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Abstract

This PhD project was carried out within the frame of a Marie Curie Network with the
acronym O0ClickGened, whi ch -demeatios gese siencingg he de
therapeut i cs .projéctstedies t6d gene knGokouten@chanism induced by new
synthesizednaterials, such as the artifical metatiocleases (AMNSs). Thesricleasesffer

a unique mechanism for inducing DNA damages by oxidative cleavage, which can be
associated to a specific DNA binding site through an oligonucleotide sequence as shown in
Figure 1.

Nowadays, the design of therapeutics that interact specifically with DNA represents a
paradigm shift for modern medicine due to the fact that this approach allows precise genetic
modifications in order to correct the underlying causes of mamgah diseases. The

concept of aiming at DNA as a target for anticancer drugs inspired the development of
numerous compounds with DNé#amaging reactivity. Among these novel compouads

included metatontaining agents that directly modify DNA bases, cate between

bases, or form crosslinks in DN&o far, the molecular basis of the drugs mechanism has

focused primarily on DNA damagbut recently th@ovel antitumoral strategies highligiok

the cell membr anes as a r & leactiviyn The designof o f t h
effective treatments against cancer pointed in understanding the role of membranes,
particularly the changes induced in the unsaturatedslipvhich are important for cell

membrane properties and functions.
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Figure 1. Artificial chemical nucleases induce lipid modifications and targeted oxidative DNA

scissionvia oxidative/free radical mechanisms.

The project carried out in this PhD thesis, in the frame of the activities as Early Stage
Researchei n t he O0ClickGenedé networ k, wa s devot
mechanisms of both lipids and nucleic acids induced by free radicals in the presenee of o
representative member of thesetallonucleases.

The project was carried out thed Bi oe FRaed i c a &t thé InstButeoofi Prganic
Synthesis and Photoreactividyt t he Nati onal Council of Rease
patner) under the supervision bir. Carla Ferrerin collaborationwith the Departmenof

Pharmacy and Biotechnologgf the University of Bolognaunder the supervisiomf

Professor Marinella Roberii’he work first aimedo investigate the lipid reactivity in the

presence of a metaldrug. In particularto simulatethe cell membrana biomimetic model

of liposomes waslesignedby different mone and polyunsaturated fatty acid moietias

orderto examine the reactivity in the presence of the novel synthesized metallodrug Cu
TPMA-Phenand a reducing agent. A variety of conditiomss tested andhe liposome

work-up with isolation and characterization of the fatty acid components gave an interesting
mechanistic picture of the membratieig interaction.

Connected with the fatty acid trsfiormations, the thesis includdéee synthesis anthe full
analyticalchatacterization of the six moitans isomers of docosakaenoic acid (DHA),

which is asemiessentiafy-3 palyunsaturatethtty acid. Two different synthetic approaches
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were combinedo obtaina full identification of the six montrans isomersind the aalysis

was based on gas chromatogragi®C) and nuclear magnetic resonance (NMR). The
characterization was novel and essential for buildipga molecular reference librarfhe
usefulness of such library was tested in an analytical application to yoEatis content in
nutraceutical formulas

The second part of theroject was carried outt dublin City University( a o6 Cl i c k Gene
partner) in the National Institute for Cellular Biotechnology under the supervision of
Professor Andrew Kellett. The work fesed on artificial metallmuclease (AMN) activity

and their ability for precise cleavage of DNA. The cleavage occurs by DNA oxidation,
mediated by reactive oxygen species (ROS) and contributes toward therapeutic utility by
damaging the genome of cancerllseto impede faithful cell replication. In these
experiments, the damage profiles were studied using major groove recognition elements,
spintrapping scavengers of reactive oxygen species (ROS), and DNA repair enzymes
with glycosylase and/orendonuclease activity. FinalJlfhe DNA damage fragments
produced in DCUwere isolated, purified and enzymaticallgested to single nucleosides.

The analytical protocol, previously defined by the CNR group, was applied to identify the
drug effectregarding thdormation of oxidative lesionsuch as ®xo-dA, 8-oxod G,R- 5 N;j
cdASc EARCc & Gl &Swrdds, irbdduble strand DNA fragments

NH, H NH»
, N
f\J f\J i HO O_J\Nf\%
OH
5'R-cdA 5'S-cdA 8-oxo0-A
@] @]
N l)L fL - N
NH ] NH
j | é | o=( ]
HO,,. //]\ ' //]\
o) N : o NTSNTNH,
OH OH
5'R-cdG 5'S-cdG B-oxo0-G

Figure 2. Oxidatively inducedNA purine lesions.



The work carried outn this PhD thesis is multidisciplinary, providing novel insights in
antitumoral strategies and highlighting the dual effect of the drug towards membrane lipids
and DNA. In-depth knowledge of several disciplines was acquired related to catigey
researchin liposome formulationsmembrandipidomic approach, nucleic &tchemistry,

gene therapy andiagnostics. Finally, the results contribute in the fields of free radicals in

chemistry, bioinorgaic chemistry, biology, pharmacologynd medicine.
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Chapter 1. Membrane Lipidomicsi A Novel Approach in
Antitumoral Strategies

1.1.Introduction

Cancer is the name given to a genetic disease in which soméh@d bodyds cel |l s

divide without stopping and spread into surrounding tissues in an uncontrolléd way.

Normal cells Cancer cells

Figure 3. Cancer starts when cells change abnornfally.

Cancer has been affecting people for centuries and a variety of treatments has been
developedthrough the years. Billions of money has been raised, invested and spent on
cancer research over many decades, however due to the fact that cancer is a collection of
highly complex diseases characterized by unregulated cell proliferation that can anise fro
numerous different factors, the therapeutic challenge is remarkable complexed and not yet
achieved. The World Health Organization (WHQO) names cancer as a leading cause of death
worldwide, accounting for 7.6 million deaths (around 13% of all deaths) @8 2Md
projected to rise above 13.1 million deaths in 2030.

If we consider the fact that the human body is consisted by trillions of cells, cancer can
initiate almost anywhere. The human cells grow and divide to form new cells regarding to

t he b o drentersts. The alls, which grow old or become damaged, die and new cells
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are formed. This physiological process might be disrupted when cancer is developed and
new cells form when they are not needkdparticular, the moment of the cell division
which reguires not only chromosome duplication but also membrane phospholipid
recruitment is nowadays looked at with attention, since it is evident that in the tumor

replication both DNA and membrane lipids are necessary.

Figure 4. A dividing lung cancer cefl.

Genetic changes that cause cancer can ari se
that occur not only as cells divide, but also due to DNA damage caused by certain
environmental exposures. NormalDNA contain four canonical nucleobases, however is
possibly to occur chemical alterations on the bases of DNA or the-ghgsphodiester
backbone may also suffer various damages. Lesions may be spontaneous, induced
endogenously (i.e. by reactive oxygepecies), by radiations (UV light,-bays) or by
chemicals™> The lesions in DNA are efficiently repaired by action of numerous repair
systems. Celtycle checkpoint proteins, whose activation induces-aalle arrest to
prevent he transmission of damaged DNA during mitosis, detect high levels of damage to
DNA.® However, is possible some of these lesions to escape the repair mechanisms,
therefore they are present when DNA is beinglicafed. In this case, the risk is the
generation of mutations at high frequerdayhich are able to transform normal cells into
rapidly proliferating, cancetype cells.

Cancer cells have relaxed DNA damasgmsing/repair capabilities and this information

generated the concept of aiming at DNA as a target of action for thé @heyefore, a

-15-



variety of anticancer drugs were inspired and the development of compounds, such as
cisplatin® doxorubicin® 5-fluorouracil** etoposidg?® and gemcitabiné that react
chemicallywith DNA is growing constantly* Among them, thenost common metallodrug

is cisplatin with clinical application as chemotherapeutic agent. However, this compound is
severely limited by its toxic side effeddach as kidney damage, increased risk of getting an
infection, tiredness, weakness and hair .[3%%'" This has spurred chemists to employ
different strategies in the developmief new metabased anticancer agents with different
mechanisms of action. The research interest was aimed towards compounds able to directly
modify DNA bases, intercalate between bases, or form crosslinks in DNA leading to stalled
replication, fork progession and subsequent cell death via apoptisis®

In addition, the scientifiadvancements revealed the deleterious effects of ‘retzllyzed
reactive oxygen species (ROS) in biological systems and relate them with various
pathological conditions, such as cancer. The R&ndent activation of apoptotic cell
death, highlight the gtential use of ROS as an antitumor agent. This valuable information
led in the development of the next generation therapeutic compounds with ability in a
targeted ROS production in the vicinity of nucleic acids. Complexes of redox active metals,
principaly copper and iron, represent an important group of metallodrugs, such as the
artificial chemical nucleas€$.The ligand environment in these complexes allows for the
tuning of charge, redox potential, chirality and geometry to optimize DNA binding. Under
aerobic conditions, or in the presence of appropriate intracellular oxidants, these compounds
can undergo Fenton or Hab®@/eiss chemistry to generate reactive oxygen spg&©S).

If the complex is bound to DNA, then there is a high probability that ROS will oxidize
DNA, leading to strand breakag€s.A well-studied example of RQ&ctive
chemotherapeutic drugs is the meatativated bleomycin, which is able to induce DNA
singlee and doublestrand scission via formation of an intermediate rredahplex,
requiring a metal cofactor such as copper or #énDue to these properties bleomycin is
used in cancer treatments and Hodgkin'sglgoma. Thidn cellulo catalytic production of

ROS by copper(ll) and iron(Il) complexes is recognized as a major mechanistic model in
design of effective inorganic formulated drugs, giving rise in the development of such

promising materials.

