekic energy.

In the accelerator, ions obey the rule E = 1/Z,nihere E is kinetic energy, m is the mass of
the ion, and v is the velocity of the moving ionndgr the established condition that E is
equal to zA, where z is the charge of the ion and Ahe constant accelerating potential
applied to all ions, after rearranging we see that (A2z/mY“ Therefore, in the TOF
analyzer, the velocity of an ion is determined clatgly by its mass and charge state.
Remembering that velocity is simply a function iofi¢ (t) and distance (d), (v = d/t) the time

of flight (TOF) for a fixed distance is completalgtermined by ion mass and charge state (t =
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d(m/2Az)™). Then, at the same charge state, lighter ionisawive at the detector faster than
heavier ions. In a MALDI-TOF instrument, the entinass spectrum is recorded in a fraction
of a second as ion flux versus time. This spectizithen compared to the expected mass of
the oligonucleotide based on the sequence.

A quadrupole mass analyzer acts as a variable fit@sghat separates ionized species using
only electrical fields generated by a direct curremd superimposed radio-frequency
potential. These fields are produced by four rddged exactly parallel, with opposite rods
linked together (i.e., a quadrupole). lons areonhiiced in a path parallel to the quadrupole
rod direction and, within a given set of field cdmahs, only ions of a particular mass and
charge state can pass through. All non-conformamg iwill have an unstable route and will
be filtered out. Thus, if field conditions are \etiaccording to a fixed set of parameters, all
ions can be passed and a mass spectrum is acqdessiagain, under the conditions of ESI,
variation in the mass spectrum will be completegtedmined by ionic masses, and these
variations can be compared to an expected detetimindy the known mass of the
oligonucleotide sequence.

In general, both MALDI and ESI methods are verys#are to sample amounts in the range
of 100 fmol to 2 pmol for MALDI-TOF and 250 fmol b0 pmol for ESI. MALDI-TOF is
capable of analyzing compounds with a moleculaghtegreater than 300,000 atomic mass
units (amu) while ESI is limited to an effectivepgp limit of 100,000 amu. MALDI-TOF
resolution is limited and analysis of compoundshvatmolecular weight below 600 Daltons
(Da) is difficult due to the presence of matrix rets. ESI also has difficulty analyzing
mixtures of compounds, and the presence of saliferls, detergents, and other additives
reduces sensitivity. MALDI-TOF is reasonably toleréo the presence of salts, buffers, and
other additives.

Mass spectrometry does not measure mass direciiyather measures a mass/charge ratio
(m/z). Ideally, for MALDI-TOF, a single ionized spes is present (molecules that gain a
single proton, measured as MHSome molecules gain two protons in the desanppioase
and represent M-2H

The m/z ratio is calculated by taking the molecwulaight of an oligonucleotide, subtracting
(or adding if the instrument works in positive mpaeit the mass of Hemoved, and then
dividing by the number of Hremoved (m/z = m-(z * 1,0078))/z). These raw data often
processed using a deconvolution algorithm thatstalteof the peaks present in the trace and

performs the reverse computation.
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When running through the raw data, the deconvatytimgram seeks groups of peaks that all
add up to the same parent peak. Consequently eitendolution analysis removes almost all
of the noise because noise does not add up tosastemt figure. Thus, a final deconvoluted
ESI trace has a smooth baseline compared to aMAaDI-TOF trace.

During MALDI-TOF analysis, depurination of the adigucleotides can occur as a result of
heating (laser ionization) in the acidic environim@ghe matrix).

During ESI analysis instead, depurination can obawause of heating in the transport region
of the instrument. Depurination can create seconpleaks having 135 (dA) or 151 (dG) mass
units less than the major peak.

Noncovalent complexes could be transported intawh fsolution into the gas phase using
electrospray ionization (ESI), and detected usingssnspectrometry (MS). Despite the
limitations of early instrumentation, various ragghers have detected noncovalent
complexes between nucleic acids, proteins, andlsmakcules, and have studied the gas-
phase conformations of the ions as a function ofi Isolution and ESI-MS conditions [55],
[56].

The utility of ESI-MS for the ionization, detectiomnd characterization of noncovalent
complexes of almost every type of biomolecule has been described. Mass spectrometry
has a key advantage over other biophysical instnisne¢he identities and abundances of
different complexes can be determined from dirdz$eovation, since the mass of every
molecule serves as the intrinsic detection “lab&SI-MS has been used to characterize
various features of protein-protein, protein-DNAot@in-RNA, and DNA-DNA complexes,
including macromolecular and ligand binding stoachetry, and solution binding affinities.
Molecular interactions with dissociation constartsging from nanomolar to millimolar can
be characterized using ESI-MS. Once isolated irgdsephase, noncovalent complexes can be
analyzed via dissociation (MS/MS) to determine bigdsites or can be probed for structural
analyses using ion-molecule reactions. ESI-MS ry y®werful for the characterization of
noncovalent complexes of nucleic acids. DNA dupdelkave long been an attractive model
system for ESI-MS studies of noncovalent complexXdsltiply charged duplex ions are
stable in the gas phase for extended periods, itbnunsolvated charges. Their gas-phase
stability is balanced between the number of hydnogends and base stacking among the
nucleobases and the total charge present on gnedstrDuplex ions with lower charge states
are more stable and may retain structures sinal#dir solvated solution counterparts.
Studies on the gas-phase stability and structur®NA duplexes are of interest from a

physical and biochemical perspective. The solusitaiility of duplex DNA is attributed to a
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variety of factors, including hydrogen bonding beén the bases, the screening of backbone
charge by solvent, and the stacking of the bas#dseihydrophobic interior of the helix. In the
gas phase, the latter two stabilizing features beageduced or unavailable while the strengths
of the hydrogen bonds are increased. Although dujges have been observed for several
years, the nature of the interaction between strandhe gas phase remains an important
unanswered question.

Noncovalent interaction of DNA (both single-straddand duplex) with small molecules
provides the basic mechanism of action for a numifetherapeutic agents including
antitumor, antimicrobial, and antiviral compoun®8hile a number of analytical schemes
have been used to study these interactions, masdremetry is emerging as a powerful
technique for studying such complexes [57].

We use ESI technology to investigate the complaxgisracyclines.DNA.

We investigated and discussed the complexes PNU-DiNAollaboration with Nerviano
Medical Sciences Srl using the instrument WateBdp- Ultima modality ESI.

This instrument had two different associated detscia quadrupole (Q) followed by a TOF.
In the direct mass measure, the effective detasttre TOF, but we can perform a tandem
mass spectrometry (MS/MS) in which the ions aréated and activated in the quadrupole,
and the fragment formed analyzed by TOF.

The following mass spectrometry investigations weserformed and discussed in
collaboration with professor Daniele Fabris (TheARNstitute, University at Albany). In the
Fabris-laboratory we investigated the interactietween the doxorubicin and formaldehyde
by Bruker Daltonics (Billerica, MA) ultrOTOF-Q™, strument equipped with a quadrupole
and TOF analyzer. Then we took advantage of theilpiitsy of using a high-resolution
instrument to investigate specifically the VXL. Thestrument used was a Bruker Daltonics
(Billerica, MA) Apex IV FTICR equipped with a 12Tuperconductive magnet (Fig. 16). This
instrument allowed us to simultaneously use difieanalytical approaches currently used in
mass spectrometry. With this instrument, we usedt&®nology to transport intact adducts
in the gas phase. The instrument allowed us toessoeely isolate ions in the quadrupole
when necessary. A critical part of this mass spewtter is the detector. Fourier transform-
ion cyclotron resonance-mass spectrometry (FT-IC®;Milso known as Fourier transform
mass spectrometry, is a kind of mass analyzer baséde cyclotron frequency of the ions in
a fixed magnetic field. The ions are trapped inearing trap (a magnetic field with electric
trapping plates) where they are excited to a laoyelotron radius by an oscillating electric

field perpendicular to the magnetic field. The ¢éxtton also results in the ions moving in
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phase (in a packet). An image sigrgaproduced on the detection plates, which is deteas
an image current on a pair of plates. The resukiiggal is called free induction decay (FID),
a transient or interferogram that consists of a&gugsition of sine waves. The useful signal is
extracted from these data by performing a Fourarsform to give a mass spectrum.

The advantage of this instrument is the very higholution that allows us to identify

unambiguously the species detected.

Hource E

atmosphetic
( i
pressure)

Fig. 16 - Bruker Daltonics (Billerica, MA) Apex I¥TICR. A) Scheme of electrospray. B) ICR cell.
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5. PNU-ADDUCTS DISCUSSION AND RESULTS

5.1 PNU and topoisomerase I

Topoisomerase Il is an enzyme involved in DNA regiion and transcription and is often
overexpressed in cancer cells. This enzyme caudesilae strand-DNA transient break that
allows DNA to untwist during the process of replioa and transcription. The principal
mechanism by which anthracyclines produce theicanter activity involves topoisomerase
[I. Anthracyclines cause stabilization of the tegneomplex where DNA is cut and covalently
linked to tyrosine residues of topoisomerase II. &n tested if PNU can inhibit the activity
of the human topoisomerase.llin the methods section (section 4.1 page 25) esertbed a
useful in vitro test to examine the ability of dsutp inhibit this enzymatic activity using
kinetoplast DNA and topoisomerase Il. KinetopladtAMis a network of DNA rings that are
released in smaller minicircles by topo Il. Thewmk cannot migrate in the gel, but the
minicircles released can. When the activity of émzyme is inhibited, the DNA remains in
the well of the gel.

The enzyme was titrated by incubating the KDNA wvdifierent amounts of topoisomerase |l
to determine the correct concentration of the tepwoierase d necessary for the test. In fact
if the activity is too low we cannot see the inhidm because Topoll is not able to decatenate
the DNA; however, if the quantity of enzyme is toigh, the activity is present even with
inhibition because the drugs are insufficient fdir the concentration tested. Titration is
necessary to determine the activity and the quanfitenzyme necessary to decatenate the
entire DNA used. Generally, we employed a slighibyher quantity of enzyme to balance the
enzyme’s easy loss of activity. In addition, wedudexorubicin as a positive control.

The test was carried out by incubating 200 ng ofN®D(kinetoplast DNA) and 0.025 U of
topoisomerase dl with different quantities of compounds one houBat’C in topoisomerase

Il reaction buffer. Samples were resolved in agaged 0.5% (Fig. 17).

Doxorubicin, the positive control in this experinhewas able to inhibit decatenation of the
DNA at 10 uM concentration. The activity of the topoisomerasas inhibited and the
concatenated DNA remained in the well of the gelttes control. PNU did not inhibit
enzymatic activity at the lower concentrations wtidt the higher concentration we observed
an irrilevant inhibition. The delay of the highembbility band with 100uM in the case of
relaxed DNA is apparently connected to a lower degf supercoiling produced by ethidium

bromide in the gel. Hence the interaction involvili§U does not appear to be a classical one.
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Fig. 17 - Inhibition of topoisomerase II-kDNA deeattion by doxorubicin and PNU. Electrophoretic was
performed in agarose gel 1% with Qu§/ml of ethidium bromide. Electrophoretic buffer vaBE 1X in
presence of ethidium bromide Qug/ml (pre-staining). C = 01y of KDNA; B = 0.21g of kDNA + 0.025 U of
enzyme topoisomerase II; doxo and PNU =u§,2f KDNA + 0.025 U of enzyme Topo Il + compound at
indicated concentratiomi/).

Nemorubin (MMDX), the precursor of our metabolitd P, is a topoisomerase | and Il inhibitor
when tested in vitro [47], but can overcome atypfca. topoisomerase II-mediated) multidrug
resistance [44]. However, PNU does not inhibit ttealytic activity of the enzyme
topoisomerase |l at the tested concentration. ésdalexperiments of topoisomerase inhibition,
we can also see that the anthracycline interaobeigly with relaxed DNA at 10@M, as
indicated by the shift of the relative band. Theexdze of activity toward this enzyme - so
important for activity of the anthracycline - coméd with extremely high cytotoxic activity,
suggests that the mechanism of action should hghselsewhere. Previous studies related to the
capacity of some highly cytotoxic morpholinyl-argbyclines (i.e., cyanomorpholinyl-

doxorubicin) [40] suggest that DNA cross-link coblelthe key process related to activity.

5.2 PNU-DNA interactions by melting analysis (FQA)

As previously described (chapter 4.2 page 27)flttrescence quenching assay (FQA) can
be used to determine the melting points of botgasliduplexes and to obtain information
regarding the nature of the duplex DNA complexesthfacyclines interact with DNA
intercalating in the duplex with high affinity. PNkhs a lower DNA-binding constant with
respect to the DNA than doxorubicin doesgii=1.1 *1C M™* and Kioxo= 23 *1C M in
ETN, ionic strength 0.5 M).
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Before the analysis, the complementary single dedroligos z1f (FAM-5-ACT-ATT-CCC-
GGG-TAA-TGA-3') and zlr (5-TCA-TTA-CCC-GGG-AAT-AGB'-DAB) were annealed
by heating the oligos equimolar solutions in TE (IXis 10 mM, EDTA 1 mM a pH 7.5) for

5 minutes at 95 °C and slowly cooling the mix fohdur at room temperature to enable the

correct annealing.

Then we incubated the duplexuM final concentration with drugs (doxorubicin or BN

before the FQA experiment.
The protocol for the assay was: 2 minutes of igothat 30 °C, temperature increments to 95
°C in 30 minutes (melting) and finally a step ofamnealing, cooling the mix in 1 hour to 30

°C. Fluorescence was read by the instrument Liglete at 530 nm.

5

30 40 50 60 70 80 90

T(°C)

A B q
65 - ouM i
55 - 10 uM 0+
4 | 100 pM 14
] 5 21
w 35 % 3 Ol,lM
2 1 4 10 M
15 ’\/ﬂ\ N 100 pM

30

50

60
T(T)

70 80 90

Fig. 18 - Melting profile (A) and relative first deative of duplex z1f-z1r 1ilM in TE 1X pH 7,5 alone and
after incubation for 1 h at 37 °C with differentno@ntration of PNU.

Fig. 18 A represents the thermal denaturation lerafi our oligos/PNU mixture. The melting
temperature — the temperature at which 50% of tigep® are denatured and corresponds to
the flex of the thermal profile - can be easilyceddited through the first derivate of the curve
(Fig. 18B) and is calculated from the locationlad tninimum of the curve.

We can easily observe from the melting profileigbife 18A that PNU increased the melting
temperature and then stabilized the duplex. Théedupad a melting point of 45.0 °C. When
PNU 10uM was present we observed two melting points, ameesponding to the duplex
alone and the second occurring at 70.6 °C. Thespoesof two melting points is an indication
of the presence of two different species in sotutibhe increment in the melting temperature
(ATm) was irrelevant for the first melting point (Aut notable for the second (BATm =
25.6 °C), an increment consistent with strong $tadtion of the duplex. At high PNU
concentration (10QuM), only one melting pointATm = 33.1 °C) is found at a higher

temperature that indicates further stabilizatiothef duplex.
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Fig. 19- Annealing profile ( A) and relative first deriveéi (B) of duplex z1f-z1r 1M in TE 1X pH 7.5 alone
and after incubation for 1 h at 37 °C with differenncentration of PNU.

The annealing profile is the opposite process:fliln@rescence readings are recorded upon
decreasing the temperature from 95 °C to 30 °C.1Big

The annealing temperature gave us further infoonatisince the duplex annealing
temperature is the same (x 2°C correspond at thergwmental error). At 1M PNU we have
only one annealing temperature (46 °C) near thepéeature of melting point A (45.4 °C),
which suggests that the species correspondingatsition B cannot for form starting from

high temperature (Tab. 2). Hence species B ishetdsult of a reversible binding process.

Mix Tmeltinq (OC) Tannealinq (OC) AT melting (OC) AT annealing (OC)
Duplex 45.0 43.6 0 0
Duplex + PNU 1QuM 45.4 (A) 0.4 (A)
70.6 (B) 46.0 25.6 (B) 2.4
Duplex + PNU 10@M | 78.1 58.2 33.1 14.6

Tab. 2— Melting and annealing temperature of duplex zIf-31uM in TE 1X pH 7.5 alone and after
incubation 1 h 37 °C with PNU.

Annealing of the construct with 10d0M PNU gave an annealing temperature significantly
lower (58.2 °C,ATa = 14.6 °C) than the melting temperaturdh = 33.1) °C. This is

consistent with the loss of strong stabilizatiomsituted with weaker stabilization of the

duplex.

To rationalize these experimental data, we dectdeapply the same experimental protocol

comparing the PNU with doxorubicin alone and in firesence of HCO. We used the

doxorubicin as the control because the interactwath this anthracycline and short

oligonucleotides is now well described in literatur

Doxorubicin forms intercalation complexes with depDNA, but when we addJ€0 to the

system, doxorubicin covalently binds the DNA, fongivVXLs. First, we analyzed the duplex
(1 uM) incubated with doxorubicin in TE 1 X for 2 houfsg. 20, 21).
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Fig. 20- Melting profile (A) and relative first derivatiy@) of duplex z1f-z1r uM in TE 1X pH 7.5 alone and
after 2 h incubation at 37 °C with doxorubi
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Fig. 21- Annealing profile (A) and relative first derivaéi(B) of duplex z1f-z1r 1M in TE 1X pH 7.5 alone
and after incubation 2 h at 37 °C with doxorub

Mix Tmeltinq Tannealinq AT melting (OC) AT annealing (OC)
Duplex 45.9 44.3 0 0

Duplex + dx 2uM 48.5 46.5 2.6 2.2

Duplex + dx 5uM 62.3 62.1 16.4 17.8

Duplex + dx 15uM | 70.8 69.4 24.9 25.1

Tab. 3 - Melting and annealing temperature of duplex zIf-¥1uM in TE 1X pH 7,5 alone and after
incubation 2 h at 37 °C with doxorubicin.

Doxorubicin interacted with the oligos, increasthg melting temperature and stabilizing the

duplex. The increments in the melting temperatuee raported in (Tab.3). When we add
formaldehyde to the drug-DNA complex, the behaisatifferent (Fig 22, 23).
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A w0, B 2,
dx 0pM 1
607 dx 2 pM 04
50 1 dx 5 uM -1
] L -2
Lo dx 15 pM 572 6 0 M
30 4 9 4 dx 2 uM
o = o xS
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10 7—/_‘_’_—//_ 7] dx 15 pM
0 T T T T T T 1 -8 T T T T T T 1
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Fig. 22- Melting profile (A) and relative first derivatiiB) of duplex z1f-z1r JuM in TE 1X pH 7.5 alone and
after incubation 2 h at 37 °C with doxorubicin gated with 2 mM HCO.
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dx 5 pM ’
40 dx 15 pM 01
0,5
u 30 1

dx O pM
dx 2 uM
dx 5 uM
dx 15 uM

30 40

50

60

70
T(©

80 90 100

Fig. 23 - Annealing profile (A) and relative firderivative (B) of duplex zif-z1lr iM

alone and after incubation 2 h at 37 °C with dokarin activated with HCO 2 mM.

in TE 1X pH 7.5

Mix Tmelting Tannealing AT melting AT annealing
0 W9)
Duplex 45.9 44.3 0 0
Duplex + dx 2uM + H,CO 2 mM | 48.0 457 2.1 14
67.6 21.7 '
Duplex + dx 5uM + H,CO 2 mM 56.0 63.0 10.1 18.7
76.6 30.7 '
Duplex + dx 154M + H,CO 2 mM | 80.8 70.5 10.3 26.2

Tab. 4— Melting and annealing temperature of duplex zif-*1uM in TE 1X pH 7.5 alone and after

incubation 2 h at 37 °C with doxorubicin ahlbCO.

Adding HCO, the thermal denaturation profile changed, tledting temperature increased

with respect to doxorubicin alone, and the diffeeemelting and annealing temperature is

more pronounced. Moreover, at the concentratio @f1 and 5uM of doxorubicin we had

two melting points but one annealing point. Incutmatwith doxorubicin at 1M, we had

one melting point at higher temperature (Tab. 4).
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We then repeated the experiments with PNU in theesange of concentration (Fig. 24, 25).

A o PNU 0 uM B ..
PNU 5 pM 17
&1 PNU 10 puM 2
%01 PNU 25 uM 2]
L@ 55 ——— PNU O M
1 44 = PNU 5uM
» | -5 1 ——— PNU 10 uM
m,\_/\ 2] ——— PNU25uM
0 T T T T T T | -8 T T T T T T |
30 40 50 60 70 80 90 100 30 40 50 60 70 80 90 100
T(T) ()

Fig. 24 - Melting profile (A) and relative first deative (B) of duplex z1f-z1r 1M in TE 1X pH 7.5 alone and
after incubatio 2 h at 37 °C with PNl

A PNU 0 uM B 15,
%07 PNU 5 uM 05 |
50 1 PNU 10 pM 5
01 PNU 25 uM 2051 PNU 0 M
w 304 41,5 1 e PNU 5 IJM
—— PNU 10 pM
20 25
: ——— PNU 25 M
101
-35
0 T T T T T T | 0 40 50 60 70 80 90
30 40 50 60 70 80 90 100 T(©)
T(T)

Fig. 25 - Annealing profile (A) and relative firderivative (B) of duplex z1f-z1r @M in TE 1X pH 7.5 alone and
after incubation 2 h at 37 °C with PN

Mix Tmelting Tannealing AT melting (oc) ?’E) annealing
Duplex 45.9 44.3 0 0
Duplex + PNU 5uM 46.1 | 448 0.2 0.5
71.4 25.5 '
Duplex + PNU 1QuM 467 | 48.6 0.8 43
71.6 25.7 '
Duplex + PNU 25.M 77.1 53.7 31.2 9.4

Tab. 5— Melting and annealing temperature of duplex zIfZiM in TE 1X pH 7.5 alone and after incubation 2
h at 37 °C with PNU.

The behavior of PNU is analogous to the behaviordokorubicin in the presence of
formaldehyde, with strong stabilization of the drxpl

The presence of two melting points and the straffgrdnce between melting and annealing
temperature suggest that PNU’s reactivity is simtibathat of doxorubicin in the presence of
formaldehyde (Tab. 5). The PNU-adducts have diffebehavior with reference to the non-
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5. PNU-ADDUCTS DISCUSSION AND RESULTS

covalent intercalation-complex between doxorubiamd DNA. The intercalation complex
presents a dynamic equilibrium, depending upon kimeling constant. The intercalative
process is expected not to show significant diffees in melting temperature either by
starting from the duplex or the single strandedcigse(see Table 3). When we introduce
formaldehyde, instead, the formation of a VXL chesmithe mechanism of binding and makes
Doxorubicin behave similarly to PNU. The differenbetween melting temperature and
melting/annealingAT are a direct consequence of the new methylerdgdrbetween the
guanine amino group and the doxorubicin amino gr@@U behaves as a formaldehyde-
activated anthracycline confirming the original byigesis of different mechanism of binding
between this anthracycline and DNA

5.3 PNU and DNA cross-linking

The basis of the in vitro cross-linking assay iattrug induced stabilization of DNA will
prevent complete denaturation of double-strandedd INS) after exposure to denaturing
conditions. The gel electrophoresis technique wadely used technique for manipulation of
biomolecules, including DNA, RNA, and proteins. Withe increased availability of
relatively short oligonucleotides, denaturing palydamide gel electrophoresis (DPAGE) has
become a common assay for investigation of DNA @sdnteractions with a variety of
compounds. DPAGE is a useful method for detectibnnterstrand cross-links. When a
double-stranded oligonucleotide is denatured, ithgles strand moves faster (compared to the
original duplex) through the gel matrix. However,the presence of a cross link, the strands
cannot separate. As a result, a cross-linked dugtins its retarded mobility and forms a
discrete bands with lower mobility than the denaduoligos [54].

In the previous section (chapter 5.2 page 42) tleemal denaturation profile of PNU
incubated with oligos suggested us that PNU intsradth DNA like the doxorubicin
activated by formaldehyde (i.e. forming DNA crosu«s).

High toxicity is then consistent with the formatioha cross-link. To evaluate this possibility
we tested PNU with the duplex zlf-zaglr, a fluoegsdabeled duplex that permits us to

visualize the oligos taking advantage of their fegzence emission.

z1 forward FABFACT-ATT-CCC-GGG-TAA-TGA-3'

Duplex zlf-zagl{
zagl reverse 3-TGA-TAA-GGG-CCC-ATT-ACT-5'
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5. PNU-ADDUCTS DISCUSSION AND RESULTS

Operatively, 251 of duplex (z1f-zaglr) @M (DS) were incubated with different amounts of
PNU for 1h, in TE buffer pH 7.5 at 37 °C. After utmation in 12ul of each sample, we added
8 ul of gel loading buffer (xilene cyanol 0.25%, blaomophenol 0.25%, Ficoll 400 18%,
urea 8M and EDTA 6 mM). Samples were then loaded palyacrylamidedenaturing gel (6
M urea). Electrophoretic runs were carried out &/@mn for 15 h (overnight) in TBE 0.5 X.
Gel was read with Perkin-Elmer Geliance 600 (F&). 2

SS DUPLEX
| |
1 | NG |
|

z1f DS| 1 2 5 10 & 75 1ob uM
T -

4

! ]
S Y e PP e T

‘&‘ Adducts

B
i E

Fig. 26 - OligonucleotidedM DS was incubated with different amounts of PNU b, in TE buffer pH 7.5

at 37 °C. Samples were loaded onto polyacrylanigleaturing gel (6 M urea). Electrophoretic run was
conducted at 3 V/cm for 15 h (overnight) in TBE &5Z1f is the single strand control, DS a doulitarsd
control, and SS corresponds to the mobility ofdligo-FAM not annealed (z1 forward). Gel was reathw
Perkin-Elmer Geliance 600.

The duplex incubated without drug (DS) has the salaetrophoretic mobility as the single
strand (z1f); this demonstrates that the duplexompletely denatured and that the denaturing
conditions are suitable. PNU stabilized the dupfexming drug-DNA adducts that can be
resolved in DPAGE. This experiment suggests thegmee of interstrand cross-link, but we
need to consider the limits found by Luce with thisalysis technique that gives positive
results also for anthracyclines that form the cti@réstic mono-adducts (VXL) when
activated with formaldehyde [54].

We repeated the experiment (Fig. 27) using doxarmlas a control; doxorubicin intercalates
into DNA and stabilizes the duplex form but thiakslization is not sufficient to avoid the
denaturation. When we incubate the duplex DNA ie firesence of both ;80 and
doxorubicin, we obtain the VXL monoadducts. Thesenglexes are made up of duplexes

where only one strand of DNA is bound to the dokoun by a methylene bridge. The
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5. PNU-ADDUCTS DISCUSSION AND RESULTS

stabilization from this VXL is sufficient to delalenaturation of the duplex even if we are not
in the presence of a classical cross-link betwexth strands.

PNU behaves, in this test, as a cross-linker (cuai cross-linker), which is sufficient to
explain the high cytotoxicity of this metaboliteF26, 27).

SS DUPLEX
1
I dx PNU dx+HCO [
1 1

Z1f DS DSI 1 1b| 10 léo 1 |11'M

-

' g Adducts
LU L

' SS

Fig. 27 - Annealed oligonucleotideuM DS was incubated with different amount of PNUxadibicin (dx)
and doxorubicin in presence of 2 uM of formaldehfae2h, in TE buffer pH 7.5 at 37 °C. Samples were
loaded onto polyacrylamiddenaturing gel (4 M urea). Electrophoretic run wasducted at 6 V/cm for 15
h (overnight) in TBE 0.5 X. Z1f is the single stdacontrol, DS a double strand control, SS corredpat
the mobility of the not annealed oligo-FAM (z1 fawd). Gel was read with Perkin-Elmer Geliance 600.

The limit of the present experimental methodologythat we cannot distinguish between
classical cross-link involving both strand of th&l® in covalent bonds and the VXL that

involves only one strand

5.4 Analyses of PNU-adducts formation

To better investigate the nature of the adductsftran between PNU and DNA and isolate
them we used IP RP HPLC (lon-Pair Reversed-Phas€CHRSee methods section (chapter
4.4, page 32) for the experimental chromatograpbinditions).

If the adducts contain anthracyclines bound toooligcleotides, the lipophilic anthracyclines
will increase the retention tim&J of oligo-adducts.

When we analysed ds-oligonucleotides (z1f-zaglpyM(in TE 1X) by ion-pair reversed-
phase HPLC, we found two signals at the same retetime (r) as the authentic single
stranded oligonucleotides z1f and zaglr (Fig.2&8) @ethod enables us to denature double
stranded DNA (ds-DNA) into the two respective sengtranded oligos z1fg 13.5 min) and
zaglr {r:12.6 min).

50



5. PNU-ADDUCTS DISCUSSION AND RESULTS

zaglrtz:12.6 min

mAU
140

120 z1ftg: 13.5 min
100
80
60 7
40 7
e
o ]

e
0 2.5 5 7.5 10 125 15 17.5 20 22.5

Fig. 28 - Chromatogram of the oligonucleotide dé6zaglr 1uM (FAM-5-ACT-ATT-CCC-GGG-TAA-
TGA-3' annealed with 5-TCA-TTA-CCC-GGG-AAT-AGT-3n TE 1X. Spectrophotometric detector
A=260 nm. Instrument 1, method A.

PNU in this condition has a higher retention tinue do its higher hidrophilicity witty of 22
min (Fig. 29)
mAU
80 °
60 |
] PNU tg: 22 min
40

20 |

1

0

0 5 10 15 20 25 min
Fig. 29 - Chromatogram of PNU 1M in TE 1X. Spectrophotometric detectbr260 nm. Instrument 1,

method A.
We then incubated the annealed z1f-zagluM) with the anthracycline PNU (IM) 1 hour
in TE 1X pH 7.5 at 37 °C. Samples were then analyme HPLC with instrument 1 method
A.
We observed the signals of the oligonucleotidedzég 12.6 min), z1f{z: 13.5 min) and the
formation of a new peak (adduct £;13.9 min) that has a different retention time thiae

two single stranded DNAs or than the anthracyqliig. 30).
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. z1f
mAU zaglr
701
60 ]
50 4
40 1
304
20 1

10
o LJ

adduct Atg 13.9 min

0 25 5 75 10 125 15 17.5 20 225 min
Fig. 30 - Chromatogram of the oligonucleotide d$zdglr 1 uM (FAM-5-ACT-ATT-CCC-GGG-TAA-

TGA-3' annealed with 5'-TCA-TTA-CCC-GGG-AAT-AGT-3ficubated 1 h at 37 °C in TE 1X with PNU 1
uM. Spectrophotometric detect@=260 nm. Instrument 1, method A.

Incubating the double stranded zif-zaglr (M) with highest anthracycline PNU
concentration (1@M) 1 hour in TE 1X pH 7.5 at 37 °C and analyzing #amples with ion-
pair reversed-phase HPLC with the anthracycline RNWuM), we observed the formation
of another new peak (adduct &&; 14.1 min) in greater quantity than adduct A aaslihg a
different retention time than adduct A. (Fig. 31).

mAU
1201

1004

80 ] adduct Bty 14.1 min
60 | PNU

z1f
40 zaglr
20 | \
0] J L—

0 2.5 5 75 10 125 15 175 20 225 min
Fig. 31 - Chromatogram of the oligonucleotide d$zdglr 1 uM (FAM-5-ACT-ATT-CCC-GGG-TAA-
TGA-3' annealed with 5'-TCA-TTA-CCC-GGG-AAT-AGT-3Ncubated 1 h at 37 °C in TE 1X with PNU 10
uM. Spectrophotometric detect@=260 nm. Instrument 1, method A.

We also tested an intermediate concentration of ANtlbating oligos duplex with PNU at
duplex/PNU ratio 1:2, we obtain the copresenceotii ladducts A and B (Fig. 32).

adduct Atz 13.9 min
adduct Btz 14.1 min

mAU-
4004

z1f
300!

zaglr

200/ \

100§
0 —L : : : : ‘ ‘ ‘ ‘ : :
0 25 5 7.5 10 12.5 15 175 20 225 min

Fig. 32 - Chromatogram of the oligonucleotide dézglr 10uM (FAM-5-ACT-ATT-CCC-GGG-TAA-
TGA-3' annealed with 5'-TCA-TTA-CCC-GGG-AAT-AGT-3Ncubated 1 h at 37 °C in TE 1X with PNU 20
uM. Spectrophotometric detect@=260 nm. Instrument 1, method A.
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In both cases, the formation of adducts proceedls aviconcomitant decrease of oligos z1f,
zaglr, and PNU. This finding is consistent withbdtzation of ds DNA stably bound to the
anthracyclines and is in agreement with gel elgtiooesis data. PNU reacts with oligos,
forming adducts detected and isolated by HPLC. fohmation of the two adducts A and B
depends on the ratio PNU/DNA. With a low quantityRNU (duplex:PNU ratio 1:1), only
adduct A is formed; with an excess of PNU, addudt ®rmed (duplex:PNU ratio 1:10) and
with a PNU: duplex ratio 1:2, both adducts are cet:

To verify the reliability of our method of analysige tested doxorubicin, the precursor of
PNU (MMDX) that has lower cytotoxicity, and the higcytotoxic anthracycline
cyanomorpholyno-doxorubicin (cma). The precursor Bland the doxorubicin do not react
with duplex DNA, but cyanomorpholinyl-doxorubiciknown as an alkylating anthracycline,

reacts to form new adducts (fig. 33).

A) B)
@ zaglr L
mAU
100 z1f ° AU °
80 ® adduct ol

C)
mAU
100
80 o 80
60 60 d X
40 ® °
Cma 40
20 ° 2
0 o u\

0 é.S S ‘7.5 iO i2.5 iS i7.5 éO é2.5 n"1in

Fig. 33 — Chromatogram of the oligonucleotide dszaglr 1uM (FAM-5-ACT-ATT-CCC-GGG-TAA-TGA-

3' annealed with 5-TCA-TTA-CCC-GGG-AAT-AGT-3' incated 1 h at 37 °C in TE 1X with 10M
anthracyclines: PNU (A), cma (B), MMDX (C) and d®)( Column temperature 40 °C. Spectrophotometric
detectorr=260 nm. Instrument 1, method A.