-16-



Theideaofaani que anticancer strategy named foXi

inducing oxidative and free radical chemistry for cytotoxic oxystress as cancer tredtment.
Overproduction of highly reactive oxygen metabolites can initiate lethal chain reactions,
which involve oxidation and damage to every structure that is present and is able to be
modified within the cell. Therefordgoth DNA and unsaturated lipid compotenf cell
membrans, which are crucial for cellular integrity and survival, can be damaged giving rise
to senescent, degenerative or fatal lesions in cells offering a powerful therapeutic modality
for future anticancetherapy”

I n fact, the novel antitumor al strategies
synergic effect towards DNA and cell membrane lipids. Recent studies by our group, both in
cell cultures and liposomes representation of the cell membrane, with the anticancer drug
bleomycin report the formation of a bleomyaion complex, highlighting that the free
radical reactivity does not concern only DNA cleavage mechanism, but involves also the
moiety of unsatwuated lipids, which are present in membraffé§.Cell membrane plays a
crucial role in several biological processes and stress situations can enhance the productio
of free radicals.. As described previously, among antitumor active metallodrugs copper(ll)
complexes are particularly interesting due to the redox behavior*6f C«Cu*. ?® Thisin

situ electron transfer can give rise in the formation of other radical species. The presence of
thiols, as biologically relevant reducing agents lead in generation of thiyl radicals, which are
able to cause damages involving among others the membranelipitisse highly active
species are able to trigger a cascade of reactesding in permanent modifications on the
structure of the membrane constitueiifshe monounsaturated fatty acids (MUFAs) and the
polyunsaturated fatty acids (PUFAs) are highly abundant and essential structural
components of the cell membrane with important effects on thetwteuand physical
properties of localized membrane domains. MUFA and PUFA moieties contain one or more
double bonds respectively, with cis geometry in their backbone. In the presence of sulfur
centered radicals, the intraconversion of the cis geometrgsEturated fatty acids moieties

is possible to occur and as a result, the corresponding trans lipids are formed. This change in
membrane architecture is possible to reduce the membrane permeability and fluidity, affect
the membranassociated enzymes amdtered the ion transport. In addition, the PUFA

moieties can be partitioned in oxidative and lipid peroxidation pathways leading in a

-17-
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decreased PUFA content in the membringhe structural differences in the fatty acid
moieties result in alterations and direct the cell to an apoptotic pathway. The changes in the
membrane lipid compositions can be monitored by fatty-baikd lipidomicé? This type

of analysis inthe research field of lipid structures and functions represents a powerful
diagnostic tool for detection of membrane impairments and correlate them with pathological
conditions.

Finally, model studies using liposomes as a simpler representation of threecebrane

allow the lipid damage evaluation on the monounsaturated fatty acids (MUFA) and
polyunsaturated fatty acids (PUFRAdntaining phospholipids, under biologically related

free radical and oxidative conditiofST hi s appr oach all ows an i nsi
chemical reactivity that media#eROS damge to the moieties of phospholipids, in the
presence of reductant in order to achieve the electron transfer and the generation of radicals.
By building up biomimetic models, the radical and oxidative processes can be followed up
using a variety of reactiooonditions, thereby providing a molecular basis to observe and

study these process¥s.

1.2.Cell Membrane Lipids

The membranes constitute the cell boundaries, as well as the boundaries of organelles within

the cell. Membranes amonsisted by a hydrophobic matrix, formed by an oriented double

layer of phospholipids to which proteins are bound in different forms. In 1935, Danielli and
Davson proposed as representation, the model of a double layer of phospholipids as the basic
strucural element of membrands.lt was assumed that all membranes had a uniform
thickness and a constant ligidotein ratio with symmetrical internalexternal surfaces. Due

to limitations of this model in 1972 Singer and Nicolgwaposed the structure and dynamics

of biologicalmemb anes with the view of aFigarée33 i d mosai
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Cell membrane is a mixture of fluid state lipids, which are organized in a double layer or
bilayer, along with proteins and other molecules. As far as concernmgethbrane lipids, they

are amphipathic and they possess both a hydrophobic and a hydrophilic moiety. This occurs in
phospholipids, glycolipids and sterdfsBecause of this amphipathic character, in an aqueous
medium they can organize themselves on both sides of an imaginary plane, with the
hydrophobic portions facing each ethand the polar moieties oriented to the outer, aqueous
space”’ Both lipids and proteins are in constant motion (hence the fluid mosaic name
mentioned above) and they rotate around their long axis, under physiological condition. The
most abundant lipid components are the phospholipids conmgsidtia L-glycerol molecule, in

which the hydroxyl groups in positions 1 and 2 are esterified with two fatty acids and the
hydroxyl group in position 3 is esterified with a phosphate group that is bound to small polar
molecules such as choline, serineaethlamine or inositol. As presentedkigure 6, in the
phospholipid structure the hydrophobic tails are consisted by fatty acid residues with different
lengths of aliphatic chain, which can be either saturated or unsattftaking into account

the structure of the hydrocarbon chain the fatty acids can be distinguished in:

1 Saturated fatty acids (SFAs), when the aliphatic chaiiains no double bond
Monounsaturated fatty acids (MUFASs), which have one double bond in the fatty acid
chain with all of the remained carbon atoms being sibgleded and

1 Polyunsaturated fatty acids (PUFAs), in which the constituent hydrocarbon chain

possesses two or more cartiearbon double bonds.

-19-
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In fact, depending on the position of the double bonds, PUFAs are either-8ntegé
methyleneinterrupted fatty acid® It is important to mention that this classification of
PUFAs in two differeh families reflects the fact that they are synthetized starting from a
common precursor for each family. The precursor for the series of eBnlggaeic acid (LA,

9c, 12c, 18:2) and for the ome@aseries is dinolenic acid (ALA, 9c, 12c, 15c, 18:3). Bot
fatty acids, linoleic and-anolenic, are considered essentials, which means that they cannot

be produced via enzymatic pathways, but need to be taken by tA&'diet.
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1.3. Oxidative- Free Radical Chemistry and Fatty Acid Moieties

Thereareseveraldefinitionsof dreeradicab aswell asdebatesboutwhethertheword dreed

is superfluousA simpledefinition is thata free radicalis any speciecapable of independent
existence (hence the term O6freed)hetprhsarice cont a
of one or more unpaired electrons usually causes free radicals to be attracted slightly to a
magnetic field (i.e. to be paramagnetic) and sometimes makes them highly reactive, although
the chemical reactivity of radicals varies widely. Mangefrradicals exist in living systems,
although most moleculas vivo are norradicals. If the above rule is taken into account then

the diatomic oxygen molecule can be considered itself a free radical since it has two unpaired
electrons, each located ind#ferent " * antibonding orbital. This is the most stable state or
ground state of @and is the form it takes in the air around us. If one electron is added to the
groundstate @ molecule, it enters one of the antibonding orbitals and the product is
superoxide radical, ﬁ Addition of another electron tozé)will give O, 2 the peroxide ion, a
nonradical. Species, like the ones described previously, that derived from molecular oxygen
and they are more reactive thapiBelf, are well known as retice oxygen species (RO%).

The term includes not only superoxide and some other oxygen radicals, but also seme non
radical derivatives of € such as kD, and hypochlorous acid (HOCI). Hence, all oxygen
radicals are ROS, but not all ROtSrm;eQAandoxygen
H,O, are selective in their reactions with biological molecules, leaving most of them
unscathed, whereas AHittacks everything around“ft.The term reactive species has been
expanded to include reactive nitrogehlorine, bromine, iron and sulphur species.

Oxidative stress occurs when the production of reactive oxygen species (ROS) is greater than
the body's ability to detoxify the reactive intermedidfeshis imbalance leads to oxidative
damage to DNA, lipids, proteins, molecules and genes within the“B&igce the body is
incapable of keeping up with the detoxification of the free radicals, the damage continues to
spread. The body naturally produces antioxidants like superdisdautase, catalase and an
assortment of peroxidase enzymes, as a means of defending itself against free’tatieals.
antioxidants neutralize the free radicals, thereby rendering them harmless to other cells.
Antioxidants have the remarkable ability to repair damaged melediyt donating hydrogen
atoms to the molecules. Some antioxidants even have a chelatingdeftesasing théree

radical production that is catalyzed by mef8lf this situation, the antioxidant contains the
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metal molecules so strongly that the chemical reaction necessary to create a free radical never
occurs.

Production of 3™ in the presence of NADH or NADPH can occur for the presence of an
NADPH oxidase enzymeThe QA/HZOZ produced have the potential to damage nuclear
componentsi n particul ar by conversion into OHA
mutation can occlt->?> Plasma membranes contain redox systems that transfer electrons from
NADH to external &ctron acceptors, such as ascorbate but there are cases that also the cell
membranes suffer from permanent modifications of their components. The above data
evidenced the necessity to apply a novel strategy when considering the oxidétee

radical clemistry within the cell, since targets of the produced radicals is probable to be both
DNA and membrane lipids each one resulting in a modification leading in pathologic
conditions or in the case of cancer tumors to induce an apoptotic resp¥nse.
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1.4. Transition Metal-Based Drugs

Metal ions play important roles in biological processes, and the field of knowledge concerned
with the application of inorganic chemigtto therapy or diagnosis of disease appeals very
promising. The introduction of metal ions or metal ion binding components into a biological
system for the treatment of diseases is growing faster, next to general strategies and
challenges of metallodrugesearch and developmernt. h e met all odrugi DNA
together with cellular pathways activated in response to the drug, lead to replication arrest,
transcription inhibition, celtycle arrests, and apoptosTs.

Transition metal ions are of particular interest, because they are qualified as free radicals
under the definition given previously. Most of the metals in the first row of-thleak in the
periodic table contain unpaired electrongt;natoms and/or ions and are thus free radicals.
Indeed, it is appropriate to classify most transition metal ions as radicals, since many of their
biological effects, whether beneficial or deleterious involve the ability to accept or donate
single electras, since the singlelectron transfers they promote can overcome the spin
restriction on direct reaction of,Qvith nonradicals. The reduction potentials of transition
metal ions depend on the ligands to the metal, and thus can be altered in diffeyerésto

allow the same metal to catalyze different reactf8nshe danger is that, unless their
availability is carefully controlled, transition metals will catalyze unwanted-riadeal
reactions such saautoxidation and Oformation®’ Copper has two common oxidation
numbers, copper (I) and copper (ll), as shown below.