Despite the fact that doxorubicin intercalates IDIGA with greater affinity than PNU (liu
=1.1 *1¢ M and Kijoxo = 23 *1F M™ in ETN, ionic strength 0.5 M), no adducts were
isolated when the duplex was incubated with thithracycline. The stronger interaction of
PNU with DNA due to the cross-linking adducts fotioa is confirmed. The
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5. PNU-ADDUCTS DISCUSSION AND RESULTS

cyanomorpholinyl-doxorubicin (cma) is a compoundtéd that was known to form cross-
linking adducts with the DNA, and can be used ia tontext as a positive control.

We checked if single strand oligos was able to treath PNU; single stranded
oligonucleotides zaglr and z1f were incubated séplgrfor 1h in TE 1X at 37 °C with PNU
10 uM.

Single stranded oligonucleotides did not react WwitlJ and we did not observe the formation

of new peaks when this anthracycline was incubeaii¢id the single stranded oligos (Fig. 34
and Fig. 35).

mAU ]
1751
z1f

150

1257 / PNU
1001

75 | /

50

25 AL

01 A

0 25 5 75 10 125 15 175 20 22,5 min

Fig. 34 - Chromatogram of the oligonucleotide s&1ziM (FAM-5'-ACT-ATT-CCC-GGG-TAA-TGA-3")

incubated 1 h at 37 °C in TE 1X with PNU M. Spectrophotometric detectd=260 nm. Instrument 1,
method A.

mAU ]
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1501 zaglr
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Fig. 35 - Chromatogram of the oligonucleotide sglzal yM (5'-TCA-TTA-CCC-GGG-AAT-AGT-3)

incubated 1 h at 37 °C in TE 1 X with PNU M. Spectrophotometric detectdr=260 nm. Instrument 1,
method A.

We can therefore conclude that the double strafwl@d of DNA is necessary to promote the
formation of adducts. This is strongly consistenthwa mechanism that considers the

intercalation as a first step in the formation @M&A-anthracycline covalent bond.
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5.5 Kinetics of formation of the PNU-adducts

To evaluate the kinetics of the formation of adduetNU-DNA we incubated ds oligo z1f-
zaglr 1uM in TE 1X in the presence of PNU @M and 10uM) at 37 °C at different
incubation times.

PNU 1uM and ds z1f-zaglr fM were incubated atpgland at 5, 15, 30 min

To was ds oligo z1f-zaglr, analyzed by HPLC immedifaddter we added the PNU without
incubation. Remaining samples were incubated fer ttme, as indicated in Fig. 36 and
analyzed by HPLC.

We observed the formation of adduct #:(13.9 min) at §, adduct A increased with
increasing incubation time. The initial quantity adduct A formed is very low ato,l but
rapidly increases, reaching the greatest amourdr &f6 minutes of incubation. The
progression of the reaction implicated a decreéseit@al reagents z1f, zaglr and PNU (Fig.
36).

zaglrg:12.6 min

. z1ftz: 13.5 min

PNU

A tg: 13.9 min

Fig. 36 - Kinetics of the formation of adducts PRWA . Chromatograms of the oligonucleotide ds zAdrbr
1 uM (FAM-5'-ACT-ATT-CCC-GGG-TAA-TGA-3' annealed witlh'-TCA-TTA-CCC-GGG-AAT-AGT-3')
incubated at 37 °C in TE 1X with PNUpM are reported at different incubation times (015and 30 min).
Spectrophotometric detec A=260 nm. Instrument 1, method
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When we incubated oligonucleotide double stranddezaglr (1uM) with PNU (10uM) in

TE 1X pH 7.5 at 37 °C at different incubation tinve had a different behavior. We observed
a high amount of adduct (adducttA; 13.9 min), in the sample not incubated)(T

However after 5 minutes of incubation, we obsenedcopresence of two adducts: adduct A
and adduct Btg: 14.1 min). After 15 minutes of incubation, addécdisappeared and the
amount of adduct B increased, but when we incubfte80 minutes we saw only adduct B
at maximum concentration (Fig. 37). The progressibrihe reaction caused a substantial

decrease of the quantity of free oligos z1f andlzag

//
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Fig. 37 — Kinetics of the formation of adducts PRMA. Chromatograms of the oligonucleotide ds z1gizal
uM  (FAM-5-ACT-ATT-CCC-GGG-TAA-TGA-3' annealed with5-TCA-TTA-CCC-GGG-AAT-AGT-3")
incubated at 37 °C in TE 1X with PNU 1L®/ are reported at different incubation time (015, 30 and 45 min).
Spectrophotometric detect@d=260 nm. Instrument 1, method A.
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5.6 Stability of the PNU-adducts

We could observe in the previous experiments thiathétion of the adduct does not involve
the complete disappearance of the original oligegn if we incubated the duplex with an
excess of PNU. Moreover, if we perform the chrorgedphic run at a higher temperature of

the column (60 °C), the amount of free oligos ahdJRncreases (Fig. 38)

mlz;r 60 °C A 40 °C 60 °C Adducts B

o HE N
60
40
20
)

25 5 75 10 125 15 17.5 20 225 min

o
mAU
100

22 40 °C z1f
40 zaglr
: o o |

o] 25 5 75 10 125 15 17.5 20 225 min

Fig. 38 — A) Chromatogram of the oligonucleotide zd$-zaglr 1uM (FAM-5-ACT-ATT-CCC-GGG-TAA-
TGA-3' annealed with 5-TCA-TTA-CCC-GGG-AAT-AGT-3Micubated 1 h at 37 °C in TE 1X with PNU 10
uM. Column temperature 40 °C (blue) and 60 °C (refjpectrophotometric detectdr=260 nm. Instrument 1,
method A. B) Quantifications of the species attthe different temperature of elution.

If we incubate oligo ds z1f-zaglr 1M with PNU 20 uM (ds oligo:PNU ratio 1:2) both
adduct A fr : 13.9 ) and Btk : 14.1) are detected and isolated in these expetan
conditions (Fig. 39).

mAU adduct Atg: 13.9 min adduct Btg: 14.1 min

400 | /
z1f

300 -

200 - zaglr \

100 J\M ™S

09 25 5 75 10 12.5 15 17.5 20 225 min

Fig. 39 -Chromatogram of the oligonucleotide ds-zddglr 10uM (FAM-5'-ACT-ATT-CCC-GGG-TAA-
TGA-3' annealed with 5'-TCA-TTA-CCC-GGG-AAT-AGT-3hcubated 1h at 37 °C in TE 1X with PNU 20
uM. Spectrophotometric detectbe260 nm. Instrument 1, method A.

We then collected the two peaks containing adddcasd B, stored them overnight at 4 °C
and reanalyzed the two peaks collected to havermrdbon about the stability of these

adducts .
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adduct Atg: 13.9 min adduct Btg: 14.1 min
mAU /
40 zl:\
301 zaglr
20 | \
10 |
0
0 25 5 7.5 10 12.5 15 17.5 20 22.5 min

Fig. 40 - Adduct (A+B) analyzed by HPLC after stgriovernight at 4°C. Spectrophotometric detecke260
nm. Instrument 1, method A.

In these conditions, both adducts were relativedyple, since they are still present, but small
guantities of oligos reformed (Fig. 40).

When we heated the same adducts for 5 minutesCat@Qthey formed greater quantity of
the initial oligonucleotides and PNU; interestingigduct B disappeared while adduct A did
not (Fig. 41).

adduct Atg: 13.9 min

z1f
mAU1
. zaglr /
40 ] \ PNL
30 \
20 | /
0

0 25 5 7.5 10 12.5 15 17.5 20 22.5 min

Fig. 41 -Adduct (A+B) analyzed by HPLC after 5 ntiesiat 100°C. Spectrophotometric detec?ts260 nm.
Instrument 1, method A.

Adducts A and B were collected separately fromramubating duplex with quantity of PNU

that promotes formation of adduct A or B. We usedhad C (section 4.4, page 34) to isolate
separately the adducts A an B; this method foreaesdgw gradient in the range of elution of
the adducts that improves the resolution, caudwegshift of the chromatographic peaks to
highertr. Both adduct A and B are relatively stable if stb20 h at room temperature (~23
°C), even if adduct A begins to release the origolgos when reanalyzed by HPLC (Fig.

42). Part of these adducts were preserved fordhewing mass spectrometry experiments

(chapter 5.7, page 60).

58



5. PNU-ADDUCTS DISCUSSION AND RESULTS

1)
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Fig. 42 -1) Adducts A collected, stored 20 h atmomperature (RT) and reanalyzed by HPLC. 2) AtklBc
collected, stored 20 h at room temperature (RT) raatalyzed by HPLC. Spectrophotometric detedte260
nm. Instrument 1, method C.

Adduct B exhibits higher stability at room temperat detectable free oligos are not released.

Ratio oligo:PNU Adducts formed Adducts detected
Incubation 1h 37 °Q Overnight 4 °C 20 h room temp. 5 min 100 °C
11 A N/A A* N/A
1:2 A+B A+ B N/A A*#
1:10 B N/A B N/A

Tab. 6 — Adducts detected after incubation of duple-zaglr and PNU at different ratio oligos-PNita
adduct detected after storage or thermal treatmende oligos z1f and zaglr release®NU released.

In Tab. 6 we resumed the results: adduct A andeBstable at 4 °C and at room temperature,
but when we incubated both adducts at high tempestadduct B decomposes to form the
initial reagents oligos z1f, zaglr, PNU and formadguct A. Moreover, in the presence of
adduct A free oligos z1f and zaglr are always saldawhile adduct B does not release free
oligos at room temperature. This suggests that @délus less stable. Based on the lower
stability of adduct A at room temperature and oe ftaster kinetics of formation of this

adduct, probably part of the adduct A detectedr afegradation of B at 100 °C forms from

the released oligos and PNU.
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5.7 Structure of PNU-adducts

To better clarify the nature of the new specieseoled in DPAGE and isolated by HPLC
(High Pressure Liquid Chromatography), we analydedcomplex between PNU and DNA
by micro-HPLC-mass spectrometryHPLC-MS). Micro-HPLC is an HPLC technique that
uses chromatographic column with lower inner diandgbelow 2.1 mm) compared to
conventional HPLC column (ID 4.6 mm). Miniaturizati gives a lot of advantage over the
conventional LC in terms of sensitivity and lesspée requirement. Furthermore the smaller
dimension of the column enables work at a lowewftate that makes it easier to interface the
liquid chromatography to the mass spectrometer.

Generally, HPLC-analysis of oligos was performethve buffer that permits an ion pairing,
but in this case, to improve mass resolution, wedua mobile phase with mass-friendly
HFIP/TEA buffer. We cannot use the TEA buffer tafpan this analysis because it is not
compatible with ESI mass spectrometry. In thisrursental system, we had two detectors: a
UV detector followed by mass analyzer (Q-TOF Ultimadality ESI). Mass spectrometry
allows determination of the mass of the specieslved byuHPLC (u-HPLC 1100 Agilent)
during the chromatographic run.

With these two coupled detecting systems we olitaonchromatograms (one produced by
UV detectorand one by mass spectrometer). In this manner wanothe mass spectrum at
every point in the chromatogram acquiring fundarakinformation on the species detected.
Chromatographic conditions were: column XTerra MBB1.0 x 50 mm, 2.;.um); mobile
phase, HFIP (0.1M)/TEA pH 8.2 (solvent A) and mettigsolvent B), flow rate 4QL/min
Elution program, to 5% from 50% of B in 25 min, waoin temperature: 40 °C; detection: UV
(absorbance at 260 nm) and mass detector.

We first optimized the analysis method using thigoolzaglr-z1f duplex to see if these
conditions gave us different results than the previ HPLC experiments. We obtained a
chromatogram named TIC (Total lon Current), elateotaby a mass spectrometer that
represents the intensity originated from the entrgge of the ions detected (i.e., the current
detected) by the instrument. The UV chromatogramh reported, showed the same peak as the
TIC and was used as a control. Even in this chrognaphic condition, the duplex was
denatured and we obtained two chromatographic peakssponding to oligos zagl (8.8
min) and z1f g 10.8 min) (Fig. 43). In Fig. 43 the mass specbtioed at the two different

retention time are depicted.
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Fig. 43 - Chromatogram of duplex (TIC) z1f-zagluM in TE 1X and relative mass spectra acquired enlin
A) Spectrum obtained on-line of the peak wijt8.8 min. B) Spectrum obtained on-line of the peihk tz 10.8
min. Zaglr: 5'-TCA-TTA-CCC-GGG-AAT-AGT-3"; z1f: AA-5'-ACT-ATT-CCC-GGG-TAA-TGA-3'.

The ion source used with this mass spectrometer ama€lectrospray (ESI), which is
relatively soft and gives spectra in which the sammpound is detected split up in different
ions having same molecular weight but differentrghastate. This permits the detections of
high mass species in a restricted range of maSgextrum A (Fig. 43 A), corresponding to
the spectrum acquired at 8.8 min of the chromatogf&' peak), presents a series of ions
having different charge state characteristics & HSI ionization, all of these ions are
consistent with the molecular weight of oligo zagdMe can make the same consideration for
spectrum B (z1f), corresponding to the spectrunuiaed at 10.8 min (¥ peak) (Fig. 43 B).
The theoretical molecular weight and the electragseries (ion with different charge states)
of the two oligos can be calculated with the sofaviongo Oligo Mass Calculator v2.06
(http://library.med.utah.edu/masspec/mongo.htm)] [68 with the formula: m/z = (m-
z*1.008)/z. Oligos zaglr has the sequence 5-TCA-CCC-GGG-AAT-AGT-3' and a mass
of 5498.65 Dalton, the oligo z1f has the sequend®d5'-ACT-ATT-CCC-GGG-TAA-
TGA-3' and mass of 6036.15 Dalton.
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In Tab. 7 we report the electrospray series caledland the signals detected in the MS

spectra A and B. Not all of the m/z are detectedhe mass spectra 6 peaks with z from 3 to

8 are present for

zaglr and 7 peaks with z fram3for z1f.

z zaglr m/z zaglr m/z z1f m/z z1f m/z
calculated* measured | calculated* measured

-1 5497.64 6035.14
-2 2748.32 3017.07
-3 1831.88 1831.7 2011.04 2011.1
-4 1373.65 1373.5 1508.03 1507.8
-5 1098.72 1098.6 1206.22 1206.3
-6 915.43 915.3 1005.02 1005.0
-7 784.51 784.4 861.30 861.3
-8 686.32 686.2 753.51 753.4
-9 609.95 669.68 669.6

-10 548.86 602.61

-11 498.87 547.73

-12 457.21 502.0(

-13 421.97 463.31

-14 391.75 430.1%

-15 365.57 401.4(

-16 342.66 376.2%

-17 322.44 354.06

Tab. 7 — Electrospray series of oligo zaglr andantf m/z detected by ESI
* Calculated by Mongo Oligo Mass Calculator v2.06.

First we analyze the adducts A and B isolated @vipus HPLC analyses (chapter 5.6, page 58).
Our samples were isolated incubating oligo duplExzaglr in presence of PNU at a duplex-

PNU ratio that gives respectively adduct A and B @nd 1:10 respectively). Adducts isolated

by IP RP-HPLC were first dialyzed 1 night in puedi water and stored at -20 °C. Adducts

isolated were then reanalyzediiyPLC (Fig 44 and 45).

62



AU

5. PNU-ADDUCTS DISCUSSION AND RESULTS

z1f%

3) 1005.04

(z1f + 1 K)®

1011.20

(z1f + 2 K)®
1017.54

Relative intensity

1001 1005 1009 1013 1017 1021 m/z

Adduct A

1

5.0e-2

N
~

PNU

z1f%

4.0e-2 :
zaglr 155
3.0e-2

Relative intensity

zalr®
2.0e-2
z1f"

) Ll Muhuu TRTRTAT)

0.0 9.0 100  11.0 120 130  14.0 Time 600 700 800 900 1000 1100 1200 m/z

1.0e-2

Fig.44 —Adduct A isolated, dialyzed and reanalyrgdHPLC -MS. 1) Chromatogram (TIC) of adduct A
isolated and mass spectra 2) of the correspon@eht acquired online. 3) Zoom around the’zibh.
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Fig. 45 - Adduct B isolated, dialyzed and reanatyag uHPLC -MS. 1) Chromatogram of adduct B and
correspondent mass spectra 2) acquired online.

Adduct A exhibits lower stability than adduct Beafstorage as reported in the preceding section
(chapter 5.6, page 57).

The spectrum of the respective adducts A and Bategldheir chemical identities: both contain
the oligos and PNU to confirm that adducts are amsa@ by duplex and PNU. Despite the high
resolution of theeHPLC -MS, our method does not permit us to restitedwo adducts A and B
(i.e., they have the same retention time); thidabdy is due to lower ion-pair ability of the
HFIP-TEA buffer compared to the TEAA buffer. Addsiatere fragmented completely in this
mass spectrometric condition giving single strarmleghbs and PNU.