Copper atom Ar one unpaired ¢

Copper (D ion ar | 4 A A A A e
. £ 01 @ Iree radica
(cuprous ion, Cu®) \ v v v v

Copper (11} ion A A A A A
; . 35 Ar | | | one unpaired e
(cupric ion, Cu®*) \j v v v

A copper (I11) species may also be important

A A A A A

NO o1\ e
Ar v v v two unpaired ¢

Figure 7. Electron configuration of copper atom and kations in orbitals.
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Copper (I) readily undergoes se#faction if it accumulates; Co Ci'Y Cu % Cu

The oneelectron difference between Cand Cd&*, or Cf* and Cu (lll), allows copper to
promote radical reactions. Under appropriate conditions, for example, copper ions interact
rapidly with O

CH+0O Y CuO, k=(5i8) 1°MGd?
H*+ Cu + HOAY &+ H,0, kK &M gl
Of+Ci+H,0Y &uOH +HO? k & MTgl

Net: O + A +2H'Y 4D, + O,

The copper, by changing its oxidation number, is catalyzing the conversion of fvo O
radicals and two Hions to HO, and Q. It is known, that several copper ions chelateact

with biological molecules. Among these bioactive molecules are the thiols, which act as
antioxidants. It is highly probabfer thiols to react with coppen vivo, leading in formation

of free radict. Thiyl radicals are formed when thiols react with carbentered radicals,

with transition metal ions or with several oxygen radicals, includiné BB&, CQA, ROZA.58

For example
RSH + OHY R'SH,0

RSH + RG"Y R'SROOH

RSH+C§'VY R'Scu +H"

Once the thiyl radical in the presence of copper (ll) is generated, is often assumed'that RS
radical is essentially inert and disappear by dimerizatiang. for the glutathione thiyl

radical,

G+GSVY GS S G VIR k = 1.5 1 10

Copper can participate in oxidative or free radical pathways giving rise in formation of ROS,

which are able to initiate lipid and DNA damdjeDue to these properties, a variety of
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coppercoordination complexes with nuclease reactivity andditected DNA cleavage has

been developed. Artificial chemical nucleases are biomimetic and rely on simple systems,
which incorporate welknown enzymatic properties, such as metal coordination, general acid
base catalysis, and nucleophilic attack to hydrob@esated phosphodiesters. A wstldied
chemical nuclease is 1 ghenanthrolineeopper, and the ability of this redaxtive
coordination complex to cleave DNA has been established. One of the striking features of the
reaction was the specificity of I}-phenanthroline ligand and the absolute requirement for
copper ion. In fact, both the redox chemistry of the copper ion as well as the extrinsic
stereoelectronic and steric properties of phenanthroline copper complexes are of equal
importance in the meamism®*

This new generation of drugs does not concern only copper, a wide range of redox
metallodrugs has been established in anticancer therapies. Among them, the most popular is
cisplatin due to the ability to crosslink with the purine bases on the DNA, interfering with
DNA repair mechanisms, causing DNA damage, and subsequently inducing apoptosis in
cancer cell§? Nowadays, cisplatin is used as a chemotherapy medidatineat a number of
cancers.

Finally yet importantly, bleomycin is another drug that is used and it has a unique mechanism
of antitumor activity. Bleomycin has both metal binding and DNA binding sites and its
activity to generate radical species, suchygdroxyl radicals, in the presence of ferrous or
copper(l) ions and molecular oxygen, is known since long time. The mechanism of its action
includes the production of oxidative DNA strand scission via formation of OH radicals The
mechanism includes therdling of five nitrogen atoms with divalent metals such as iron.
Molecular oxygen, bound by the iron, can produce highly reactive free radicals and Fe(lll).
The free radicals produce DNA singlgand breaks at-8" bonds in deoxyribos&.

In conclusion, platinunbased drugs such as cisplatin are powerful anticancer agents, they
have undesirable side effects and are effectgainst only a few kinds of cancéfsThere is,
therefore, a need for new drugs with an improved spectrum of efficacy and lower toxicity.
Complexes of copper, gold and silver (coinage metals) are poteatididates to fulfill this
need®® Although metallodrugs are used in antitumoral therapies, the mechanism of reactivity
is not yet fully explored in many cases. A precise understanding of both the DNA binding

propertes and the chemical reactivity of any scission reagent is essential for site selectivity
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potential application of more synthetic restriction endonucleases. Needless to be mentioned,

the development of anticancer drugs based on these metals is curxamthaative field.
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1.5. Lipid Geometry

Double bonds in unsaturated fatty acids, like any alkeme, present in two different
geometrical configurations; wittwo of the substituengroups on the same side of the double

bondplane,c a | | eisomeari saddn t he opposite s(kigire8. cal l ed

Stereocisomers

R R R H
H H H R
Cis- Same- Zame Trans- Opposite - Epposite

Figure 8. Cis and trans configuration of double bonds.

Most of the monounsaturated fatty acid (MUFA) residues present in plants and animals
display cis geometry ahe double bond. Double bonds with cis configuration are generated
during the biosynthesis of MUFAs and PUFAs by the regioselective and stereospecific
activity of desaturase enzymes, which act only in specific positions of the aliphatic chain and
always meliate the formation of cis double borfdsThe significance of the ubiquitous cis
structural feature of the unsaturated lipid double bond is based on its contribution to the
organization of phgpholipids in one of the most important units of living organisms: the cell
membrane. Indeed, life needs the compartmentalization given by the phospholipid bilayer that
surrounds the cell, the cis fatty acid is necessary to provide the hydrophobic art wit
favorable properties to organize proteins and other components, rendering membranes active
components with several functionalities rather than being merely a®walhe bend
corresponding to the cis double bond givguite typical physical characteristics, such as
melting points or phase transition temperatures, as well as biophysical and biochemical
propertie$?®° It is intriguing that the trans geometry,spéte its thermodynamic stability, is
almost excluded from most of the unsaturated fatty acid structures involved in cellular

compartments of living organisms. The presence of trans double bonds in fatty acid residues
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produces a dramatic change of the roolar shape from a bent to a linear structure as

reported inFigure 9.7

Figure 9. Structural differences of membranes composed bpWBA and trans PUFA.

Phospholipids are the main components of the cell membréamm®fore their structure
regulates the supramolecular organization and the properties of the double layer. Considering
the degree of unsaturation a general rule on lipid assembly is that the lowest the number of
double bonds, the higher the packing orfelipids. The lipids are assembled with increasing
rigidity according to the order: saturated > trans unsaturated > cis unsaturated aliphatic chain.
Modification of lipid composition affects both the physical and chemical properties of the
membrane and dmnce allows a finrduning of membrane micro viscosity and molecular
mobility.”?

In the last two decades, free radical stress was one of the topics of integrated multidisciplinary
research directed towards health and aging. These studies led to the individualization of the
importanceof cell membranes in stress management and highlightened how crucial is the

retention of configuration in the lipid geomet?y.
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1.5.1. Cistrans Isomerization

As described previously, the unsaturated fatty acids are impbstdraphobicconstituents of
phospholipids present in the cell membrane and are essential for the control of physical
properties of the lipid bilayer. Under normal conditions in eukaryotic cells most of
unsaturations are in a cis conformation, which does not intrqulerterbation in the relative

alkyl chain arrangement inside the lipid bilayer. However, there are some prokaryotic cells,
such as the bacteri@gseudomonas Aeruginosad Vibrio Cholerg in which under stress
conditions an enzyme called isomerase can corther cis double bonds to trans in the
phospholipid residues geomeff{f> This transformation plays an essential role in adaptation
responses and the number and geomdtgneaturations are correlated with thermotolerance
and to adjust in toxic substances. The energy difference between estasifaad trangatty

acids is low (aboutl kcalmol), and alitransfatty acids readily isomerize uporirradiation

of tertbutanol solutions, or photolysis of-tkrt-butyl ketone. Experimental evidence was also
presented for the cisiTtrans isomerization
initiation step being a complex reaction between thiol and alkene throalgituteassisted
homol ysi s of t h -datty Sa¢idd ard also dproduced lynaborted catalytic
hydrogenation and free radicals, in particular thiyl radicals that act as catalysts both in
homogeneous solution and lipid vesicles and provoke permanedifications’® Thiyl
radicals result from sfur-containing molecules and these species are able to initiate a cis
trans isomerization type of reaction the mechanism of which is presented figutree 10
below/""® Herein, is reported as an example the addition-nfe2captoethanol to methyl

oleate and the isomnization catalyzed by the corresponding HQCH,S radical.
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Figure 10. HOCI—|ZCHZSAradicalcatalyzed isomerization of methyl ole&té.

The mechanism is an additi@imination type reaction, which leads to the conversion of
stereochemistry. The initial step is the generation ofcarfiered radical that is added to the
double bond. As a result, an unstable radical intermediate is forfolkolved by an
elimination reaction that leadis the formation of the most thermodynamically favorable trans
isomer. The MUFA isomerization is widely studied and the overall picture is complete,
however regarding the analogous reaction with PUFA, the¢ioeas more complexed. Using
identical reaction conditions with regard to MUFA the time profiles of linoleic acid methyl
ester (9cis,12¢i€18:2; LAME) disappearance and formation of mdérams and ditrans

isomers in these experiments indicated thatcthes 1 t r ans | someri zati on

reaction figure shows the equilibrium situation for a dienoic unsaturated fatty acid stf8icture.

-31-



Figure 11. Addition of thiols to diene&’

It must be pointed out that in the biological environment, thérars isomerization of the

fatty acidmoieties is influenced by the supramolecular organization of the phospholipids in
the bilayer. All the double bonds in the structure of fatty acid residues are not exposed at the
same way and the thiyl radicals should be diffused in order to approachTherprovide
evidence that the double bonds are not equivalently reactive and is expected that the ones
closer to the polar head are easier to be attacked by the radicals, rather than the double bonds
located in the hydrophobic bilay&r®?