Moreover, probably the chromatographic mobile ph&ae contaminated with potassium that

complicated the interpretation of the data forrmmgny potassium-adducts during the ionization
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of the samples (e.g., Fig. 44-3). Aimed to detketihtact complexes we directly analyzed the
mixture after incubation without further purificati (dialysis) byuHPLC -MS, The duplex M
incubated with PNU 1@M for 10 min at 37 °C (duplex:PNU ratio 1:10) wasakzed using
higher-quality solvent “without potassium” and softonization conditions. In this experimental
condition, that promotes formation of adduct B,abserved an adduct with of 12.3 min (Fig.

46 A).

The obtained spectrum (Fig. 46 B) showed us thstatiduct contained duplex DNA bound to
PNU. This fact still evidences the stabilizatiortted duplex DNA induced by PNU. In detail, we
could detect the mass of the species PNU, zagdizHnWe also found the complexes between
the single stranded oligos and PNU (z1f + 1PNUleaglPNU) and the complexes between the
double stranded oligos and PNU (duplex + 2 PNU,camdex +3 PNU).

PNU, zif, and zaglr have differeptPLC retention times than DNA-PNU adduct. This
indicated that ions detected by TOF analyzer dutiegelution of the adduct were not present in
the chromatographic peak (i.e., in solution), higioated after the fragmentation of the adduct
induced by the mass spectrometer. We suppose hlbaspecies detected mWHPLC -MS
correspond to the duplex with more PNUs boundithitagmented during the ESI-ionization in
the different ions detected. It is reasonable toktithat the adduct with more anthracyclines
bound would have higher retention timeyHPLC conditions; a possible explanation for the
lack of these highdr peaks is that when lipophilic drugs are interealah the duplex they are
“protected” from the interaction with the statiopghase of the column, and that adducts with a

different number of drugs bound exhibit the santentéon time.
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Fig. 46 - A) Chromatogram (TIC) of oligonucleotid&f-zaglr DS uM incubated 10 min with PNU 10
uM in TE 1X at 37 °C and relative mass spectrum (B).

As we saw before in Fig. 44 and 45, adducts A andidBnot have different retention time.
Working in conditions that promote the formatioradtucts A or B (i.e., ratio PNU-DNA 1:1 or
1:10), they eluted at the same retention time.Heurthe fragmentation does not permit us to be
certain whether the adducts detected are reallgdahee as those present in solution or whether
they are the result of a partial fragmentation,(eeducts that lose one or more anthracyclines)
(Fig. 46).

To simplify the construct and better rationalize #ffects observed, we followed our analysis
using self-complementary 5'-CCC-GGG-3', oligo (& tore of duplex z1f-zaglr to see which
adducts it forms.

First, we analyzed byHPLC -MS the oligo without PNU, maintaining the ahmatographic
condition previously described and obtaining onlefeomatographic and mass information.
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Chromatographic conditions were: column XTerra M8Q.0 x 50 mm, 2.um; mobile
phase, HFIP (0.1M)/TEA pH 8.2 (solvent A) and methigsolvent B), flow rate 40 uL/min,
elution program, to 5% from 50% of B in 25 min, woin temperature 40 °C; detection UV
(absorbance at 260 nm) and mass detector. Onlgeaiewas present in the chromatogram and
in the corresponding MS spectrum only ions of thgooCG in the single stranded form were
detected. In agreement to the low melting pointtlué small oligo, under denaturing
chromatographic conditions, no duplex signals vadetected (Fig. 47). Tab. 8 reported the ions
m/z detected.

A) B)
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CG

v
Relative intensity

Relative Intensity
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siobbasis kbbb Lieokorh
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Fig. 47 - A) Chromatogram (TIC) of annealed oligoleotide CG 2uM in TE 1X and relative online mass
spectrum B).

250 300 350 400 450 500 550 6.00 650 7.00 Time

z CG oligo m/z CG oligo m/z measured
calculated*

1 1792.21 1791.45

2 895.60 895.2

3 596.73 596.46

4 447.30

5 457.64

Tab. 8 —Electrospray series of oligo CG and peagatied by ESI
* Calculated by Mongo Oligo Mass Calculator v2.06

Then we incubated the oligoi@ annealed (heating the oligo at 95 °C and slowlgliag to
room temperature) with PNU 1M in TE 1X overnight at 4 °C. A low temperaturerégjuired

to be reasonably sure that this short oligo isuplek form.

Analyzing this construct, we observed the singlensted oligotg 3.0 min) and the formation of
two adducts. The major adduct (G4,7.9 min) analyzed on-line by ESI-MS gave a spectrum
containing PNU, SS oligo, SS oligo + 1 PNU, DS NlUP(base peak), and DS +2 PNU . The
mass spectrum of the second adduct (£2,0 min) contained PNU, SS oligo, SS oligo + 1
PNU, and DS +2 PNU (base peak) (Fig.48).
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Fig. 48 - A) Chromatogram (TIC) of annealed oligolewtide CG @M incubated with PNU 1QuM
overnight at 4 °C in TE 1X and online mass speatithe adducts C1 and C2.

Duplex CG reacted with PNU forming two isolablefeliént adducts byHPLC. The hypothesis
was that the adduct with major retention tine0 min) contained more PNU bound to the
DNA. This hypothesis is supported by evidence thatbase peak detected when eluting the
second adduct at 9 minutes was a duplex with 2 Bblhd, while when eluting the adduct at

7.9 minutes the base peak was the duplex with 1 Bdlad.
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Hence, the shorter CG oligo can bind up to two maés of PNU, whereas the z1f-zaglr duplex
can bind up to 3 molecules of PNU. Evidently, theger z1f-zaglr provides one more binding
site for PNU.

Several adducts containing different numbers ofabwdites bound to the duplex zif-zaglr
coeluted, but with oligo GC we detected two differadducts only.

Probably in the shorter oligos the weight of thelUPIN the hydrophilic/lipophilic balance is
higher, moreover the conformation of the duplex &fuld be different and then the bound
PNUs exhibits lower protection from the interactiith the column stationary phase. This leads

to the possibility of chromatographic separatiothefdifferent adducts.

Summarizing adducts A and B isolated by HPLC ingiezedent chapters (chapter 5.6, page 58)
corresponded to complexes formed between DNA dugoleikPNU Optimizing theHPLC -MS
conditions and analyzing the mixture that leadbtonftion of adduct B we could detect also the
complexes between the duplex z1f-zaglr and PNUs&hemplexes contain up to 3 molecules
of PNU bound to DNA, but we cannot exclude that #tane drug binding was lost during the
ESI ionization. Adducts A and B in HPLC could benstituted by complexes with a different
oligo:PNU stoichiometry that are resolved in thdicefnt elution buffer TEAA/CHCN.
Unfortunately the puHPLC chromatographic methodotsable to separate adducts A and B that
had the samé in the chromatogram. However, employing shortegosl (CG sequence) the
contribution of the bound species is more relevamd in fact the PNU adducts could be
separated chromatographically. These two adduaten s® have different PNU content.
However, the complexes detected might also resaln fpartial fragmentation during the

ionization, which is supported by the detectiofre¢ PNU in the spectra of the adducts.
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5.8 Characterization of PNU-adducts

To further characterize adducts between PNU and DMA performed MS/MS experiments
using the same mass spectrometer. In these expésinoeir purpose was to isolate adducts in
the first part of the instrument, the quadrupolessnanalyzer, and then to fragment them in a
collision cell filled with neutral gas (Argon). Thpermits us to get structural information of the
isolated species. Experimental conditions werenopéd; we incubated the samples in more
mass-friendly ammonium acetate buffer because dbldfers (i.e. TE) quench the mass
spectrometry resolution. Besides 20 % isoproparad added before MS/MS experiments to
improve sensitivity and stabilize the spray.

Duplex z1f-zag1lr 1M was incubated for 15 min in ammonium acetate @0 in presence of
PNU 10uM at 37 °C and was analyzed withlPLC -MS to ensure that the different buffer used

for incubation did not alter the formation of thddacts .

12.8

adduct

Relative intensity

1100 300 500 7.0 9.0 11.00 13.00 15.00 Time
Fig. 49 - Chromatogram (TIC) of oligonucleotide zhfglr DS 1uM incubated 15 min with PNU 10
uM in ammonium acetate 100 mM at 37 °C.

Incubation in 100 mM ammonium acetate buffer leadotmation of one adduct (Fig. 49) as
when we incubated in TE buffer (Fig. 46). Then Hzme sample was analyzed by direct
infusion in the mass spectrometer, adding 20%agrganol before the analysis, with the goal
to isolate ions corresponding to the complex. Bigreports the spectrum obtained by infusion.
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Fig. 50 — Spectrum obtained incubating duplex zidiz 1uM with PNU 10uM 15 min in ammonium
acetate 100 mM at 37 °C.
We detected ions corresponding to the duplex linkedPNU or 2 PNUSs.
We isolated the ion [duplex + 2 PNUjn the quadrupole and we acquired the spectru@iin
(Collision Induced Dissociation) conditions. Foliogy activation, this complex was fragmented

and the ions formed detected using TOF mass amalyze ]
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Fig. 51 — MS/MS of adduct [DS + 2 PNUJL829.93 m/z obtained by infusion of annealed aligheotides
duplex z1f-zaglr 1M with PNU 10uM 15 min in ammonium acetate 100 mM at 37 °C. 28#%piopanol
was added before analysis by direct infusion insspectrometry.

This ion fragmentation produced loss of the anfulaee and formation of intact oligos single
stranded and PNU. In addition it is possible tanithe the ions corresponding to the loss of one
and two molecules of PNU from the complex [DS +NUP” (Fig. 51). Parallel experiments

were conducted using the CG oligo.
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Duplex CG 2uM was incubated with PNU 1M in ammonium acetate 100 mM overnight at 4
°C. Then we added 20% of isopropanol and perforthedanalysis by direct infusion in mass

spectrometry (Fig. 52).
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Fig. 52 — Spectrum of annealed oligo CGu¥ incubated with PNU 1QM in ammonium acetate 100 mM
overnight at 4 °C. 20% isopropanol was added befoadysis by direct infusion in mass spectrometry.

In this case we performed CID experiments on theerabundant adducts found in the full scan
spectrum.

First we isolated and fragmented the adduct forimedluplex and one PNU, charge state 4-
(Fig.53).
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Fig. 53 - MS/MS of adduct [DS + 1 PNUJL055.83 m/z obtained by infusion of annealed aligieotide
CG 2M incubated with PNU 1@M overnight at 4 °C in ammonium acetate 100 mM. 288propanol was

added before analyses.
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This adduct, corresponding to the duplex boundne BNU (1055.83 m/z), was fragmented
respectively in the single strand and the singnstbound to one PNU. This suggests that PNU
strongly binds to the DNA. The signal of the “freENU is still present in the spectrum
indicating a partial releasing of the drug duerémgimentation condition.

From the same reaction mixture, we selected theaoresponding to the same species but with
lower charge state (m/z = 1407.94 m/z) (Fig. 54).

[DS]

1194.21

[DS+ 1 PNU]®

1407.94

Relative intensity

[ |
500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800

m/z

Fig. 54 - MS/MS of adduct [DS + 1 PNYJL407.94 m/z obtained by infusion of annealed aligneotide

CG 2iM incubated with PNU 1QM overnight at 4 °C in ammonium acetate 100 mM. 288propanol was

added before analyses.
The fragmentation of this adduct formed the oribithaplex and released PNU as a neutral
molecule because we did not detect it and no chentiee charge state were highlighted. This
fragmentation, instead, suggests a weak bindingdszt PNU and the DNA, in contrast with the
previous observation.

We also isolated and fragmented the adduct bet®RBikhand single stranded oligos (Fig. 55).
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Fig. 55 - MS/MS of adduct [SS + 1 PNUU]1216.29 m/z obtained by infusion of annealed aligdeotide
CG 2uM incubated with PNU 1@M overnight at 4 °C in ammonium acetate 100 mM. 288propanol was
added before analyses.

Even this adduct during the fragmentation lostRiNGU as a neutral molecule forming single
stranded DNA.

Summarizing, the complex between the duplex z1izamd PNU was dissociated by losing
PNU and the same behavior was observed for thecaflmhined between duplex CG and PNU
(charge state 3-). The same fragmentation pathvesydetected for the adduct between single
stranded CG and PNU suggesting a non-covalentagtien. On the other side the adduct
between the duplex CG and PNU charge state 4-aiiéed into two single stranded oligos, one
of which carries the PNU, suggesting a covalentaadduct with one strand of the duplex. In
these experiments the behavior of the PNU is anobigiusometime it seems covalently bound to
one strand of the duplex, sometime not. We obseathilar ambiguous behavior jitHPLC -

MS experiments in which the partially fragmentednptexes (i.e. the single stranded carrying
the PNU) and intact single stranded oligos and Rk often detected (Fig. 46 and 48). This
can be easily explained if we suppose that PNUSOrXL as the doxorubicin in the presence of
formaldehyde. This is consistent with a covalemat one strand of the DNA in the VXL,
accompanied by a weak bond that breaks easilyllsimathese experiments it was not possible
to obtain evidence for the characteristic fragmeotsesponding to covalent bonds (i.e., PNU

bound to DNA-bases) consistent with the presenedalbile cross-link.
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6. ANTHRACYCLINES-ADDUCTS AND VIRTUAL CROSS-LINK,
DISCUSSION AND RESULTS

6.1 SAR in virtual cross-link

Our experiments revealed that PNU binds stronglyADdNeventing its denaturation and
forming detectable and isolable adducts with theibd® helix. These adducts behaved
ambiguously, sometimes as covalent cross-links saamdetimes as non-covalent complexes.
Formation of these characteristic adducts are mpatcaliar feature of PNU. The anthracycline
doxorubicin has a different reactivity with the DNAorming intercalative complexes.
However, complexes change if formaldehyde is piteserthe buffer used in experiments
(chapter 5.2, 5.3). Formaldehyde promotes formatbrDNA-anthracycline adducts that
behave similarly to the adducts formed by PNU. Basethis evidence, we decided to clarify
and rationalize the nature of these anthracyclpesi$ic interactions. Our goal was to analyse
the SAR (structure activity relationship) usingfeliént anthracyclines described in table 2
(aims section, chapter 2.2, page 18), in ordeeveal which part of the molecules is involved
in the link to DNA and to corroborate the resultdaoned with PNU. Moreover, we aspired to
have more structural information about the formatod the VXL. The anthracyclines used
can be separated into three groups. The first giogfudes besides doxorubicin, other
anthracyclines in clinical use. These anthracysliaee now well-know for their ability to
react with DNA in the presence of formaldehyde [28]d we expected that they would cross-
link the short oligos that we used in the experiteelVe used these anthracyclines as the
positive controls (Fig. 56).

Doxorubicin Daunorubicin

Fig. 56 — Structure of the anthracyclines in cliase
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We tested the ability of the anthracyclines to forrnss-links by gel electrophoresis, see
chapter 4.3 of the methods section (page 30). whracyclines were incubated for 3 hours at
37 °C with oligonucleotides double strand z1f-zaigIfE 1X pH 7.5 in presence and absence
of formaldehyde. Then the samples were loaded antienaturing DPAGE 6 M urea in the
following sequence: we loaded in DPAGE oligo zXigke stranded (C), oligo duplex z1f-
zaglr (B), oligo duplex z1f-zaglr incubated wittm®1 of formaldehyde (Bf), oligo duplex
z1f-zaglr incubated with anthracyclines daunomydm), doxorubicin (dx) idarubicin (ida)
and epirubicin (epi) and then oligo z1f-zaglr inmigdl with the anthracyclines in the same
order in the presence of 2 mM formaldehyde (Dnff ¢xdaf and epif). For all the
anthracyclines we tested 3 concentrationspyM, 10 uM, and 100uM. As expected,
daunorubicin (dn), doxorubicin (dx), idarubicing)d and epirubicin did not react with oligos,
i.e. they did not prevent the denaturation of tbalde stranded form of the DNA. However,
in presence of formaldehyde, the same anthracyclila@norubicin (dnf), doxorubicin (dxf),
idarubicin (idaf), and epirubicin (epif) promoted dose-dependent formation of a new
electrophoretic band with lower mobility, considtenth the formation of adducts (Fig. 57),
while the intensity of the band related at the diemea duplex (SS) decreased. These bands
correspond to the monoadducts described as the ViXlall experiments, we loaded the
duplex z1f-zaglr incubated with doxorubicin M and formaldehyde 2 mM as a positive

control.
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Fig. 57 - Oligonucleotide M z1-zaglr ( FAM-5-ACT-ATT-CCC-GGG-TAA-TGA-3' anaéd with 5'-
TCA-TTA-CCC-GGG-AAT-AGT-3") double stranded (DShcubated with daunomycin (dn), doxorubicin
(dx), idarubicin (ida), and epirubicin (epi) withoformaldehyde or in presence of 2 mM of formaldiddy
(dnf), (dxf), (idaf), and (epif). Samples were ibated in TE buffer 1X pH 7.5 for 3 hours at 37 .
(control) corresponds to the single stranded (9$)Bzcorresponds to the double stranded z1-zadlis B
z1-zaglr incubated in presence of 2 mM of formaydeh The samples were loaded on polyacrylamide
denaturing gel (6 M urea). These gels containingrééscent-labelled DNA were directly photographéith w

a Perki-Elmer Geliance 6(.
The drugs doxorubicin, daunorubicin, and idarubicad similar behavior: they prevented
denaturation of the DNA even at the lowest conedian (1 uM) in the presence of
formaldehyde. Epirubicin incubated in the same dants, however, had a minor ability to
covalently bind the DNA. This anthracycline prewethe denaturation of DNA at higher
concentrations (Fig. 57). This behavior is consistath observations of Cutts and colleagues
[33], who explained the lower activity as a resflthe different configuration of the 4'-OH

group of epirubicin.
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The different configuration of the hydroxyl in 41 epirubicin with reference to the other
anthracyclines tested inhibits the formation of arenreactive oxazolidine ring, a hypothetic
intermediate that forms after the reactions betwaghracyclines and formaldehyde (Fig. 58)
33].
[33] A |

CH4 III' —_— ('Ir.'(/‘L/ w= (CHy .’ N

:ﬁ' NH
Of Cy, Ol
?—c}/l,r‘l
CH p— L'H_\
NH: M
01l 011 Il
CH;

Fig. 58 — A) The axial configuration of the —OH gpoallows the formation of the oxazolidine ring. Bhe
equatorial position of this hydroxyl group (as mirebicin) inhibits the formation of this intermexdeé [33].