Trans fatty acids are correlated with a serieharmful effects in human health such as

inhibition of enzymatic processes, increase plasma concentrations-oklwitylipoprotein
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cholesterol and reduce concentrations of tdghsitylipoprotein, which results in relation

between the blood lipid coaentrations and the risk of coronary artery diséase.
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1.5.2. Lipid Peroxidation

In recentyears, it has become apparent that the oxidation of lipids, or lipid peroxidation, is
associatedwith pathogenesis of several disease states in adult and infant ptikipis.
peroxidation is a process generated naturally in small amounts in the body, mainly by the
effect of several reactive oxygen species (hydroxyl radical, hydrogen peroxide etc.). Many of
these free radicals can be generatedsivo, such as cadn-centered rdicals, which are
intermediates in a process called lipid peroxidation. Cademered radicals usually react
quickly with O, (rate constants often > 109'M*) to form RQ"radicals. Decomposition of
organic peroxides (ROOH) generates bothz‘hxhd RA Most peroxides are stable at room
temperature, but they can be decomposed by heating, exposure to UV light (in some cases), or

by addition of transition metal ions, such as copper
ROOH + Cd*Y RO/ +H' + Cu'
ROOH + Ci Y RO OH + C/#*
ROOH + Cd*'Y RO OH + Cu?*

These reactions are important in copper-stimulated lipid peroxidation. Lipid peroxides
might also react with Héto form RQA,

HO,A*ROOH Y., +RD,

The preoxidant effects of ascorbate/€umixtures have been studied, also for their ability to

inactivate many enzymes, probably by formation of*@Rid/or oxecopper species and is

possible to induce lipid peroxidation and other oxigatdamage within the cell, a crucial

capability in antitumoral strategié$.

These reactive oxygen species are readily to attack the polyunsaturated fatty acids of the cell

membrane, initiating a seffropagating chain reaction. As far as PUFA reactivity is

concerned, it must be noted that PUFAs have methytdagupted double buls and

bisallylic positions with a | ow CiH bond di s:
RS + R{:\ /:\RQ » RSH + R/:\./aR

1 2
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This reactivity attracted immediate interest for its connection with the role of thiols as active
biomolecules. Cysteine and glutathione are quite efficient hydrogen donors tcaviaoa c
centered radicals generated by various pathways of damage in vivo and they are able to react
with PUFA bisallylic positions via two different pathways. In the literature is suggested that
thiyl radicals abstract the bisallylic hydrogen, whereas ¢émeaming RS attack the double

bond to form a radical adduttBecause of poitsle competitive pathways between hydrogen
abstraction and the reversible thiyl radical addition to the double bonds, it is clear that the
specific conditions and reactant concentrations are important for the outcome. In presence of
molecular oxygen, carlmecentered radicals react with it leading to peroxyl radicals that then

propagate the oxidative chain.
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Figure 12. Mechanisms for the radichlsed peroxidation and isomerization procegsassaturated fatty

acids.

Alteration of membrane lipids and th@ccurence ofipid peroxidation reactionsompromise the
viability of cells and tissue functioningEnzymatic (catalase, superoxide dismutase) and
nonenzymatic (vitamins A and E) natural antioxidant defense mechanisms exist; however, these

mechanisms may be overcome, causing lipid peroxidatiopradoeed with a more damaging
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effect® Since lipid peroxidation is a sefffopagating chaineactian, the initial oxidation of only

a few lipid molecules can result in significant tissue daniagatensive research in the field of

lipid peroxidation determined the alteration of the physiological functions in cell membranes and
the important role in cellular membrane dam¥géd.ipid peroxidation has been implicated in
disease states such as atherosclerosis, asthma, Parkinson's disease, kidney damage®and others.
Beyond ROS involvement in carcinogenesis, increased ROS level can inhibit tumor cell growth
via formation of their products which are also the lipid peroxides. Indeed, in tumors in advanced
stages, a further increase of oxidative stress, such as thas edoen using several anticancer

drugs and radiation therapy, can overcome the antioxidant defenses of cancer cells and drive them

to apoptosis?
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1.6. Cell Membrane and Lipidomic Analysis

The healthcare approach has improved airlothe last decades due to the understanding of
signaling and response pathways at the cellular level. Asrided previously, it is of high
importance the fatty acid residues of phospholipids to maintain ttaural assembly and
structural integrity.Membranes are necessary to not only divide and form the living cell, but
represent also a crucial site for regulating exchange of nutrients, oxygen and stimuli inside the
cell or even between different celfs”* The cell membrane is a relevant site for receiving and
emitting signals, inducing an adaptive response in the lipid constituents. The division of lipids

into lipid classes reinforce the knowledge regarding the membrane composition ragdlasion

by the appropriate mix of fatty acid residues. The total mapping of the membrane components
allowed a different perspective for understanding the relationship between structures and
functions, as well as their connection to the status of tigandm in a more dynamic and
functional way. The new technological advancements ¢pdei n O Li pi domi csd t h
pl ace of the Aol doomipsdol ogyowdéh Bosexpr a&s$
fomi cs® t echn o lomigsiamdproteomiaScLipidomiss addeess the lipid diversity
needed for I|ife by analyzing I|lipid mol ecul es
that occur to lipids in a cell compartment or in whole organism, under physiological or
pathological conditionsThe fatty acid monitoring opened new frontiers to health prevention and
disease treatment. To date, the lipidomic analytical strategies are applied to a wide variety of
biological samples such as blood, plasma, serum, urine and biological tissues fdemvadimal

models or clinical patients. This powerful diagnostic tool provides information on quantification

and qualification of fatty acid constituents for monitoring the membrane remodeling under
different conditions® The lipidomic approach is very promising due to a very important
achievement that includes the contribution in the field of biomarker discdVétinally,

lipidomics enhance the understanding of the increase or decrease of a lipid level and its
combination with the development of a disease and in ¢act play a key role in risk prediction

and therapeutic monitoring for several pathologfes.
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1.7. Liposomes: a Simulation of Cell Membranes

All the scientific achievements in the field of lipidomics pointed out the importanazelbf
membrane and its components. Once it was clear that fatty acid residues represent important
vectors of free radicals reactivity with all the harmful consequences menabosd, the study

of the lipidbehavior under various conditions became a neagegssimpler representation is the
liposomes, which serve as excellent model membr&rdposomes were first described tine
mid-60s, they are selflosed structures composed of amphiphilic lipids that form a bilayer
encompassing an agueous compartment and have been extensively used as cell membrane
models'®°! Liposomes composed of phospholipids present a membrane structure similar to the
cellular one, in which the lipophilic hydrocarbon region is sandwiched between two ordered polar
head group regions. Phospholipids are amphipathic molecukasy of which form liposomal
structures spontaneously when confronted with excess viRésearch on liposome technology
has progressed from comrgveennetriaan aoln Ve spiocstoense st Q
circulating liposomes are obtained modulating the lipid composition, size, and charge of the
vesicle!%%1% Generally, liposomes amefinite as spherical vesicles with particle sizes ranging
from 30 nm to several micrometers,. The liposome size can vary from very small 00256

large (2.5em) vesicles. Moreover, liposomes may have one or bilayer membranes. Based on their
size andnumber of bilayers, liposomes can also be classified into one of two categories: (1)
multilamellar vesicles (MLV) and (2) unilamellar vesicles. Unilamellar vesicles can also be
classified into two categories: (1) large unilamellar vesicles (LUV) and (@)l sunilamellar
vesicles (SUV),as depictedn Figure 13. In unilamellar liposomes, the vesicle has a single
phospholipid bilayeas asphere enclosing the aqueous solutialtilamellar liposomesave a
multilayered, oniodike structure Classically several unilamellar vesicles will form on the inside

of the other with smaller size, making a multilamellar structure of concentric phospholipid

spheres separated by layers of water.
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Figure 13. Liposome classification ardiameter sizegSUV = small unilamellar vesicle; LUV = large
unilamellar vesicle; GUV = giant unilamellar vesicle; MLV = multilamellar ve$icle

There is a variety of methods for liposome preparation such as soniafiemch pressure cell:
extrusion'® freezethawed liposome¥? lipid film hydration by hand shakind’’ nonhand
shaking or freeze dryintf® micro-emulsification:®® membraneextrusiort® etc, al methods have

four common stage’s?

Drying down lipids fromorganic solvent.
Dispersing the lipid in aqgueous media.

Purifying the resultant liposome.

w0 N PE

Analyzing the final product.

Liposomes have been used in a broad range of pharmaceutical applications showing particular
promise as intracellular delivery systefos antisense molecules, ribosomes, proteins/peptides,
and DNAM? However, despite the liposomes primary use as drug deliverable systems this is not
their only applicatiort*® Liposome models can be used in studies of lipid peroxidation -tracis

isomerization due to the fact that they are a stimulation of the cell membrane, in order to avoid the
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complication of possible interference of cell components offem the membrane lipid$***°

They exhibit ion discrimination, osmotic swelling, and response to a variety ofsatieat

accelerate or retard loss of ions or molecules from the spherules in a way that at least qualitatively
mimics their action on natural membrapeunded structuse Among others, cell membranast

as a pysiological barrier for a drug in its path teach the site of action. Tlkffusion through

cell membrane phospholipid bilayes a key step in the absorption and distribution of a drug

as well as, ultimately, its action in the organism. The molecule must enter the membrane within

the pdar head group region, diffuse through the lipophilic hydrocarbon double layer and emerge
throughout the head group region on the inner side. Even in cases where a specific transporter is

i nvol ved, the drugds abil ity Higbly correlatedr vétlc t wi t
structur al changes in her components. This ab
equilibrium. The study of the interaction between a drug and the membrane lipids of unilamellar
liposomes is a novel aspect in antitunidraatments. Nowadays, this aspect is highlightened

more and more, providing many distinct advantages and bringing out several important features
regarding the reaction mechanism and the consequent membrane damage under free radical
conditions. Applicatios of liposomes in medicine and pharmacology can be divided into
diagnostic and therapeutic applications; liposomes containing various markers or drugs, and their
use as a tool, a model, or reagent in the basic studies of cell interactions, recognitssgs,0

and mode of action of certain substanc8s"18119
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1.8.Thesis Overall Objectives