The second group of drugs contains anthracyclinashave a modification in the 4' position,

iododoxorubicin and deoxydoxorubicin (Fig. 59),rgarg an iodine or no substituents.

lododoxorubicin Deoxydoxorubicin

Fig. 59 — Structure of anthracyclines of secondigro

Anthracyclines were tested as in the preceding raxeat. lododoxorubicin and
deoxydoxorubicin were incubated for 3 hours at @7with oligonucleotides double strand
z1f-zaglr in TE 1X pH 7.5 in presence and absehdermaldehyde. Then the samples were
loaded into a denaturing DPAGE 6 M urea in theolelhg sequence: we loaded in DPAGE
oligo z1f single stranded (C), oligo duplex z1f-tagB), oligo duplex zl1f-zaglr incubated
with 2 mM of formaldehyde (Bf), oligo duplex z1fgh incubated with the anthracyclines
iododoxorubicin (iodo) and deoxydoxorubicin (deaxd oligo z1f-zaglr incubated with the
preceding anthracyclines in the presence of 2 mivhéddehyde (iodof and deoxf ). For both
anthracyclines we tested 3 concentrationsyl 10 uM, and 100uM (Fig. 60).
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Fig. 60 - Oligonucleotide |lM z1f-zaglr (FAM-5-ACT-ATT-CCC-GGG-TAA-TGA-3' aniaded with 5'-
TCA-TTA-CCC-GGG-AAT-AGT-3") double stranded (DS)ncubated with deoxydoxorubicin and
iododoxorubicin without formaldehyde, (deox) (iodoy in the presence of formaldehyde (deoxf), (fado
Samples were incubated in TE buffer 1X pH 7.5 fdro8irs at 37 °C. C (control) corresponds to thglsin
stranded (SS) z1, B corresponds to the doubledsthnl-zaglr, Bf is z1-zaglr incubated in the presef

2 mM of formaldehyde, and dxf is doxorubicin inctdzhwith z1f-zaglr in the presence of formaldehgde
mM. Samples were loaded on polyacrylamide denajugad (6 M urea). These gels containing fluorescent

labelled DNA were directly photographed with a Rer&kimer Geliance 600

In contradiction with the hypothesis of the formoati of an oxazolidine intermediate,
deoxydoxorubicin and iododoxorubicin formed crasg&d with formaldehyde already at the
lower concentration (LM) as doxorubicin, idarubicin, and daunorubicinu$hhe rule of the

hydroxyl group must be revised based on this erpartal evidence. Both compounds, in
fact, lack the —OH in 4' position and the oxazaoledring cannot form. In deoxydoxorubicin in
4', the —OH is replaced by hydrogen, while iodod@mxabicin contains iodine instead of the

hydroxyl group.

lododoxorubicin, interestingly, seems to form addwadso in the absence of formaldehyde at
higher concentrations (1@M, 100 uM) (Fig. 60). This surprising behavior of the
iododoxorubicin needs to be explored further. Viggdtto improve the denaturing condition of
the gel electrophoresis by heating the samplesrédbading the gel at 50 °C (Fig 61) and
increasing the quantity of urea in the gel (Fig) &2determine if these unexpected adducts
had the same behavior as adducts obtained in #semce of formaldehyde.

Duplex oligo z1f-zaglr was incubated with iododaxmcin at different concentrations in the
presence and absence of formaldehyde 3 hours & 38 in the preceding experiments and

then incubated at 50 °C for 31 minutes before teet®phoretic run (Fig. 61).
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Fig. 61 - Oligonucleotide @M z1f-zaglr ( FAM-5-ACT-ATT-CCC-GGG-TAA-TGA-3' armaled with 5'-
TCA-TTA-CCC-GGG-AAT-AGT-3") double stranded (DShcubated with iododoxorubicin (iodo) without
formaldehyde or in the presence of formaldehydédafijp Samples were incubated in TE buffer 1X pHférs
3 hours at 37 °C and successively for 31 min &@&0C (control) corresponds to the single stran®s) z1f,
and B corresponds to the double stranded z1f-z&gimples were loaded on polyacrylamide denaturihg6g
M urea). These gels containing fluorescent-labed®A were directly photographed with a Perkin-Elmer

Geliance 600.

Incubation at 50 °C before the analysis causesliteppearance of the adducts that form in
absence of formaldehyde, but does not influencéatmeation of adducts that are produced in
the presence of formaldehyde.

We then conducted an experiment where the condmemtraf urea in the gel was increased to
8 M to improve the denaturing condition. The samplex z1f-zaglr was incubated with
doxorubicin and iododoxorubicin in the presenceabs of formaldehyde and the samples

were loaded in the gel (Fig. 62).

SS DS
dx dxf _iodo iodof
C B 100 10 10 100 10 100 *M

adducts

SS

-

Fig. 62 - Oligonucleotide M z1-zaglr (FAM-5-ACT-ATT-CCC-GGG-TAA-TGA-3' annksal with 5'-TCA-
TTA-CCC-GGG-AAT-AGT-3") double stranded (ds), inedéd with doxorubicin (dx) and iododoxorubicin
(iodo) without formaldehyde or in the presencearfifaldehyde (dxf), (iodof). Samples were incubate@E
buffer 1X pH 7.5 for 3 hours at 37 °C. C (contraljrresponds to the single stranded (SS) z1, and B
corresponds to the double stranded z1-zaglr. Samysee loaded on polyacrylamide denaturing gel (8 M
urea). These gels containing fluorescent-labellédADwere directly photographed with a Perkin-Elmer

Geliance 600
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Even in these conditions, iododoxorubicin does stabilize the duplex in the absence of
formaldehyde, while the adducts formed in the sasplith formaldehyde were still detected.
Likely iododoxorubicin has a different interactiowith the duplex than the other
anthracyclines that avoid complete denaturationnewe the absence of conditions that
promote the formation of cross-links (i.e., pregeraf formaldehyde). With improved
denaturing conditions, instead, non covalent corgdecompletely denature and no adducts

are detected.

The third group contains the compounds doxorubitiand daunomicinon (Fig. 63). These
compounds are the aglycones of doxorubicin and alalrcin, (i.e., the anthracyclines

without the daunosamine). We tested these compoasids negative control. Theoretically
aglycones do not form cross-link, and the absehe® @amino group in the structure prevents

the reaction with BLCO and the successive formation of the link toDiNA.

Doxorubicinon Daunorubicinon

Fig. 63 — Structure of anthracyclines of secondigro
We then incubate the negative controls, - i.e. afjigcons of daunorubicin (daunorubicinon)
and doxorubicin (doxorubicinon) - in the presencd @ the absence of formaldehyde.
Daunorubicinon and doxorubicinon were incubatedfbwours at 37 °C with oligonucleotides
double strand z1f-zaglr in TE 1X pH 7.5 in the pree/absence of formaldehyde. Then the
samples were loaded on denaturing DPAGE 6 M urdaeriollowing sequence: we loaded in
DPAGE oligo z1f single stranded (C), oligo duple¥-zaglr (B), oligo duplex z1f-zaglr
incubated with 2 mM of formaldehyde (Bf), oligo deyp zlf-zaglr incubated with the
anthracyclines daunorubicinon (dau) and doxorubiti(dxr), and oligo z1f-zaglr incubated
with the preceding anthracyclines in the presericd mM of formaldehyde (dauf and dxrf).
For both anthracyclines we tested 3 concentratibp$4, 10 uM, and 10QuM.
These compounds, lacking the amino sugar, arerooedi not to form cross-links even if they
present weak reactivity at the higher concentratid@uM in presence of formaldehyde. This

weak reactivity, more evident in the doxorubicinpngbably involves the side chain in the
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position 9. We also observed two spots with low iiyl(LM) at 100 uM, likely due to low
solubility of aglycon (Fig. 64).

Ss DS Ss DS
dxf dau dauf dxf dxru dxruf
C Bf 10 B 1 10 100 1 10 100uM C Bf 10 B 1 10 100 1 10 100uM

. 4

¢ .LM

- adducts - . adducts

- mEmES-- s

-- _---E--—we s

Fig. 64 - Oligonucleotide (M z1f-zaglr (FAM-5-ACT-ATT-CCC-GGG-TAA-TGA-3' anmded with 5'-
TCA-TTA-CCC-GGG-AAT-AGT-3") double stranded (DS)ncubated with daunomycinon (dau) and
doxorubicinon (dxru) without formaldehyde or in theesence of formaldehyde (dauf), (dxruf). Samplese
incubated in TE buffer pH 7.5 for 3 hours at 37 @(control) corresponds to the single stranded (3§ B
corresponds to the double stranded zl1f-zaglr, ahds Bz1-zaglr incubated in presence of 2 mM of
formaldehyde. Dxf is doxorubicin incubated with teypz1f-zaglr in the presence of 2 mM of formaldidny
The samples were loaded on polyacrylamide denatwgél (6 M urea). The gel was photographed with a

Perkin-Elmer Geliance 600

The daunosamine remains necessary for the formgadeetmediated cross-link activity and
for the formation of a formaldehyde-mediated methgl bridge between the amino group of

the daunosamine and the aminogroup of the guanitieeiDNA.

Doxorubicin preferentially intercalates in the 85@3' sequences. We then used a different
duplex, (the duplex z2f-zag2r) that has two 5-GGCsides, in order to clarify if our
anthracyclines would exhibit higher specificity time formation of the cross-link with this

duplex than z1f-zag1r not having 5'-GC-3'sites.

Duplex z1tzaglr: z1 forward: FAM-5-ACT-ATT-CCC-GGG-TAA-TGA-3'
zagl reverse: 3-TGA-TAA-GGG-CCC-ATT-AGT

Duplex z2tzag2r: z2 forward: FAM-5-ACT-ATT- GGC-GCC -TAA-TGA-3'
zag2 reverse: 3-TGA-TAA-CCG-CGG-ATT-AGT-

The duplexes (1u1M) were incubated 3 hours at 37 °C in TE 1X withxdibicin at the
concentrations of 1M, 10 uM and 100uM in the presence of formaldehyde. Samples were
then loaded in DPAGE 6 M urea. We loaded the siatsend control z1f (SS) and the double
strand control z1f-zaglr (DS).
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adducts

SS

Fig. 65 — Doxorubicin 1, 10 and 1@®/ incubated with oligonucleotideuM z1f-zaglr (FAM-5-ACT-ATT-
CCC-GGG-TAA-TGA-3' annealed with 5-TCA-TTA-CCC-GGEAT-AGT-3") and z2f-zag2r (FAM-5'-
ACT-ATT-GGC-GCC-TAA-TGA-3' annealed with 5-TCA-TT-&GC-GCC-AAT-AGT-3') double stranded,
in the presence of formaldehyde. Samples were atedbin TE buffer pH 7.5 for 3 hours at 37 °C. SS
correspond to the single stranded z1F, and DS sjporel to the double stranded z1f-zaglr. The sarmydes
loaded on polyacrylamide denaturing gel (6 M urd&e gel was photographed with a Perkin-Elmer Geka

600.

Using this preferential binding sequence we did otazgerve an evident increment of cross-

linking activity (Fig. 65). We performed the samentarative experiments for all the

anthracyclines previously tested to quantify, ustgpsitometric analysis, the formation of

cross-links. We used the software Perkin Elmer Geaks for the quantification. For every

sample, we summed the intensities of the two béaudiducts + free oligos) and we considered

this sum 100% in calculating the % formation of #uglucts. In Tab. 9 and Tab. 10, we report

the quantification of the adducts for doxorubicndaaunomycin.

% cross-link
Doxo 1uM (H,CO) 32
z1f-zaglr Doxo 10uM (H,CO) 78
Doxo 100uM (H,CO) 84
Doxo 1uM (H,CO) 45
z2f-zag2r Doxo 10uM (H,CO) 79
Doxo 100uM (H,CO) 80

Tab. 9 - Densitometric analysis of adducts formabetween doxorubicin and duplex
oligos in the presence of,60 2 mM.
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% cross-link
Dauno 1uM (H,CO) 21
z1f-zaglr Dauno 10uM (H,CO) 69
Dauno 10QuM (H,CO) 76
Dauno 1uM (H,CO) 31
z2f-zag2r Dauno 10uM (H,CO) 74
Dauno 10QuM (H,CO) 89

Tab. 10 -Densitometric analysis of adducts formmabetween daunomycin and duplex

oligos in the presence of,60 2 mM
We observe that z2 duplex is subject to a somewlgiter cross-linking, but the major
activity is not substantial. The presence of twghhaffinity sites of intercalation does not
increase cross-linking.
In Fig. 66 we summarize the quantification of adddormed after incubation with duplexes
zif-zaglr and z2f-zag2r for all anthracyclinesha toncentration of 10M.

@ zi1f-zaglr

2f-zag2r

Fig. 66 - Duplexes (z1f-zaglr and z2f-zag2gM incubated with the anthracyclines i®l in TE 1 X 3h at
37 °C. Adduct spots in DPAGE were quantified ugiegsitometric analysis.

The anthracycline tested did not present particsgeacificity in the formation of the cross-

links. Only epirubicin seemed more active with thuiplex z2f-zag2r.
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6.2 Formation of the “Virtual cross-link”

Cutts and colleagues extensively revised the iotiema between doxorubicin and
formaldehyde and the rule in the formation of DNéAdacts [23]. Fenick and colleagues
synthesized conjugates between doxorubicin anddig®hyde composed of two molecules
of anthracycline as doxazolidine bound togethehwitthird molecule of formaldehyde (Fig.
67) [28]. The original synthesis of the conjugatxaform was performed by reaction of the
drug with formaldehyde in an acetate buffer at pHI'Be buffer was removed using high
vacuum and the product was dissolved in chloroff28j. With this method, the presumed
intermediate, doxazolidine, a monomeric doxorubioxazolidine, was not observed. In
contrast, in a reaction of doxorubicin free base chloroformd solvent with
paraformaldehyde, the polymer of formaldehyde, witbnitoring by 1H NMR, showed

formation of doxazolidine followed by formation @bxoform [29].

o H/O O

Fig. 67.— Structures of doxoform (A) ad doxazolidine |

Doxoform and doxazoline are reported to be instablen aqueous medium. At pH 7.4 and
37 °C, doxoform rapidly hydrolyses to doxazolidifielf life 1 minute) and doxazolidine
(half life 3 minutes) to doxorubicin [59]. An inteediate in the last hydrolysis is the acyclic

doxorubicin-formaldehyde conjugate (aminol) [29](F68).
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Fig. 68 — Synthesis of doxazolidine (doxa) and dobra (dxform) from doxorubicin (dx) and their paati
hydrolysis to doxazolidine and doxorubicin-formdigide conjugates (Schiff base or aminol), the presum
active cross-linking species [29].

Post suggests that the main active species thetisredth the DNA to form cross-links was
expected to be the doxazolidine that is more cyiotdthan doxoform [29], even if the
presence of reactivity in our experiment when tbeadolidine cannot form suggests that the
aminol and the Schiff base are also involved in ré&cting mechanism. We have in fact
reported in the section “6.1 page 79” that iododakein and deoxydoxorubicin formed
adducts detected by DPAGE, although the lack @H'should prevent the formation of the
oxazolidinic ring. In order to clarify this mecham, we further analyzed the reactivity of
doxorubicin and doxorubicin activated by formaldeédyusing IP RP-HPLC and mass
spectrometry similarly to what we have done withtPN

We incubated the annealed oligonucleotides (dowudttanded) zilf-zaglr uM with
doxorubicin 10uM at different times (1 hour and 4 hours) at 341TE 1X pH 7.5. Samples
were then analyzed by HPLC with instrument 1 andhoa C (see 4.4 section, pag 28). In
these experimental conditions, we observed theakighzaglr (k: 14.4 min), z1f {k: 16.1
min) and doxorubicintg: 19.7 min), but did not observe the appearanagewf signals (Fig.
69). No adducts of doxorubicin to DNA were detectadthese experimental conditions,

consistently with the lack of reactivity in the abse of formaldehyde.
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mAU doxo
140
—— 1h z1f
120 —— 4h
100 | zaglr
80 | \
60
40
20 1
0 | LK
0 2.5 5 7.5 10 12.5 15 17.5 20 225 min

Fig. 69 — Chromatograms of the oligonucleotide zAg1r DS 1uM (FAM-5-ACT-ATT-CCC-GGG-TAA-
TGA-3' annealed with 5'-TCA-TTA-CCC-GGG-AAT-AGT-3ficubated in TE 1X pH 7.5 with doxorubicin
10uM at 37 °C 1h (blue line) and 4h (red line). Spephotometric detectdv=260 nm. Instrument 1, method
C.