The overall objectiveof this PhD thesisvas to explore the oxidative/free radical damage
mechanism induced my novel synthesized metallodrugs umorgimetic models in order to

simulate the biological systeand exploring mechastic scenarios with targeted experiments of

lipid cis-trans isomerization and DNA damages

The damage mechanism is mediated by ROS, which are able to lead in permanent oxidative
modifications in cellular components. Due to this reason the resaehtdementspresented in

this thesis focused on the two most i mportant
membrane lipids and DNATherefore the experimental work can be divided in two parts

according to the aspect that is studied

1 Evaluation of the lipid damage in the presence tbe artificial metallonucleases
[Cu(TPMA)(N,Ng]%*. For the purposes of thestudies liposomemodels were employed
as representation of the cell membramdterations in the chemical structure of fatty acid
moieties in he presence of a novel metallodragd a reducing agemire discussed in
Chapter 2 as well as, inChapter 3. In addition, inChapter 3 is presented the first
complete synthetic strategy and analytical characterization of the most electrfattyich
acid the docosahexaoic acid (DHA) which was essential for further investigation

regar di ng DHhhAgdsdamageact i vi ty

1 Evaluation of the DNA oxidation profileend damage mechanisnduced bya noveltype
of [Cu(TPMA)(N,NJ]?" artificial metallonucleasesThe detailed examination regarding
the DNA binding, cleavage abilityas well agadical trapping experiments to identify the
dominant free radical(s) giving rise to SSBs and D8B&AMNSs was determined with
supercoiled DNA The results obtainded during the course this analysis are discussed in
Chapter 4.
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Chapter 2: Model Studiesof Cu-TPMA -PhenInduced Lipid Damagein
LiposomeMembranes

Among metal complexesof therapeuticuse as antitumor drugs, coppe(ll) complexeshave a
particular place due to the fact that they can undergoredox activity with in vivo formation of

Cu(l) and togetherwith DNA binding propertiesto causeDNA cleavage **° The increased
requirement of copper in cancer cells for redox metabolism andxiti&tive properties to
generatereactive oxygen species (RPD&e the biological and chenaicbasis, respectively, for
theanticancer actity of thesemetallalrugs acting as artificial nucleader the sequece specific
disruption of gene functiort?* The artificial chemical nuclease @WPMA-Phen of the novel
series [ Cu (*tha& Wea isedNgr tRexsjudies on lipid damage was synthesized, purified
and fully characterized by ESR Nicolo Fantoni
under the supervision of Professor Andrew Kellett.

As mentioned abovenaimportant asect of theCu-TPMA-Phenchemicalreactivity is the fact

thatit has a redox behavior of €u  Cu™ and thisin situ electron transfer can give rise imet
formation of radical speci€é? In the presence dhiols, which are active biomoleculéhijs redox
potential of the copper(ll) complex can gener&teentered radicals, able to cause biological
damages involving among others the membrane lipfd¥* The outcome of thegeneration of

thiyl radicals is thatthese species cagither catalysa cistransisomerisation of ddole bonds
and/or initiate aperoxidation process involving thensaturated fatty acid residues of
phospholipids**Phospholipids are a large family of compounds, they arsidered as building
blocks of the membrane and naturally in eukaryotic cells, the double bond geometry of
unsaturated fatty acid residues is‘éisHowever, the intervention of sulfuwentered radicals, can

lead in a cistrans isomerization, giving rise the formation of the more thermgaamically
stable trans isoméf° The free radicabased drug effect inspired biomimetic studies in membrane
models, composed of liposomes containing monounsaturated fatty acid residues (such as oleic
acid, 18:1 cif) in thepresence of the potential dr{iCu(TPMA)(Phenanthroline)](Clg),] and

different thiols as reducing agents to cause the recycling of the redox state of the complex and
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incubation at 3ZC. In our experiments, we were interested in studying the trangfomu cis
geometry into trangjnder a variety of different conditions. The study of the biomimetic model in

a radicalcatalyzed cigrans isomerization is of high importance, since the trans lipid geometry
resembles that of saturated lipids and is possible to lead in a permanentatiodifof the
membrane and formation of a more rigid bilayer packi§’

On the other hand, it is known that the monounsaturated fatty acid moieties are less prone to a
radicatbased oxidative degradation compared with the polyunsaturated fatty&didsrder to
evaluate the peroxidation pathway, liposomes formed by soybean lecithin containing different
percentages o6FA, MUFA and PUFA fatty acids were tested in the presence of the copper
complex and thiol. Tiése vesicles offehe advantage of studying the competition of free radical
transformations towards peroxidation and isomerization processes, since the polyunsaturated fatty
acids can partition in both pathway$ Comparing the results we obtained by the use of these
two dfferent liposomal compositionsinder a variety of conditions concerning the effect of
concentration both for the pper(l)complex and the thiol, the different thiols used, the addition

of well known antioxidants and ¢hpresence or absence of oxyg@ninteresting scenario of this
potential metallodrug reactivity was furnished.

The biomimetic model of liposomesas designed to follow the fatty adiate after reaction with

thiyl radicals formedin the presence of the EIPMA-Phen and a thiol compoundhe model
studiesunderlined he crucial role of membranes in antitumoral treatmeatsl the fact that
membranes are not just spectators but important vecttisafn t i t umor al 6%€*%¥dr ug
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2.1. Materials and Methods

2.1.1.Liposome Experiments

The first step in our experimental procedure is the addition of POPC in chlor¢s&mmg
dissolved in 3 mL), followed by evaporation in a test tube under argon stream. The thin film that
is formed, remains under vacuum until it is completely free of solvent and then 1 mL tridistilled
water is added, in order to obtain a final conceiumabf 70 mM phospholipid conteht The

solution is vortexed vigorously under argon stream for 7 min and this procedure yields at large,
multilamellar liposomes (LMV). Our next step is downsizing LMV dispersions in unilamellar
vesicles (LUV) with a mean diameter of 2568 nm using the extson technique (LUVET) and

a 200nm polycarbonate membrane filt&.This method is chosen since not only it helps prevent

the membranes from fouling and improves the homogeneity of the size distribution of the final
suspension, but alsbecause this membrane model represents in the closest way the membrane
bilayer. The size of the liposomes is measured using DLS and the LUVET stock suspensions are
transfered into avial and storedaA4C f or a maxi mum of 2 weeks.
The total volume of every reaction is 1 mL with phospholipid concentration of 1 mM. More
specifically an aliquot of 14.6L fatty acid content from the stock solution is added in tridistilled
water in the reaction vessel. To the liposome suspension, pipercoomplex is transferred (0.15

mM) and the reaction remains under stirring for 2 min. From stock solutions in tridistilled water
and final concentration in the reaction 10 mM, the thiem@captoethanol or-dysteine or
reduced glutathione) is addeobd wise (0.5 mm/min) using a syringe pump. Eacltrea vessel
isincubatedat 3¥C and in order to follow the formatio
analyzed at different times, as reported ables 1-9.

The workup of the vesicles is madwith 2:1 chloroform/methanol, extracting and collecting the
organic phases dried over anhydrous sodium sulfate and evaporating the solvent under vacuum at
room temperature. The phospholipids are treated with 0.5 M KOH/MeOH, in a transesterification

typeof reaction for 10 min abomtemperaturgas shown irschemel.*3*
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Schemel. Mechanism of transesterification reaction in which the phosphoryl group of phospholipids is
exchanged with the methyl group of methanol under alkaline conditions

The reaction is quenched with addition of tridistilled water and an extraction naittxane
follows. The organic laysrcontaining the corresponding fatty acid methyl esters are analyzed by
GC for the examination of tHeAME content:*® For the experiments under anaerobic conditions,

all the solutions are degassed with argon for 15 min and the addition of all reagents take place
under argon. The anaerobic conditions are maintained during the incubation period by creating

pressure ofirgon inside the reaction vial.

2.12. GC Analys

Fatty acid methyl esters were analyzed by gas chromatograph (Agilent 6850, Milan) equipped
with a 60 m i 0 . 2 5-cyanoprogylmeihyl@obysilogame célbnd YB23,

Agilent, US.A).The i nstrument has a pame ionizati on
mL/min) and hydrogen (40 mL/min) and is mainta e d a't a tempeapiingre of
i njection t e mpremaa tnitial temperature D365 CA @ e | flowedby mi n,
an increase of 1 AC/min up to 195 AC, held fo
of 10 A ®/amaximunutpmperature of 240C , was maintained for
purge. A constant pressure mode (29 psi) was chosen withmhaBucarrier gas. Methyl esters

were identiyed by comparison with the oretent.i

trans fatty acid references.
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2.2. Results and Dscussion

2.2.1. Building-up aMembraneBiomimetic Mbdel

In order to simulate the cell membrane phospholipid behavior, large unilamellar vesicles were
formed by extrusion technique (LUVET). In our experiments, two different lipid compositions
were used at concentration of phospholipid content 1 mM. Firstlysythietic phospholipid-1
palmitoyl-2-oleoyl phosphatidyl choline (POPC) was chosen due to the fact that it represents the
simplest biomimetic model, containing only two different phospholipid moieties of saturated and
monounsaturated fatty acids. Moreovire preparation of vesicles from soybean lecithin was
made, containing different percentage$SbA, MUFA and PUFAatty acids residues.

POPC vesicles are proved ideal for the study efreiss isomerization since they are consisted of
the MUFA mokety of oleic acid (9 cid8:1). Oleic acid can react with sulfur centered radicals and

be transformed into its trans geometrical isosee AppendiXigure S2), which is elaidic acid

(9 trans18:1)!%® For the best estimation of the copper complex contribution to lipid
isomerization, also control experiments were carried out in the presence of the potential drug,
without addition of thiol, in which case no transformation was observed. In addition, the
efficiency of different thiols, such asrercaptoethanol;dysteineand glutathione (reduced) was
evaluatedunder anaerobic and aerobic conditions. Due to its amphiphilic character and the ability
to diffuse freely in the membrane bilayer;niercaptoeth@ol gave the highest yields of
isomerization in every condition tested.