We then repeated the experiment of oligonuclotigkiag doxorubicin activated with,80O.
First doxorubicin (10@M) in TE 1X was incubated with formaldehyde 2 mMh@urs at 37
°C, lyophilised and resuspended in the same voloinpeirified water. Then we incubated the
duplex DNA with this activated anthracycline. THegyo double stranded z1f-zagluM and
the activated doxorubicin (1M of nominal doxorubicin) were kept for differemtnie (Lhour
and 4hours) at 37 °C in TE 1X pH 7.5. Analyzing semples by HPLC (instrument 1,
method C), we observed the formation of two newkpdgadducts) with thé of 17.0 min
(adduct A) and 17.3 min (adduct B) (Fig. 70). Thewgity of adducts formed between the
oligo and the “doxoform” increased by increasing timcubation time. The quantity of
adducts detected was low, consistent with the rapdfolysis of the doxoform that probably
formed in this condition. As mentioned, doxoform tiee putative species formed upon

incubation of doxorubicin and formaldehyde.
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Fig. 70 — Chromatogram of the oligonucleotide zZA¢¥r DS 1uM (FAM-5'-ACT-ATT-CCC-GGG-TAA-
TGA-3' annealed with 5-TCA-TTA-CCC-GGG-AAT-AGT-3lhcubated at 37 °C in TE 1X pH 7.5 with
doxo-H,CO (doxorubicin 100uM incubated 3 h with BCO 2mM at 37 °C in TE 1X, lyophilized ad
resuspended in 4@) 1h (blue line) and 4h (red line). SpectrophotoimaletectorA=260 nm. Instrument 1,
method C.

These preliminary results suggested the possillitgetecting and isolating by HPLC the
adducts between DNA and the anthracyclines simgitarlwhat we have experienced in the
chapter of PNU-DNA adducts (chapter 5.4). Doxorubfost reacted with formaldehyde and

afterwards with the DNA. We proved the reactionasetn doxorubicin and formaldehyde by
mass spectrometry. We incubated doxorubicin P01 hour in water in the presence of
formaldehyde 2 mM and we analyzed the mixture usiags spectroscopy (50% of methanol
was added before analysis) obtaining the spectrufig. 71. The instruments used for this
spectrometric analysis was a Bruker ultrOTOF-Q™, iastrument endowed with a

guadrupole filter and a TOF analyzer. We used B&kation system.
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Fig. 71 — UltrOTOF-Q™ spectrum obtained after asalyf doxorubicin 10QM incubated 1h with
H,CO 2 mM in water at 37 °C. 50 % methanol was addtd@tle sample before analysis.
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All the species detected in this condition are nadfke to the doxorubicin and its fragments,
(daunosamine and aminosugar). The primary aminetgesith aldehyde to form instable
Schiff-base, but in these conditions the Schiffebismed between the doxorubicin and the
formaldehyde was not detected. We conducted thee sesaction and added sodium
borohydride (20QuM) after the reaction between the doxorubicin amel formaldehyde to
reduce the Schiff base and indeed detected thisaulalr species (Fig. 72).

Intensity
DX-NH,+ H,CO + NaBH,
1.5]
Hscﬁ:‘
Lo} )
chﬁc C‘
0.5 "R e
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00l liZ “ (g 4L lll -
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Fig. 72 — UltrOTOF-Q™ spectrum obtained after asislypf doxorubicin 10QM incubated 1h with HCO 2
mM in water at 37 °C. At the mixture we added sadiorohydride (20QM final concentration) and then we
incubated for further 10 minutes. 50 % methanol added at the sample before analysis.

Adding sodium borohydride, we detected ions withrammemental mass of 14 dalton and 28
dalton in comparison to the signal of doxorubicid dhe sugar fragment. This is consistent
with the additions of one or two methylene groufisis indicates that the Schiff base forms
after the reaction between the doxorubicin andftinealdehyde and that it can be detected

after the reduction to amine.
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H
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Fig. 73 — The mechanism proposed for the formatibmminal linkage between anthracyclines and
DNA. R1 = dx and R2 = guanine of DNA [60].
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Even if the doxazolidine is considered the mainvacmetabolite in the formation of VXL,
we suggest that the Schiff base plays an importaat as previously proposed by Leng [60]
(Fig. 73). Probably both mechanisms (the formatbrmdducts via the Schiff base and via
doxazolidine) are present in the formation of VXtdonsistent with the adducts visualized in
DPAGE after incubation of iododoxorubicin and dedeyorubicin that cannot form the

doxazolidine-like intermediate.

The formation of formaldehyde-activated doxorubicitionalized the formation of adducts,
but the amount of the adducts was low. The addimtiscted in the chromatogram in Fig. 70
were due to the presence of formaldehyde, but wendi know the quantity of activated
doxorubicin that remain after lyophilisation. Wecttked then to directly analyze the mixture
obtained after treatment in the same conditionthefprevious DPAGE analysis, incubating
the duplex directly with doxorubicin and formaldeley We used DS oligo with anthracycline
plus formaldehyde so that our variable was the eotnation of doxo, regardless of doxoform.
Therefore in the experiments we analyzed the faomabf adducts with the instrument 2
(chapter 4.4, page 34) equipped with a diode aifag. diode array detector allowed us to
determine if there were anthracyclines in the atkloeasuring the absorbance at 485 nm. In
this case, we did not use fluorescein-labelledooty avoid interference of the signal at 485
nm.

Briefly, the unlabelled oligonucleotide (zaglf-zadll uM) (Fig. 74) was incubated with
doxorubicin 10uM and formaldehyde 2 mM 3 hours in TE 1X pH 7.53&t °C and the
mixture of the reaction was directly analyzed byLl@P

Duplex zagl-zaglr: zagl forward: 5-ACT-ATT-CCC-GGG-TAA-TGA-3'
zagl reverse: 3'-TGA-TAA-GGG-CCC-ATT-ACT-5'

Fig. 74 — Oligo zaglf and zaglr have the same mtdegveight (i.e., the same bases); the differeguience is
not sufficient to obtain a different retention tinmelP RP HPLC analyses.

The two oligonucleotides forward and reverse (abelled) had the same retention tire (
13.9 min). When we incubated zaglr-zaglf with dokain plus formaldehyde, we observed
the formation of a new peakr(14.8 min). Doxorubicin had & of 20.9 min in these
experimental conditions. The incubation with unléze oligonucleotides permitted us by
diode array detector to demonstrate the presenaatbfacycline in the new peak at 14.8 min

(Fig. 75). The adduct was formed in high quantisgbably the copresence of formaldehyde
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allowed the formation of a higher quantity of aated doxorubicin that reacted with the
duplex DNA.

A:dx 10uM
mAU A= 260 nm
40 4 A= 485 nm

304 tr: 13.9 min

20 | Dx tr: 20.9 min

10

5 10 15 20 25 30 minutes

mAU B: dx 10uM +2 mM H,CO

404 Adductstg:14.8 min

/ Dx tr: 20.9 min

5 10 15 20 25 30 minutes

Fig. 75 — Chromatograms of the oligonucleotides 2291f-zaglr 1uM (5-ACT-ATT-CCC-GGG-
TAA-TGA-3' annealed with 5-TCA-TTA-CCC-GGG-AAT-AGB') incubated 3h at 37 °C in TE 1X
with doxorubicin  10uM (A) and with doxorubicin in presence of formaigde 2 mM (B).
Spectrophotometric detectdr=260 nm and=485 nm. Instrument 2, method A.

Our analysis demonstrates unambiguously that tlesepce of formaldehyde fixes the
anthracycline onto the DNA (i.e., resulting in thmation of VXL), forming adducts
detected also at 485 nm{x of doxorubicin), consistently with the gel electnopesis
experiments described in section 6.1, page 75.

We then concentrated our attention on iododoxomlittat does not contain the 4'-OH and
cannot form the oxazolidine ring. We continued analysis using fluorescein labelled oligo
z1f-zaglr, the same duplex that we used for théysiseof the PNU (chapter 5) and for the
SAR (chapter 6.1). We prepared the samples for HRL@e same conditions as the gel
electrophoresis (chapter 6.1), incubating the dupld-zaglr 3 hours at 37 °C in TE 1X pH
7.5 with iododoxorubicin.

When we analyzed oligonucleotides incubated wittodoxorubicin without formaldehyde,

we did not observe the formation of adducts. Thees®litions were sufficiently denaturating
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to eventually denature the non-covalent complekas we detected in DPAGE (see section
6.1 page 79). In the chromatographic run, we olesktliree peaks with the same retention
time (r) of zagl reverse (zaglrjr( 13.4 min), z1 forwardfam (z1ftg(14.7 min) and
iododoxorubicin {r: 26.8 min) (Fig. 76).

mAU:
zaglr 211

tr: 13.4 min tr:14.7 min lodo
tr: 26.8 min

40 —
30

20

0

5 10 15 20 25 30 minutes
Fig. 76 — Chromatogram of the duplex zlf-zagluM (FAM-5-ACT-ATT-CCC-GGG-TAA-TGA-3'
annealed with 5-TCA-TTA-CCC-GGG-AAT-AGT-3") incuteal 3h at 37 °C in TE 1X pH 7.5 with

iododoxorubicin 10uM without formaldehyde. Spectrophotometric detecdte260 nm. Instrument 2,
method B.

Instead, when we incubated the same duplex z1frzaghl with iododoxorubicin 1QuM in
presence of formaldehyde 2 mM in TE 1X pH 7.5, viseyved the formation of two new
peaks, one higher peak withtraof 15.6 min that we named adduct B, and anothelem
peak with ar of 15.3 min (adduct A) (Fig. 77). The appearancthefnew peaks corresponds
to a sharp decrease in the signals correspondirggbr and z1f, indicating that both of these
two species are implicated in the formation of thew adducts. In the absence of
formaldehyde, the signal of iododoxorubicin is l@glthan in its presence: this observation is
consistent with the assumption that free iododaigin is consumed when formaldehyde is

present to allow formation of the adduct.
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mAU _

] adduct Btg: 15.6 min
30
1 adduct Atg: 15.3 min

lodo

20% tr: 26.8 min

zaglr z1f
tr: 13.4 min  tz:14.7 min

N

5 10 15 20 25

10

30 minutes

Fig. 77 — Chromatogram of the oligonucleotide D$zglr 1uM (FAM-5-ACT-ATT-CCC-GGG-TAA-
TGA-3' annealed with 5'-TCA-TTA-CCC-GGG-AAT-AGT-3Mcubated 3h at 37 °C in TE 1 X pH 7.5 with

iododoxorubicin 10uM and formaldehyde 2 mM . Spectrophotometric detect=260 nm. Instrument 2,
method B.

When we reduced the concentration of the anthramclve observed a different behavior:
when we incubated the oligo DS z1f-zagluM with iododoxorubicin 1uM in the presence
of formaldehyde 2 mM, we obtained the same new qdalkt the adduct A 15.3 min) was
now the major peak and the adducttR (5.6 min) was smaller. The correlation between

decrease in the oligos and the quantity of addoctsed was less stringent (Fig. 78).

mAU
zaglr z1f

40 B tr: 13.4 min tr:14.7 min

adduct Atg: 15.3 min

lodo
tr: 26.8 min
adduct Btg: 15.6 min

30
20

10 -

5 10 15 20 25 30 minutes

Fig. 78 — Chromatogram of the oligonucleotide D$zglr 1uM (FAM-5-ACT-ATT-CCC-GGG-TAA-TGA-
3' annealed with 5-TCA-TTA-CCC-GGG-AAT-AGT-3") inbated 3h at 37 °C in TE 1 X pH 7.5 with

iododoxorubicin 1uM in presence of formaldehyde 2 mM . Spectrophotadméetector A=260 nm. Instrument
2, method B.

The lack of the reactivity of the iododoxorubicimen incubated in absence of formaldehyde
Is consistent with the consideration in the chaptérwhen non covalent complexes detected
in DPAGE were denatured improving the denaturingdaon (page 80). lododoxorubicin is

quite different than the other anthracyclines, tiasicity of the amino group and then the

electrostatic binding is lower for the presenceiafine. Nevertheless this anthracycline
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presents cooperative binding with isolated DNA [61fhis behavior likely leads to
accumulation of drugs in the same area of the dujglening cluster. This is consistent with
the presence of non-covalent adducts when DNA wasbated with iododoxorubicin in
absence of formaldehyde, adducts that disappeamouimg the denaturing conditions or in
HPLC conditions.

In the presence of formaldehyde, instead, we fawadadducts, just as when we incubated in
presence of activated doxorubicin. Different addyét and B) formed with iododoxorubicin
in the presence of formaldehyde, depending on iffiereht concentrations of anthracycline
used, respectively &M and 10uM. They probably differ in the number of anthradyeb
bound to the DNA; we obtained two different adduktand B in the analysis of the PNU
with the same duplex (chapter 5). Probably addwittected after the reaction of
anthracyclines in presence of formaldehyde arelainid adducts formed by PNU even if

PNU does not need formaldehyde activation.

6.3 Structure of the “Virtual Cross-Link”

To better clarify the nature of the cross-link thgh anthracyclines and DNA we focused our
attention on doxorubicin as it represents an ingmbrireference drug. We investigated its
reactivity using native polyacrylamide gel electropesis (PAGE) and fully denaturing
polyacrylamide gel electrophoresis (DPAGE). Thdofeing electrophoretic analyses were
performed with some differences from the experimelesscribed before. We used Sigma Stains-
All to make visible the DNA in the polyacrylamidelg; this compound is suitable to stain both
double stranded and single stranded DNA. Stain-Allowed us to use unlabelled
oligonucleotides, even if this meant that we hatb&al the gel with a higher quantity of DNA.
We performed PAGE and DPAGE of doxorubicin incubatéh three different oligo-sequences
in double and single stranded form. In all of tbkoiving gel electrophoresis experiments, we
first loaded the two singles stranded and the @ostranded oligos, the same in the presence of
doxorubicin and the same in the presence of doxorund formaldehyde. The last sample was
duplex with formaldehyde without doxorubicin.

Samples with oligos zag (single stranded and dyipkexe incubated for 3 hours at 37 °C in TE
1X. Then, to 1Qul of each sample was addedu5of GLB (50% glycerol in water for PAGE
samples’ and 50% glycerol in 8 M urea for DPAGE glaesi). To the last sample in both gels
(PAGE and DPAGE) we added 0.2% bromophenol blue) @®Bhe GLB. Then the samples
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were run in native polyacrylamide gel for 40 mirsué¢ 160 volts and in denaturing gel for 140

min at 160 volts.

zaglf zaglr DS zaglfzaglr DS zaglfzag$r S

AR

doxo
H,CO

B
- -
~ -

DPAGE -

adducs
SS

BB

& . -

zaglf zaglr DS zaglfzaglr DS zaglf zag$r DS

VRS

doxo

PAGE

H.CO

2 | 2t
SS

\BB
o

Fig. 79 - Oligonucleotides 11 (single stranded (zaglf and zaglr) and duplex) D&re incubated in
presence and absence ofd® 2 mM and in presence and absence of doxorub@duM for 3h in TE buffer
pH 7.5 at 37 °C. Samples were loaded in polyacridamative (29:1) and denaturing gel (19:1) 7.5 idau
Electrophoretic run was conducted at 160 V for 40 ¢(native) and 160 volts for 140 min (denaturing)IBE
1X. Gels were coloured with Sigma Stains-All and iitmages were captured with an HP 7400 scanner.

Oligos incubated with doxorubicin did not show marar differences in electrophoretic
mobility compared to oligos without the drug. Where added doxorubicin, we observed a
smear with single stranded oligos and a little yiéta the double strand in PAGE due to the
interaction between anthracycline and DNA. But when added bCO to the mixture, we

observed in PAGE a duplex-like electrophoretic rgtalso for the single stranded oligos (Fig.

79).

Our goal was to investigate the characteristicsthef bond between the oligos and the
doxorubicin using high resolution mass spectromdting first problem deals with the buffer. In
fact TE is incompatible with the ESI mass spectitoynéVe then analyzed the interaction
between our oligos and the doxorubicin in the preseand absence of formaldehyde;

conducting the incubation in water rather thanEnIK to see if the reactivity remained.

zaglf zaglr DS zaglf zaglr DS zag@{leaDS DS

VUV

doxo
¢ H.CO

SS

‘......xi-

BB

Fig. 80 - Oligonucleotides 1M (single stranded (zaglf and zaglr) and duplex)Ys incubated in

adducts

| adducts
duplex

the presence and absence ¢€B 2 mM and in the presence and absence of doxanub®OuM for 3h

in purified water at 37 °C. Samples were loadegdlyacrylamide native and denaturing gel (19:1)M.5
urea. Electrophoretic run was conducted at 150r\L &0 min in TBE 1X. Gels were coloured with Sigma
Stains-All and the images were captured with an7H@0 scanner.
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The reactivity of doxorubicin in water was the samsethe reactivity in TE 1X pH 7.5, even if
the stabilization of the duplex was lower. The dalathe duplex in native gel when we added
doxorubicin was more evident in this case. If wearsle in detail the PAGE in Fig. 80, the first
3 bands correspond to the single stranded zaglfrendaglr that have similar electrophoretic
mobility, and the duplex (DS) with lower mobilitfthe native conditions do not change the
structure of the DNA, and the electrophoretic mybis consistent with the single stranded and
duplex structure. In the next wells we loaded e DNA, but incubated with doxorubicin.
This caused a smear of the single stranded DNAaateday of the duplex due to interaction with
doxorubicin. The situation drastically changed whea added formaldehyde. The single
stranded oligos split into two bands, one withrtibility of the single stranded and one with the
mobility of the duplex delayed by doxorubicin. THaplex in presence of doxorubicin and
formaldehyde split into two bands one with the ritybof the duplex and one with the mobility
of the duplex delayed by doxorubicin. The last wadhtained the duplex incubated with
formaldehyde; this duplex kept the same mobilitpfthe duplex alone. The extra bands in the
last well of every gel corresponded to the bromaphblue added only in the last sample. The
bands delayed by doxorubicin were called addubtse are complexes with doxorubicin and
DNA with lower mobility. Observation of the denahg gel gave us further information; only
the copresence of doxorubicin and formaldehydetdethe formation of stable adducts in the
denaturing gel, consistent with the formation ofvadlent complexes, while noncovalent
complexes formed by doxorubicin were not detecfattucts at a single stranded oligo were
characterized by a different electrophoretic mobiéis compared to the adducts at a duplex.
Probably in this condition the single strandedesystvas partially associated, as we can see also
in the PAGE, but it can have a different structureéhe DPAGE where the single stranded
adducts have a shorter electrophoretic run. Orleduaspect revealed in these experiments was
that single stranded DNA interacted with doxorubta form a “virtual covalent” adduct, even if
the main interaction reported in the literaturthisintercalation of anthracyclines into the duplex
DNA. Clearly, electrostatic and stacking interactiaccan explain the affinity of the drug for a
single-stranded nucleic acid, rendering the cotvgheocess feasible also in the absence of a
canonical helical arrangement. Before mass analysiwanted to clarify this behavior by testing
different oligos: complementary oligos kt3 and kihd complementary oligos zemenl (zm1l)
and zemen2 (zm2) (Fig. 81).
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zaglr: 5-TCA-TTA-CCC-GGG-AAT-AGT-3'
zaglf: 5'-ACT-ATT-CCC-GGG-TAA-TGA-3'

ktl: 5-TCT-CGC-TCT-T-3'
kt2: 5'-AAG-AGC-GAG-A-3'

kt 3: 5-TCT-CTC-GCT-CTT-CT-3'
kt 4: 5-AGA-AGA-GCG-AGA-GA-3'

zemenl: 5-AAT-TAT-GCT-TAA-AA-3'
zemen2: 5-TTT-TAA-GCA-TAA-TT-3

Fig. 81— Sequences of complemary oligos zag, kt and zem:

Complementary oligos kt3 and kt4 single and dosbiended were incubated with doxorubicin

in the presence and absence of formaldehyde ifigglivater overnight at 4 °C. (The duplex

ktl-kt2 has a lower melting temperature than th@eduzag, and the low incubation temperature
IS necessary to keep the duplex form.)

kt3 kt4 DS ki3 kt4 DSkt3

11T M w
) & e Ty
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DS kt3  kt4

kt4 DS DS kt3 kt4 DS kt3 kt4 DS
™ ¥ &
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- Yay e e
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Fig. 82 - Oligonucleotides 1@ (single stranded (kt3 and kt4) and duplex (DSyswncubated in the
presence and absence ofd® 2 mM and in the presence and absence of doxanubdOuM overnight in
purified water at 4 °C. Samples were loaded in aatylamide native and denaturing gel (19:1) 7.5rglau
Electrophoretic run was conducted at 105 V for & for both gels in TBE 1X. Gels were colored with
Sigma Stain-All and the images were captured withiB 7400 scanner.

The scheme of loading was the same: first we lodldedsingle stranded kt3 and kt4 and the
duplex, then the same samples incubated with dbi@nuin the absence and in the presence of
formaldehyde. The last sample was the duplex inedbaith formaldehyde (Fig. 82). In these
conditions, only the duplex formed adducts in thespnce of doxorubicin and formaldehyde as
detected by DPAGE. The single stranded kt3 andlitsot lead to the formation of detectable
adducts.

Finally, we tested the oligos zemen (zm) with amtyg GC in the sequence. The oligo zm single
and double stranded was incubated in water witlodidnicin in the absence and the presence of

formaldehyde at room temperature overnight. In &xigeriment, we used less doxorubicin (50
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uM). We conducted the electrophoresis by surrounthiegapparatus with ice to cool the buffer
in order to avoid partial denaturation of the duple the PAGE (Fig. 83). The duplex zemen
was in fact partially denatured if we conducedeteetrophoretic run at room temperature.

zml zm2 DS zml zm2 DS zmh2 DS DS

zml zm2 DS zml zm2 DS zmh2 DS DS

JUVMUVVI U]

JUVUUUUML

g"

i ,
|adducts

PAGE
Fig. 83 - Oligonucleotides 10/ (single stranded (zm1 and zm2) and duplex (DSjewincubated in the
presence and absence ofG® 2 mM and in presence and absence of doxoruBi@inM overnight in
purified water at room temperature. Samples wesddd in polyacrylamide native and denaturing g@ii(L

7.5 M urea. Electrophoretic run was conducted &t\t4or 240 min for both the gels in TBE 1X cooled
ice. Gels were coloured with Sigma Stain-All and itmages were captured with an HP 7400 scanner.

The samples obtained using the oligo zemen hadsdéinee behavior as oligos zag when
incubated with doxorubicin and formaldehyde andyaeal in PAGE, single stranded zm oligos
formed complexes when incubated with doxorubicich fanmaldehyde. In DPAGE we observed
only the complexes that formed when the DNA wasilated with both doxorubicin and
formaldehyde. The extra bands observed in the dengtgel of the samples obtained by
incubating the single stranded oligos with doxazuband formaldehyde were close to the bands
of oligos alone.

Only oligos zag and zm had the capability to foowatent complexes in the single strand form
with doxorubicin when activated with formaldehydeen if the anthracyclines are known to
interact with the duplex. This was probably dugh®possibility that this oligos can be partially
self-complementary (Fig. 84).
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5-TCA-TTA-CCC-GGG-AAT-AGT-3' 5'-ACT-ATT-CCC-GGG-TAA-TGA-3'
Zagr NN, zage | 1 1] ]
3-TGA-TAA-GGG-CCC-ATT-ACT-5' 3-AGT-AAT-GGG-CCC-TTA-TCA-5'
K3 5'—TCT—CTC—G‘CT—CTT—CT—3' 5'—AGA—AGA—(‘5 G-AGA-GA-3'
: Kt 4:
3'-TCT-TCT-C(LC-TCT-CT-5‘ ' 3'-AGA-GAG-CGA-GAA-GA-5'
5-AAT-TAT-GCT-TAA-AA-3' 5-TTT-TAA-GCA-TAA-TT-3"'
zm: ] T zma: [ (] ]
3-AAA-ATT-CGT-ATT-AA-5' 3-TTA-ATA-CGA-ATT-TT-5"'

Fig. 84- Possible partial annealing of oligos single stec.

In fact, oligos zag and zemen theoretically cartigdyr anneal and then the doxorubicin can
intercalate. This process can be promoted by theepce of doxorubicin that stabilizes this
unusual duplex. This stabilization increases inpifesence of formaldehyde by the formation of
VXL, and then as a result we can detect the addwets with the single stranded structures.

Oligos kt3 and kt4, which have less possibilityseff-annealing, do not form cross-linking in

single stranded form, evidence that supports ypsthesis.

The reactivity of doxorubicin in water in the prase of formaldehyde was maintained and we
could perform our analysis using mass spectrontetrinvestigate the characteristics of the
aminal linkage in doxorubicin-DNA covalent complexd&he ability to transfer weak non-
covalent complexes intact to the gas phase has dn@&lectrospray ionization mass
spectrometry (ESI-MS) to the forefront of new teaclogies developed for investigating the
interactions between biomolecules and cognate epeEiSI-MS in particular has been used
extensively to study the interactions of DNA andARNith many different classes of ligands
[57]. This techniqgue can unambiguously determire ittentity and abundance of different
complexes from direct observation, since the magvery component serves as an intrinsic
detection “label.” For this reason, we have applE8I-MS to the characterization of
doxorubicin-DNA complexes formed in vitro under epted experimental conditions. These
mass spectrometry experiments were obtained wruker Daltonics (Billerica, MA) Apex
IV FTICR equipped with a 12T superconductive magnet

Samples containing 1®1 duplex oligos were incubated overnight at roomgerature in
water with doxorubicin 5@M in the presence and the absence of formaldehyd®2

Then the samples were purified and concentratedltbgcentrifugation after the addition of

ammonium citrate 100 mM (1° step) and ammoniumateel0 mM (2° step) to reduce
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unwanted aspecific gas phase interactions. Ammomicetate 10 mM was added to dilute the
samples before ESI-FTICR analyses.
When duplex DNA (zm1-zm2) was incubated with dodicin, non-covalent adducts were

detected for the duplex and for the single straratgdponents of the system (Fig. 85).
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Fig. 85 - Mass spectrum of duplex zemen M incubated overnight in water at room temperatwith
doxorubicin 50uM. Samples were purified and concentrated usingaegntrifugation, and diluted again in
ammonium acetate 10 mM before mass spectromettysasia

In the spectrum of Fig 85 the species detectedadrelled with little coloured circles that

correspond to the species reported on the righhefpicture or a complex with different

species when the label contains combined circleghis way we can observe adducts of
single stranded and duplex oligos containing seéwkreorubicin molecules.

In the presence of formaldehyde, new adducts withnaremental mass of 12 Da were
detected, in addition to those observed in picBoré€black circles) (Fig. 86).
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Fig. 86 - Mass spectrum of duplex zemenuM incubated overnight in water at room temperatuiia
doxorubicin 50uM in the presence of J €O 2 mM. Samples were purified and concentrateegusi
ultracentrifugation and diluted again in ammoniuwetate 10 mM before mass spectrometry analysis.

Single stranded oligos and their doxorubicin coxgdeare abundant in these spectra, but the
same samples analyzed by gel electrophoresis&8jglo not show single stranded bands. This
is consistent with the observation that the sisgdended oligos and their complexes detected in
mass spectrometry form during ESI ionization rativan being present in solution. Only the
sample incubated with formaldehyde led to the fdianaof DNA-doxorubicin adducts with 12
dalton incremental mass consistent with the foionatif formaldehyde-mediated VXL.

Single stranded oligos incubated in the same dondiin the presence of doxorubicin led to the
formation of complexes of single strand-doxorubiaimd the 12 dalton incremental mass when
we incubated in the presence of formaldehyde. ®hditons of the ESI do not permit detection
of self-complementary duplex complexes visible ative gel electrophoresis. Duplex zemen
that contained only one GC in the sequence promibiedormation of only one 12 dalton-
incremented mass, even if the complexes containe@ ttan one anthracycline (Fig. 87B).
When we conducted the same experiment using théxdlgl-kt2 with more Gs in the
sequence, we obtained adducts with more than orgali@ incremented mass. We obtained
three new adducts in decreasing amounts respgctvti one, two, and three more carbons
(Fig. 87 A).
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Fig. 87 - A) Mass spectra of duplex kt1-kt2uMd incubated overnight in water at 4°C with doxoribi50
uM in the presence of €0 2 mM (red spectrum) and the absence gE® (black spectrum). B) Mass
spectra of duplex zemen M incubated overnight at room temperature with dakdicin 50 uM in the
presence of ECO 2 mM (red spectrum) and the absence gE® (black spectrum). All samples were
purified and concentrated by ultracentrifugationd diluted again in ammonium acetate 10 mM befoagan
spectrometry analysis.

This incremental mass of 12 dalton is consisterth e anthracycline-DNA-formaldehyde

structure proposed by Phillips and colleagues [ZBEre is also a relationship between the
number of incremental masses (+12) and the nunilgeramines present in the sequence.

We used tandem mass spectrometry (MS/MS) to obtaie information about the structure of

these adducts. We isolated the adducts of intieréisé quadrupole present in the first part of the
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instrument and we activated the precursor iongtyren the ICR (ion cyclotron resonance) cell
by SORI-CID or IRMPD.

Sustained Off-Resonance Irradiation Collision-lIretidissociation (SORI-CID) is a CID
technique used in Fourier Transform lon Cyclotra@s&hance Mass Spectrometry (FT-ICR-
MS) which involves accelerating the ions in cyabotrmotion (in a circle inside of the ICR
cell) and then increasing the pressure, resultingpllisions that produce fragments. After the
SORI-CID process is complete, the pressure is etlback to high vacuum and the analysis
of the fragment ions is performed.

InfraRed MultiPhoton Dissociation (IRMPD) is a maadmsm of fragmentation that involves
the absorption of infrared photons. The ions in pgfaasse become excited into more energetic
vibrational states until the bonds are broken,ilgatb the formation of fragments.

We used both techniques to investigate the covalemiplexes formed when the duplexes
were incubated with doxorubicin in the presencioohaldehyde.

We analyzed adducts between the zemen duplex amduthicin with a 12 (one C) incremental
mass, obtained by incubating the duplex under tle®iqusly described conditiongzemen
duplex 1@M incubated overnight in water at room temperawit doxorubicin 50uM in the

presence of bCO 2 mM and purified by ultracentrifugation).
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Fig. 88 - Tandem mass spectrometry of the zemetedgduct [Duplex + 2dx +12Jm/z 1923.07 obtained
with SORI-CID. The precursor ion was isolated ia uadrupole and fragmented in the cell.
In figure 88 we show the spectrum obtained by fraigsing the adduct corresponding to the
duplex zemen binding to two doxorubicin moleculed with 1 C incremental mass with SORI-
CID. This adduct dissociates losing adenine, dn¢psne doxorubicin and the C. This was an
unexpected result, as evidence shows that when tmameone anthracycline binds to the DNA,

the adduct first loses the anthracycline carryigt2 dalton incremental mass.
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6. ANTHRACICLINES-ADDUCTS AND VIRTUAL CROSS-LINISAUSSION AND RESULTS

We conducted tandem mass spectrometry even withdimplexes obtained by incubating the
duplex kt1-kt2 1QuM with doxorubicin 2QuM overnight at 4 °C in presence o$¢D 2 mM and
purified by ultracentrifugation (Fig. 89).

Intensity
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1. [Duplex + 1 dx -A] 4
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Fig. 89 - Tandem mass spectrometry of the ktl-kiplek adduct [Duplex + 2dx +12m/z
1787.38 obtained with IRMPD. The precursor ion vgatated in the quadrupole and fragmented
in the cell.

Also this complex dissociates losing first the daicin carrying the 12 Dalton incremental
mass at variance with the formation of the VXL.

A possible explanation of this apparent contraplicts that in gas phase and under high vacuum
condition in ICR cell the electrostatic interactitwetween the protonated amino group of
doxorubicin and the negative charged DNA backberstronger than in solution. In the covalent
bound anthracyclines, the amino group, instedolpsked and the ionic interaction is likely less
efficient. Probably this finding combined with therinsic instability of the aminal linkage can
explain the unusual fragmentation of these addhatdirst lost the anthracycline carrying the 12

dalton incremental mass.

104



7. CONCLUSION

7. CONCLUSION

Several anthracyclines, such as cyanomorpholingbddicin and barminomycin or
doxorubicin-activated species, can react covalentifh nucleic acids. All of these
compounds have an electrophilic carbon near thhegeh of the daunosamine that can react

with an amino group of the DNA (Fig. 90).
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Fig. 90 — Structure of PNU, cyanomomorpholinyl-daxaicin, barminomycin and the formaldehyde-
doxorubicin active species doxazolidine and doximinkH,CO Schiff base.

The daunosamine nitrogen close to an electropbdibon is necessary for the cross-linking
activity. What remains controversial is the funnotiof the 4' position. Post asserts that 4
hydroxyl group is important to form the reactiveaarlidine ring and proposed a mechanism
of formation of VXL according to which doxazoliding the species that reacts with the DNA
(Fig 91) [29]. In our analysis, we also found thathracyclines lacking this hydroxyl group

maintain their virtual cross-linking potential, gigting that the anthracycline Schiff bases’,
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which we confirmed to be present in solution, pdeyimportant role in the formation of the
cross-link. Probably both mechanisms are involweddoxorubicin VXL formation which
does not seem to be sequence-specific in vitra) étbe behavior can be different in vivo. It
is instead base-specific; there is a good cormldietween the number of cross-links formed
and the number of guanines present in the sequenoérming the involvement of the 2-

amino substituent in the process.

doxorubicir doxazolidine
_H

O o0 0

OH
(Jor co
e O o ( H,0
;2?