In the experiments with lecithin liposomes the transformations of MUFA (oleic acid;18:di

and PUFA (linoleic acid, 9cis,12¢l8:2) residues to their corresponding geometreaiers, as

well as the PUFA consumption by oxidative degradation were evaluated. Depending from the
reaction conditions, isomerization and peroxidation processes were examined and compared. The
yield of isomerization for each fatty acid MUFA or PUFA, alomith the consumption of PUFA

was based on the peak areas obtained by GC analysis. Gas chromatography is proved to be a
valuable analytical tool for the identification of each geometrical isomer providing a clear
separationsee AppendiXigure S3). The estimation of PUFA peroxidation, it is based on the
fact that lecithin is composed, among others, by the saturated fatty acid residue of palmitic acid

(16:0). Due to the lack of double bonds in its moiety, palmitic acid is unreactive under free
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radical cowlitions and can play the role of internal standard. The quantification of consumption is
possible using the GC calibration curves made for each fatty acid that was analyzed vs the
palmitic acid residue.

In order tounderstand the mechanism of th®tallodug, it is crucial to gain an insight to the
electron transfer that occurs between the metal and the thiol compound. For this reddvh, the
VIS spectra of the GIPMA-Phen, before and after addition of different concentratioribiolf

were obtainedas pesented irAppendix inFigure S1
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2.2.2. MUFA-containing \ésicles

Our first aim was to study if the lipid isomerization is possible to occur on MUFA liposomes, in

the presence of the copper complex with addition of thiol and incubatiorat 37

2+
2 (ClOy)

anrrCu?t + RSH ———» Aot + *SR + H

@

Figure 14. In the presence of reddrased antioxidantsuch as thiols, the reduction of Cu(ll) to Cu(l)

occurs with the formation of thiyl radical¥.

It is known that sulfucentered radicals are responsible for the transformation of fatty acid

residues from the natural et®nfiguration to trans, via an additi@imination type of

reaction*>8

Radical source ——» RS-

+ o/ addition RS H elimination
Ry Rs elimination HF; R, " addition

Ra

RSe + /=/

R

Scheme2. Reaction mechanism for the drsns isomerization catalyzed by thiyl radicals
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A variety of conditions was tested in order to achieve the formation of trans isomer of oleic acid

in POPC liposomes. As presented in Trable 1 below, from our experiments we discovered that

is essential to make the addition of thiol drop wise, since excess of thiol leads in reaction between

two molecules of thiol and formation of the corresponding disulfigle.

Table 1. Addition of thiol with two different ways in the presence of 0.15 mMT®MA-Phen and
i ncubation for 240 min at 37

liposomes.

AC, leads to variou

2-Mercaptoethanol (10 mM)

Aerobic Conditions

Anaerobic Condition:

Quick Drop wise Quick Addition Drop wise
Addition Addition Addition
0.154 16.296 0.246 18.883

In liposomes containing MUFA after addition of the copper complex, the effect of the thiol

concentration waalso tested, in the presence and absence of oxyaéite(2) and the results are

reported inFigures 15,16. Moreover, the effect of different concentrations of the copper complex

was also studied in a specific concentration of thiab{e 3) as shown irFigures 17,18.

Table 2. The concentration effect ofE on the % formation of trans 18:1 isomer in POPC liposomes

after

i ncubati on

for 240 min at 37 A

2-Mercaptoethanol (mM) Aerobic Conditions

Cu-TPMA-Phen (0.15 mM)

Anaerobic Conditions

2.5 0.785 2.163
5.0 3.425 4.520
10 16.296 18.883
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B 2-Mercaptoethanol (mM) emm—Trans 18:1 % N 2-Mercaptoethanol (mM) emmmmTrans 18:1 (%)

20 12 20 12
18.883

18 i3 0
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2 s £ 2 g e
R, . 3 & a 2 =
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Figure 15. trans 18:1 isomer formation in POPC Figure 16. trans18:1 isomer formation in POPC

vesicles treated with 0.15 mM @iPMA-Phen and vesicles treated with 0.15 mM &tPMA-Phen and
different concentrations of2 E underaerobic different concentrations of2 E underanaerobic
conditions conditions.

Table 3. The concentration effect of CLPMA-Phen on the % formation of trah8:1 isomer in POPC
|l i posomes after incubation for 240 min

2-Mercaptoethanol (10 mM)
Cu-TPMA -Phen(mM)

Aerobic Conditions Anaerobic Conditions
0.15 16.296 18.883
0.5 4.837 6.534
1.0 4.336 4.375
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B [Cu(TPMA)(Phenanthroline)(ClO4)2] e Trans 18:1 % . (Cu(TPMA)(Phenanthroline )(Ci04)2]

O
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Figure 17. trans 18:1 isomer formation in POPC Figure 18. trans 18:1 isomer formation in POPC
vesicles treated with-2 E (10 mM) and different vesicles treated with-2 E (10 mM) and different
concentrations of GWPMA-Phen undeaerobic concentrations of GWRPMA-Phen undeanaerobic
conditions conditions.

In the heterogeneous environment of the vesicles, thiols can be incorporated intayirednibe

dissolved in the aqueous phase. Two other thiol compounds, which are hydrophilic, cysteine and
glutathione, were added in POPC liposomes and their efficiency to interact with the copper
complex and generate the thiyl radical able to lmatsomerization was tested, as reported in

Table 4and inFigures 19,20 In contrast with Zmercaptoethanol that is able to be diffused freely

in the liposomes suspension due to its amphiphilic character, the other two thiol compounds that
were used cannanter in the hydrophobic region of the membrane and as a result the formation

yield of the trans 18:1 isomer is significantly low@omparison of the three different thiols

suggests that theomerization rate follows the lipophilicity order of the thoeenpounds (i.e.,-2
mercaptoethanol > GSH > CySH)anchdi cat es that the CySA radica

lipid compartment.
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Table 4. Time course of cidrans isomerization of 18:1 residues in PQPGsomes, in the presence of
0.15 mM CuTPMA-Phen using different thiol compounds, under aerobic and anaerobic conditions and
i ncubati.on at 37 AC

2- Mercaptoethanol (10 mM) I-cysteine (10 mM) Reduced Glutathione (10 mM)
. Aerobic Anaerobic Aerobic Anaerobic Aerobic Anaerobic
Time Conditions Conditions Conditions Conditions Conditions Conditions
(n]].l(r)]) 6.191 7.882 0.627 0.428 2.122 1.124
20 7.202 9.444 0.743 0.866 2.380 1.997
30 8.322 9.746 0.745 0.893 2.623 3.111
60 9.381 11.642 0.782 1.171 2.631 3.388
120 13.604 18.883 0.827 1.322 2.755 5.046
240 16.296 20.175 1.005 2.963 2.953 7.266
—e— 2-Mercaptoethanol 10:mM = Aerobic Conditions —e— 2-Mercaptoethanol 10 mM - Anaerobic Condition

eine 10mM - Anaerobic Conditions

-cysteine mM - Ae c Conditions

—&— Reduced glutathione 10 mM - Aerobic Conditions —&— Reduced glutathione 10 mM - Anaerobic Conditions

Area - trans 1¢

% GC

v ) ‘1-“: ME (M !‘1.1:'u o - “ _ TIME (MIN) ‘E o o
Figure 19. trans18:1 isomer formation in POPC Figure 20. trans18:1 isomer formation in POPC
vesicles treated with 10 mM concentration of vesicles treated with 10 mM concentration of

different thiols, 0.15 mM GTPMA-Phen and different thiols, 0.15 mM GO PMA-Phen and

incubation at 37C underaerobic conditions incubation at 37C under aamerobic conditions

Our experimental data pointed out that after 120 min, thdrams isomerization is slower
probably because the thiyl radical is not present anymore. In fact, as it is previously described, two

molecules of thiol can react and form the correspondingfitisulin this case, the thiyl radical is
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quenched and no longer ablelie added irthe double bondeading information of the trans
isomer. However, the percentage of trans is increamuld 5) as reported ifrigures 21,22with
a newdrop wise addion of another amount of thi@fter the first 120 min of incubation, proving

also that Cu(ll) is regenerated and can react withew addedhiol to form the Cu(IBthiol

complex.

Table 5. Time course otistrans isomerization of 18:1 residues in POPC liposomes, in the peesfenc
0.15 mM CuTPMA-Phen with andvithout addition of new amount ofidE, under aerobic/anaerobic

conditions and. incubation at 37 AC
Aerobic Conditions Anaerobic Conditions

. Without new Addition of another 10 Without new Addition of another 10

Time addition of 2ME mM 2ME after 120 min  addition of 2ZME ~ mM 2ME after 120 min

(nil].l(r)]) 6.191 6.191 7.882 10.767

30 8.322 8.322 9.746 12.228

60 9.381 9.381 11.642 14.386

120 13.604 13.604 18.883 18.883

125 17.552 21.898
- 130 | 24.257 23.789
150 | 25.481 29.658

240 16.296 26.675 20.175 58.504
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— 2- mercaptoethanol 10 mM - Aerobic Conditions ——=&— 2- mercaptoethanol 10 mM - Anaerobic Conditions

—e— Addition of another 10 mM 2-ME after 2 h - Aerobic —o— Addition of another 10 mM 2-ME after 2 h - Anaerobic
. Conditions Conditions
® s i £ 40
,.'/ ) /;?’A-'
) - ‘U: ME (M N.\_u o - i ] : ME (M N',S‘ N -
Figure 21. Time course of trans 18:1 isomer Figure 22. Time course of trans 18:1 isomer
formation in POPC vesiclaseated with 0.15 mM formation in POPC vesicles treated witii5 mM
Cu-TPMA-Phen in the presence of oxygen and Cu-TPMA-Phen in the absence of oxygen and
. 10 mM of 2ME . 10 mM of 2ME
II. 10 mM of 2ME and addition of another 10 mM II. 10 mM of 2ME and addition of another 10 mM
of 2-ME after 120 min. of 2-ME after 120 min.