H,CO

doxazolidine

DNA strand |

DNA strand |

Fig. 91 — Mechanism of formation of VXL between daxbicin-formaldehyde conjugate doxazolidine and

DNA [29].
Nemorubicin (MMDX), the precursor of our metabol®NU, is a topoisomerase | and II
inhibitor when tested in vitro [47], but can ovaro® atypical (i.e., topoisomerase ll-mediated)
multidrug resistance [44]. However, PNU does néilin the catalytic activity of the enzyme
topoisomerase Il at the tested concentration. Tgiedytotoxicity of PNU must be explained by
other processes. Particularly relevant is the gtmoteraction with DNA, ability evidenced even
in the first experiment of topo Il inhibition. Highcytotoxic anthracyclines, cyanomorpholinyl-
doxorubicin, barminomycin, or activated doxorubitinmaldehyde form covalent monoadducts
with the DNA. Doxorubicin, which intercalates iretimucleic acid, changes its reactivity when
activated by formaldehyde forming covalently morshaads called VXL. Our hypothesis that
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PNU would have been able to form the same VXLs WihA was confirmed by the following
experimental evidence:

- PNU interacts with DNA to form adducts that exhitlifferent behaviors than the non-
covalent intercalation-complex between doxorubiaid DNA. The intercalation complex
presents a dynamic equilibrium according to whish &nthracyclines are bound to DNA
depending upon the binding constant. The interwalgirocess equally affects the melting
and the annealing temperatures, which are closadh other in the presence of intercalative
drugs. When we introduced formaldehyde, however,ftimation of VXLs between DNA
and doxorubicin affected the equilibrium and we sawubstantial difference between the
melting and the annealing temperatures. This diffee was a direct consequence of the new
methylene bridge between the guanine amino grodptfas doxorubicin amino group. DNA
incubated with PNU shows a substantial differenawben melting and annealing
temperatures indicating that PNU behaved essgnaalla virtual cross-linker rather than as
an intercalator.

- PNU reacted with the duplex DNA to produce addusblable by RP-HPLC. Formation of
the different adducts was correlated to the olifiJPratio and to the incubation time. The
observation that doxorubicin did not form isolalaldducts, even if the doxorubicin was
intercalated in DNA with a good affinity (or, battdormed adducts when in the presence of
formaldehyde), provides further strong evidence BMU forms cross-links to the DNA. The
isolation of one adduct after the reaction betwdem same oligos and the established
alkylating agent cyanomorpholinyl-doxorubicin canfs this hypothesis.

- PNU did not react with single stranded DNA, sugdioey the need of the duplex to form
monoadducts. The first step in this reaction igliikintercalation in the duplex, and once it
has reached the correct position within the com@PU can react with the DNA.

-The observations that these adducts show a me#mgerature remarkably higher than that
of the original duplex (the duplex-PNU complexesaatere between 70 and 80 °C, depending
on the quantity of PNU present in the solution) #mat these isolated adducts release oligos
with time suggest that PNU, similarly to the forohethyde-treated complexes of doxorubicin,
forms a VXL rather than a classical cross-link. Bmwrer, during MS/MS experiments
adducts fragment easily, losing the PNU bound diffdy than we expected in the presence
of a classical cross-link.

It is important to observe that PNU contains thenesaoxazolidinic ring as doxorubicin-

formaldehyde conjugate doxazolidine (Fig. 92).
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doxazolidint PNU

Fig. 92 — Structures of doxazolidine and PNU.

This structural analogy combined to the similarrabteristic between the cross-links formed
by PNU and by doxorubicin in presence of formaldihjead us to propose an analogous

mechanism of formation of the adduct between PNAJRNA (Fig 93).

% DNA strand Il

The VXL, a combination of intercalation, covalewinding and hydrogen bonding, leads to the

DNA strand Il

DNA strand | \
CH, DNA strand |

Fig. 93 — Mechanism of formation of VXL proposedveeen PNU and DNA

formation of more stable complexes between theracybline and the DNA, improving the

drugs’cell killing ability. As has become apparahiring our studies these complexes are
characterized by an intrinsic instability that mak&uctural investigation difficult. Nevertheless,
the conclusions we were able to shed more ligbttii molecular mechanisms of drug action,
which is crucial for a full understanding of anttyeline pharmacological properties. In addition,
the information thus far obtained will help us ationally designing novel, more effective, and

more tolerable anticancer agents.
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8. ACRONYMS AND ABBREVIATIONS
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8. ACRONYM AND ABBREVIAIONS

A: adenine

BB: Bromophenol blue

C: carbon

CID: Collision Induced Dissociation

Da: Dalton

DAB: Dabcyl

DPAGE: denaturing polyacrylamide gel electropha@esi

DS: double stranded DNA

e.g.: exempli gratia

ESI: ElectroSpray lonization

FAM: 6-carboxy-fluorescein

FID: Free Induction Decay

FQA: Fluorescence-Quenching Assay

FRET: Fluorescence Resonance Energy Transfer

FT-ICR-MS: Fourier Transform-lon Cyclotron ResoneisMass Spectrometry
G: guanine

GLB: Gel Loading Buffer

h: hours

HPLC: High Pressure Liquid Chromatography

i.e. :id est

IP RP HPLC: lon-Pair Reverse-Phase High Pressgr@d.IChromatography
IRMPD: InfraRed MultiPhoton Dissociation

m/z: mass/charge ratio

MALDI-TOF: Matrix Assisted Laser Desorption lonizat-Time of Flight
min: minutes

PAGE: native polyacrylamide gel electrophoresis

RET: Resonance Energy Transfer

SORI-CID: Sustained Off-Resonance Irradiation Gadi-Induced Dissociation
SS: single stranded DNA

TIC: Total lon Current.

tr: retention time

VXL: Virtual cross-link

uHPLC-MS: micro-HPLC-mass spectrometry

109






9. REFERENCE

ok ow

No

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

9. REFERENCE

Quintieri, L., et al.,Formation and antitumor activity of PNU-159682, ajor
metabolite of nemorubicin in human liver microsont@ Cancer Res, 2003.1(4):
p. 1608-17.

Minotti, G., et al., Anthracyclines: molecular advances and pharmacalogi
developments in antitumor activity and cardiotayicPharmacol Rev, 20086(2): p.
185-229.

UK cancer incidence statistics by aggancer Research UK January 2007.

WHO World Health OrganizatioR011.

Anand, P., et al.Cancer is a preventable disease that requires mdifestyle
changesPharm Res, 200259): p. 2097-116.

Croce, C.M.Oncogenes and cancéd.Engl J Med, 2008585): p. 502-11.
Knudson, A.G.,Two genetic hits (more or less) to cancBiat Rev Cancer, 2001.
1(2): p. 157-62.

Merlo, L.M., et al.,Cancer as an evolutionary and ecological procedst Rev
Cancer, 20065(12): p. 924-35.

Grandi, M., et al.Novel anthracycline analog&€ancer Treat Rev, 19907(2-3): p.
133-8.

Weiss, R.B.,The anthracyclines: will we ever find a better daMncin? Semin
Oncol, 199219(6): p. 670-86.

Danesi, R., et al.3'-Deamino-3'-(2-methoxy-4-morpholinyl)-doxorubici(FCE
23762): a new anthracycline derivative with enhahagytotoxicity and reduced
cardiotoxicity.Eur J Cancer, 19929A(11): p. 1560-5.

Simunek, T., et al.Anthracycline-induced cardiotoxicity: overview ofudies
examining the roles of oxidative stress and frdkilee iron. Pharmacol Rep, 2009.
61(1): p. 154-71.

Zambetti, M., et all.ong-term cardiac sequelae in operable breast campegients
given adjuvant chemotherapy with or without doxaecirband breast irradiation.J
Clin Oncol, 200119(1): p. 37-43.

Doroshow, J.H., G.Y. Locker, and C.E. Mydfazymatic defenses of the mouse heart
against reactive oxygen metabolites: alteration®duced by doxorubicind Clin
Invest, 198065(1): p. 128-35.

Gewirtz, D.A.,A critical evaluation of the mechanisms of actiamgwsed for the
antitumor effects of the anthracycline antibiotiagiriamycin and daunorubicin.
Biochem Pharmacol, 19997(7): p. 727-41.

Binaschi, M., et al.Anthracyclines: selected new developmefsrr Med Chem
Anticancer Agents, 2001(2): p. 113-30.

Binaschi, M., et alln vivo site specificity and human isoenzyme sglgctof two
topoisomerase ll-poisoning anthracyclin€ancer Res, 20080(14): p. 3770-6.
Tewey, K.M., et alAdriamycin-induced DNA damage mediated by mamma&idA
topoisomerase lIScience, 1982264673): p. 466-8.

Gigli, M., et al., Quantitative study of doxorubicin in living cell alei by
microspectrofluorometryBiochim Biophys Acta, 198850(1): p. 13-20.

Cummings, J. and C.S. McArdgtudies on the in vivo disposition of adriamycin in
human tumours which exhibit different responseshto drug. Br J Cancer, 1986.
53(6): p. 835-8.

Terasaki, T., et al.Nuclear binding as a determinant of tissue disttidn of
adriamycin, daunomycin, adriamycinol, daunorubidinand actinomycin D.J
Pharmacobiodyn, 198%(5): p. 269-77.

111



9. REFERENCE

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4].

Sinha, B.K. and C.F. Chigneljnding mode of chemically activated semiquinoee fr
radicals from quinone anticancer agents to DNOhem Biol Interact, 19728(2-3):
p. 301-8.

Cutts, S.M., et alThe power and potential of doxorubicin-DNA addud¢tsBMB
Life, 2005.57(2): p. 73-81.

Kato, S., et allFormaldehyde in human cancer cells: detection ®cpncentration-
chemical ionization mass spectrometiyal Chem, 200173(13): p. 2992-7.

Sinha, B.K. and E.G. MimnaugFkyee radicals and anticancer drug resistance:
oxygen free radicals in the mechanisms of drugtoytoity and resistance by certain
tumors.Free Radic Biol Med, 1998(6): p. 567-81.

Kato, S., et alMass spectrometric measurement of formaldehydergterkin breast
cancer cells upon treatment with anthracycline @mtor drugs.Chem Res Toxicol,
2000.13(6): p. 509-16.

Cutts, S.M., et alFormaldehyde-releasing prodrugs in combination vathriamycin
can overcome cellular drug resistané2ncol Res, 2005.5(4): p. 199-213.

Fenick, D.J., D.J. Taatjes, and T.H. Kobbxoform and Daunoform: anthracycline-
formaldehyde conjugates toxic to resistant tumdiscd@ Med Chem, 19940(16): p.
2452-61.

Post, G.C., et alDoxazolidine, a proposed active metabolite of dokarin that
cross-links DNAJ Med Chem, 200%3.8(24): p. 7648-57.

Kalet, B.T., et al.Doxazolidine induction of apoptosis by a topoisaaser I
independent mechanisthMed Chem, 200B0(18): p. 4493-500.

Taatjes, D.J., et alRedox pathway leading to the alkylation of DNA Ibe t
anthracycline, antitumor drugs adriamycin and daonygin. J Med Chem, 1997.
40(8): p. 1276-86.

Taatjes, D.J. and T.H. KoclNuclear targeting and retention of anthracycline
antitumor drugs in sensitive and resistant tumdisc€urr Med Chem, 200RB(1): p.
15-29.

Cutts, S.M., et alActivation of clinically used anthracyclines by tfoemaldehyde-
releasing prodrug pivaloyloxymethyl butyraddol Cancer Ther, 200%&(4): p. 1450-
9.

Coldwell, K.E., et al.Detection of Adriamycin-DNA adducts by acceleratoass
spectrometry at clinically relevant Adriamycin centrations. Nucleic Acids Res,
2008.36(16): p. €100.

Cutts, S.M., et alRecent advances in understanding and exploitincathiwation of
anthracyclines by formaldehyd€urr Med Chem Anticancer Agents, 20@g5): p.
431-47.

Zeman, S.M., D.R. Phillips, and D.M. Crotheharacterization of covalent
adriamycin-DNA adductd?roc Natl Acad Sci U S A, 19985(20): p. 11561-5.
Taatjes, D.J., et alAlkylation of DNA by the anthracycline, antitumorugs
adriamycin and daunomycid.Med Chem, 199&9(21): p. 4135-8.

Wang, A.H., et al.Formaldehyde cross-links daunorubicin and DNA edfity:
HPLC and X-ray diffraction studieBiochemistry, 199130(16): p. 3812-5.

Moufarij, M.A., et al. Barminomycin functions as a potent pre-activatedlague of
Adriamycin.Chem Biol Interact, 2001.382): p. 137-53.

Jesson, M.1., et alCharacterization of the DNA-DNA cross-linking ativof 3'-(3-
cyano-4-morpholinyl)-3'-deaminoadriamyci@ancer Res, 1982924 Pt 1): p. 7031-
6.

Ripamonti, M., et al,In vivo anti-tumour activity of FCE 23762, a
methoxymorpholinyl derivative of doxorubicin actoe doxorubicin-resistant tumour
cells.Br J Cancer, 199855(5): p. 703-7.

112



9. REFERENCE

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

S7.

58.

59.

60.

Mariani, M., et al. Growth-inhibitory properties of novel anthracycl;én human
leukemic cell lines expressing either Pgp-MDR oM#&IR. Invest New Drugs, 1994.
12(2): p. 93-7.

Bakker, M., et allMechanisms for high methoxymorpholino doxorubigitotoxicity
in doxorubicin-resistant tumor cell linet J Cancer, 1997.3(3): p. 362-6.
Capranico, G., et alnfluence of structural modifications at the 3' aficbositions of
doxorubicin on the drug ability to trap topoisomseall and to overcome multidrug
resistanceMol Pharmacol, 199415(5): p. 908-15.

Ghielmini, M., et al. Hematotoxicity on human bone marrow- and umbilicaid
blood-derived progenitor cells and in vitro therape index of
methoxymorpholinyldoxorubicin and its metabolit€ancer Chemother Pharmacol,
1998.42(3): p. 235-40.

Quintieri, L., et al.ln vivo antitumor activity and host toxicity of thekymorpholinyl
doxorubicin: role of cytochrome P450 3Bancer Res, 20060(12): p. 3232-8.

Lau, D.H., et al.Metabolic conversion of methoxymorpholinyl doxociri from a
DNA strand breaker to a DNA cross-link&r. J Cancer, 1994.0(1): p. 79-84.
Baldwin, A., et al.Jdentification of novel enzyme-prodrug combinatidas use in
cytochrome P450-based gene therapy for canéech Biochem Biophys, 2003.
4091): p. 197-206.

Lu, H. and D.J. Waxmamntitumor activity of methoxymorpholinyl doxorulbici
potentiation by cytochrome P450 3A metabolistal Pharmacol, 200%7(1): p. 212-
9.

Forster, T.Intermolecular energy migration and fluorescenc@nnalen der Physik,
1948(2): p. 55-75.

Lakowicz, J.R.Principles of fluorescence spectroscopyird ed. 2006, Baltimore:
Springer

Tyagi, S., D.P. Bratu, and F.R. Kram&fulticolor molecular beacons for allele
discrimination.Nat Biotechnol, 199816(1): p. 49-53.

Marras, S.A., F.R. Kramer, and S. TyaBfficiencies of fluorescence resonance
energy transfer and contact-mediated quenchingligooucleotide probesNucleic
Acids Res, 200230(21): p. e122.

Luce, R.A. and P.B. Hopkin§ghemical cross-linking of drugs to DNAMethods
Enzymol, 2001340, p. 396-412.

Smith, R.D., et al.New developments in microscale separations and mass
spectrometry for biomonitoring: capillary electroptesis and electrospray ionization
mass spectrometry. Toxicol Environ Health, 19930(2-3): p. 147-58.

Mirza, U.A., S.L. Cohen, and B.T. Chditeat-induced conformational changes in
proteins studied by electrospray ionization massecspmetry.Anal Chem, 1993.
65(1): p. 1-6.

Hofstadler, S.A. and R.H. Griffepnalysis of noncovalent complexes of DNA and
RNA by mass spectromet§hem Rev, 2001101(2): p. 377-90.

Ni, J., et al.Interpretation of oligonucleotide mass spectra figtermination of
sequence using electrospray ionization and tandessnspectrometryAnal Chem,
1996.68(13): p. 1989-99.

Koch, T., et al.,Anthracycline—-Formaldehyde Conjugates and Their géted
Prodrugs.Topics in Current Chemistry, 200833 p. 141-170.

Leng, F., et al.Base Specific and Regioselective Chemical Crodsirign of
Daunorubicin to DNAJournal of the American Chemical Society, 19986320): p.
4731-4738.

113



9. REFERENCE

61. Cera, C. and M. Palumbolrhe peculiar binding properties of 4'-deoxy,4'-
iododoxorubicin to isolated DNA and 175 bp nuclenss.Nucleic Acids Res, 1991.
19(20): p. 5707-11.

114