Another experimentvas the addition of -Pnercaptoethanol (10 mM) every 60 min, starting from
10 mM and gradually after 240 min the final concentration of thiol reached 40 mM, as shown in
theTable 6andFigure 23.

Table 6. Time course of cigransisomerization of 18:1 residues in POPC liposomes, in the presence of 0.15
mM Cu-TPMA-Phen with and without addition of new amount el every 60 min, under aerobic )
conditions and. incubation at 37 AC

2-Mercaptoethanol (10 mM)

Without newaddition of 2ME ~ Addition of 10 mM 2ME every 60 min

Time (min)
10 6.191 6.191  (2-ME total = 10 mM)
30 8.322 8.322  (2-ME total = 10 mM)
60 9.381 9.381  (2-ME total = 10 mM)
120 13.604 17.694 (2-ME total = 20 mM)
180 14.944 23.470  (2-ME total = 30 mM)
240 16.296 37.417 (2-ME total = 40 mM)
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—g— 2- mercaptoethanol 10 mM -o— Addition of 10 mM 2-ME every 60 min

35

Area- trans 18:1

% GC

Figure 23. Time course of trans 18:1 isomer formation in POPC vesicles treated with 0.15 mM
Cu-TPMA-Phen in the presence of oxygen and
. 10 mM of 2ME and

1. addition of 10 mM of 2ME every 60 min and incubation at AC.

Moreover, under aerobic conditions the same experimental proceaséollowed, with the
difference that this time the drop wise addition eh@rcaptoethanol, using a syringe pulagted

60 min. Samples were analyzed in different times during the addition, in order to gain an insight
of the reaction. The worldp was made directly, without incubation at/&7 and the results are
reportedn Table 7andFigure 24.

Table 7. Time course of 18:1 trans isomer
formation in POPC liposomes, the presence of 10
0.15 mM CuTPMA-Phen and drop wise addition
of 2-ME with duration 60 min, under aerobic
conditions.

2-Mercaptoethanol (10 mM)

% GC Area - trans 18:1

Time (min) Aerolic Conditions TG Sm——
10 0.121 ) Ty ME w N) h - -
30 0.542 Figure 24. Time course of trans 18:1 isomer
45 4.772 formation in POPC vesicles treated with 0.15 mM
50 8117 Cu-TPMA-Phen and drop wise addition of 10 mM

2-ME during 60 min, undeaerobic conditions

55



Another interesting experiment in order to understand the chemical bebhthercopper complex

was the treatment with antioxidant. More specifically, in the reastgmsel, whichcontained the
POPC liposomes and the copper complexg [80of |-ascorbicacid were added and then 10 mM of
2-mercaptoethanolere transferred dropwiselynder aerobic conditions. Our hypothesis was that
due to its lipophilicligands,the complex would not be located in the suspension, but it should be
incorporated into th@hospholipidbilayer, as shown in th&igure 25 below. In this case, after the
interaction between the complex and the thiol, the formation of the thiyl radical would lead to the
cis-trans isomerization afescribed previously

Figure 25. A large unilamellar vesicle (LUV) and insertion of the-TRMA-Phen in the bilayer, followed
by interaction with the amphiphilic thiol, which leads in generation of thiyl radicals

On the other hand, if the copper complex was located on the suspaemsiethe thiyl radicalis
formed, itshouldbe quenched bydscorbic acidand thecis-trans isomerization would not occur.
Our experimentdiave shown that indeed the-tians isomemration taks place in the presence of |
ascorbic acid and the results are reported below.
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Table 8. Cis- trans isomerization of 18:1 residues in POPC liposomes, in the presence of 0.15mM Cu
TPMA-Phen addi t rascarbicacfd arél Gropavide addition of 10 mM ofME, under aerobic
conditions and incubation at 2C.

2-Mercaptoethanol (10 mM)

Time (min) Il-Ascor bi c Ac Aerobic Conditions
120 No 10.740
120 60 10.591
240 60 12.219

We werealso interested to compaitee isomerization yiels ofthe copper complex CTIPMA-Phen

with the paent compoundCu(1,10Phen)]?* in the presence of-Bercaptoethanol, under aerobic
conditions and incubation at 3. These experiments prove that thifferent ligands, which are
coordinated in the copper, are possible to affect the yield of isomerization due to stereo chemical

and electronic reason$he results regarding this set of experiments are reportédbte 9 and

Figure 26.

Table 9. Time course of cirans isomerization of 18:1 residues in POPC liposomes in the presence of 0.15
mM Cu-TPMA-Phen or the parent compouj@Li(1,10Phen)]*, with 10 mM of 2ME under aerobie

anaerobiccomi t i ons and i.ncubation at 37 AC
Aerobic Conditions Anaerobic Conditions
Cu-TPMA-Phen [Cu(1,10-Pheny)* Cu-TPMA-Phen [Cu(1,10Pheny)**
Time (min)
10 6.191 10.936 7.882 3.670
30 8.322 13.331 9.746 5.135
60 9.381 15.173 11.642 6.482
120 13.604 15.558 18.883 11.613
240 16.296 15.814 20.175 12.417
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[Cu[TPMA)(Phenanthroling}(Ci04)2] - Aerobic Conditions

e— [Cu(TPMA)(Phenanthroiing)}(CI04)2] - Anaerobic Conditions

—— [Cu(Phenanthrofine)2}(NO3)2 - Aerobic Conditions

#— [Cu(Phenanthrofine)2}(NO3)2 - Anaerobic Conditions
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% GC Area - trans 18:1
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°
* v
°
50 100 150 200 250
TIME (MIN)

Figure 26. Time course of trans 18:1 isomer formation in POPC vesicles treated with 0.15 mM Cu
TPMA-Phenandthe parent compouri€u(1,10Phen)]* in the presence of 10 mMME, under
aerobic and anaerobdonditions and incubation at ZC.
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2.2.3. MUFA- and PUFAcontaining \ésicles

In our studies liposomes consisted of high purity soybean lecithin containing different percentages

of saturaed, mone and poly unsaturatediatty acids were also tested, as presentddguare 27.

MUFA- and PUFA-containing liposomes

Soybean Lecithin

Palmitoyl 4.5%
Stearoyl 3.8%
Oleoyl 11.9%
Vaccenoyl 1.3%
Linoleoyl  g3.5%
y-Linolenoyl g 39,

- Lecithin
Vesicles

PUFA
Linaleate
Residue
Deig, 1 2eis-18:2

Figure 27. Different percentages of SFA, MUFA and PUFA fatty acid residues in liposomes composed

by soybean lecithin

This type of biomimetic model provides tredvantage to investigate both the -ttans

isomerization of MUFA (oleic acid can be transformed into etagdid) as described previously

and at the same time to evaluate the pathways of oxidatigmmerization, in which the PUFA
residues can be partihed(seeFigure S2in Appendix) The experiments were carried out fre t
presence of 0.15 mMu-TPMA-Phen 10 mM of 2mercaptoethanol and incubation at &7.
Under these conditions thiyl radicals (HO,QQ-IHzSA) are generated and these species are able to

attack the double bais of the linoleic acid residu&aking into accounthe formation yields of

mono anddi-trans in linoleic acid residue, it is evident that the thiyl radical attack the double
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bonds in a stepy-step cistrans isomerizatioh'® Moreover, as presented ifFigure

monaotrans isomers can be considered as precursors of-trendiisomers.

LV

1
cis,cis
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F!S/

2

trans,cis .
’ RS
\
2
H j
'
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Zo!
Ra

Vel

1
cis,trans

trans,trans

Figure 28. Cis-trans isomerization of PUFA catalyzed by thiyl radicéls

28 the

In our experiments not only thmoncotrans somers were detectedut also the dirans isomers

of linoleic acid residue were identifieth the Figures 29, 30 and 31, a detailed study on the

oleic and linoleic transformations to their corresponding geometrical isomers is reported.
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—&— Trans 18:1 - Aerobic Conditions —a— Total trans 18:2 - Aerobic Conditions

-#— Trans 18:1 - Anaerobic Conditions —&— Total trans 18:2 - Anaerobic Condtions
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Figure 29. Time course of trans 18:1 isomer Figure 30. Time course of totarans 18:2 isomer

formation in lecithin vesicles treated with 0.15 mM formation in lecithin vesicles treated with 0.15 mM

Cu-TPMA-Phen drop wise addition of 10 mM 2 Cu-TPMA-Phen, drop wise addition of 10 mM 2
ME and incubation at 34C. ME and incubation at 3.

Formation of trans geometrical isomers

18:2(9tr,121r)

13%

MUFA
Trans 18:1
8%

18:2(9cis,12tr)
4000

Figure 31. Estimation of isomerization iIMUFA and PUFAresidues in lecithin liposomes in the presence
of 0.15 mM CuUTPMA-Phen, 10 mM ME and incubation at 3%C under anaerobic conditians

Apart from the cidgrans isomerization, the moiety of PUFA is prone to further toansdtions

by other free radical routes depending on the conditions appkedbic or anaerobic
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peroxidation isomerization

/—%f_%

HOO. ,R1 ’,'R1 R{
| | |
N
| J
A \
R, HOO R, R, R,

hydroperoxides mono-trans

Scheme3. The parallel involvement of PUFA residues in peroxidation and isomerization pro¢8sses

Our experiments provided strong evidence that in the presence of 0.15 mMNPKIA-Phen 10
mM 2-ME and incubation at 3ZC both pathways werelearly operative.An important aspect
on PUFAs reactivity is the methylemgerrupted double bonds and the presencbisdllylic
positions from which the hydrogen abstraction is possible to occtlre bonditionsappliedthe
thiyl radical HOCI—,&CHZSAthat is generated can abstract the bisallglidrogen, giving rise in

the formation otarboncentered radical

HOCH.CHyS' + (7 HOCHoCH,SH + (7 %7 S
R4 Ro R4 Ry

HOTOSAY e OO L%y
R4 R> Ry R»

Schemed. Mechanism of peroxidation reaction that leads in a decreased PUFA content

Under aerobic conditions, these carlmamtered radicals react with, @ give peroxyl radicals

that propagate the lipid peroxidation, which eventually lead to a decreased PUFA content. Under
anaerobic conditions, the disappearance of PW€Aurring by peroxidationprocesswas not

found to be important, while the geometricgdmerization of linoleic fatty acid residue in lipid
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vesicles appears to be the main process. Our results regarding PUFA peroxidation are reported in

Figure 32 below.

Time profile of total PUFA peroxidationin lecithin vesicles

100
0
0 60 240 480
100

m Aerobi Conditions 96.08 94.85 50.79
m Anaerobic Condtions 100 96.77 96.27 95.51
TIME (MIN)

3

8

% 18:2Residue
3

(=]

Figure 32 Time profile of totalperoxidation in liposomes composed by high purity lecithin, after addition
of 0.15 mM CuTPMA-Phen, 10 mM aME and incubation at 3%C. The estimation of consumption is
based on the ratio SAT/PUFA, which found as peaks of the GC analysis of their catiegpehME.

[Lecithin is consisted by linoleic (83512cis18:2),which is in abundance, andiaolenic
(9cis,12cis,15c¢i4 8:3) fatty acid residue]
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2.3. Conclusiors

The use of copper complexes for redox and oxiddiased mechanisms in therapeutic
strategies is an important field ofultidisciplinary research. Hdare a novel Cu(ll) compled s
reactivity towardsthe fatty acid moieties gbhospholipids was studiedsing the liposome
model to work in a biomimetic environmenrthe liposome behaviouafirmed that MUFA
and PUFAfatty acid moietiesas representation ofellular membranesare affected by
oxidaive and isomerisation reactionfn parallel, is reported the study ofthe different
reactivity of thiyl radicals generated from amphiphilic amgtirophilic thiolsin the presence of
Cu-TPMA-Phen.These experiments givereliminary, but important elements of copper(ll)
complex reactivity incell membrananodels, pinting mainly to thecell membranes that are
subjectsof strong interest fochemotherapeutic activitie¥he reactivity of copper amplexes
with fatty acids is very impaoant for a metallomigntegratedapproach and our ressilbffer
several new insights farnderstanding the interactions of the metallome Viildlomics. The
trars fatty acid formation catalysed by thiyl radicajenerated from the methhsed response,
can be developetbr the investigation of muliargeted drug design ianticancer therapies,
including the relevance of the thiol andppercomplex partitions deveen aqueous and lipid
phasesas evaluated by the biomimetic model of liposomes.
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Chapter 3: Trans Lipid Library ; Synthesis of Docosahexaoic Acid (DHA)
Monotrans Isomers- Regioisomer ldentiycation & Model Studies in DHA-
Containing Liposomes

Continuing our studies on the artificial chemicatnue a s e 6 s r e theunsaturatedy t o w
fatty acid residued, thought it would be interesting to investigatesicles composed kihe

most electrosrich polyunsatrated fatty aciddue to an incresd probability of lipid damage

the docosahexaenoic acid (DH#hich contains six cis double bonds.

However,in theliteraturethere werenot enowgh data regarding the characterization of the six
monotrans DHA regioisomers and they were an open issue to address for analytical,
biological, and nutraceutical applications. Therefarg; research aimed in buildiagp a

library of the monotran®HA isomers The studies included the preparation, separation, and

yrst identycation of each isomer by a dual approach consisting of the following:

1. the direct thiyl radicatatalyzed isomerization of eBHA methyl ester and
2. the twostep synthesis from ¢BHA methyl ester via monoepoxides as intermediates,
which are separated and identiyed by nt

followed by elimination for the unequivocal assignment of the double bond position.

Theresults were published i@hemical Researdn Toxicology** Menounou Gf,Giacometti
GdScanferlato R., Dambruoso P., Sansone A. ,
Ferreri C.;2018 31 (3), 192200, Trans Lipid Library: Synthesis of Docosahexaenoic Acid
(DHA) Monotrans Isomers and Regsomer Identification in DHAContaining Supplements

(DOI: 10.1021/acs.chemrestox.8b00021)
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As discussed ilChapter 1, ds polyunsaturated fatty acids (PUFA) are essenbaiponents
of human fats, particularly important for biologidaihctions, such afor example to form
membrane phospholipidend signaling molecules. In vivo, the omeydatty aciddocosa
47,772,10Z,137,16Z,19hexaenoic acid (ciPHA)(Figure 33) is produced through several
steps of elongatioand desaturation from alpfiaolenic acid(octa92Z,12Z,15Zdecatrienoic

acid), the essential precursor taken exclusifrely the diet-*?

HO

O

Figure 33. Structure of DHA (42,72,10Z,13Z,16Z,19¥cosahexaenoic acid)

This ninestep biosynthesis is variablgeeientin humans; therefore, the semiessential nature of

DHA is nowworldwide recognized by Health Agencié3Because of itimportance for correct

human growth, adequate daily intakesloD 01 200 mg have been est a
international food safety and health agencies from dietary sources, su@igas orysh,
especially in children and pregnant wont&hThis led to an increased marketing of DHith

formulas, either asunctional foods andupplements. On the other hand, theltiple roles of

DHA for molecular pathways and signalifgave attracted interest in the past decade, all
biological activitiesbeing strictly dependent from the structural requisite of thgeisnetry**®

When high temperatures and low pressures are insgebdorization process&€, to eliminate

the unpleasangshy smell of oils, the natural cis structure of the polyunsaturtgttg acids is

adected and thdormation of geometrical transomers was demonstratéd*® The health
consequences of tralBUFA are matters of several studies that evidenced hamwoiled in
cardiovascular health and pregnaft}>* whereas it isworth noting that omega
supplementation in persons wittardiovascular diseases™? and pregnant womén® is

highly recommendedIn the frame of our research on the free radical guations of
biomolecules, we studied geometrical trans fatty acids (TébAxined from an isoarization

process catalyzed by sulfuarent er e d radical s, whi ch occur
mechanism without involving the shift of the double bond, witteresting insights for

polyunsaturated fatty acid3***® The number of geometrical isomers for the unsaturated fatty
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acid iscalculated as to"2where n is the number of double bonitigrefore, in the case of long
chain PUFA, such as DHA, a higiumber of isomers can be calculate®£2.28).
However,because of the stdgpy-step mechanism of this reactionpnotrans isomers are thiest
and major products, and thaye also the most relevant products of radical stress in biological
systems, where the low radical concentration produecedvo is able to involve one double
bond, as examined by using tbemimetic model of membranes in the form of unilamellar
liposomeslindeed, monotrans isomers of arachidonic acithén5 and 8 positions were found to
be the most relevartroducts created dugnoxidative metabolism with productioof thiyl
radicals, distinguishable from TFA obtained from tlketary intake and metabolic
transformation of chemicallymanipulated oils containing trans isomers of linoleic
acid/ 57158159 gome attention has been given to the biologiéaces ofspecjc monotrans
isomers, showing dierences from theatural cis analogue8®°12163 However, extension of
such studies iBmited by the availability of TFA molecular library and by tesv commercially
available TFAs.Synthetic routes to PUFA monotrans isomers are usefouild up the trans
lipid library and address analytical protocalsd biological studiedn the past, our grouprst
characterized the monotraisomers of arachidonic acid (4 isomét)and eicosapentaenoic
acid (EPA, 5 isomer§}* using gas chromatography (GC) andrba-13 nuclear magnetic
resonance {CNMR) in combination for the assignment of each isomer structurthelase of
EPA, the eeciency of a dual synthetapproachwastestedin orderto obtain theyve monotrans
isomers in comparisawith the isomers cominffjom the free radicatatalyzedsomerization, as

shown inSchemeb.

— oxid. 0
R R RAR_
1 Xo Ped
X X R'
. — ~
R R R

Schemeb. Dual Synthetic approach to obtain the geometrical isomser: From cisalkene via epoxide
formation and ring opening, or via radidzsed isomerization
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The strategy ofseparation and assignment of the monoepoxide structpres, to the
elimination, successfully worked for thgst unambiguousdetermination of the trans alkene
position, integrating previous data in the literatdfg'®®'®” We considered the dual approach
shown inScheme5 to beuseful also for the synthesis of the monotrans DHA ison@mly the

4E regioisomer is commercially available as metbsier and can be used as GC reference,
whereas in literaturemonotrans DHA isomers were analyzed by several authors after
deodorization/isomerization reactions of DHi&h oils, assaying various conditions of GC
analysis but lacking apecyc regioisomer ssignment"148162168167 Aq far a5 the synthesisf

the DHA monoepoxides is concerned, the classagaixidation reaction can lead to these
compounds® which are named epoxydocosapentaenoic acid (EDPYEB and19,20EDP

AO3189170171 9150 due to their biologicalelevance as metabolites of cytochrome

were know
P45017417
The strategyf the separation of the intermediate monoepoxide regioisomesssuccessful to
unambiguously individuate thepoxidation of the double bond position, using moaad
bidimensional nuclear magnetic resonance (NMR) experimedtsmisequently, after ring
opening, dibromide formatioand elimination from each monoepoxide regioisomer doliiel

was unequivocally established, thus allowing for dlssignment of the corresponding peaks in
the GC analysis. Thidouble approach clared that the direct isomerization by freadical
catalyzed reaction gives the six isomers as exclupreglucts within a few minutes. The
usefulness of suchlentiycation was then assayed for analysig/sifi oil and itsisomerization
products, also in viewf@pplying the analyticaloute to the purity ofsh oil preparations, which

is a hot topicof food research®*’*!"® Transcontaining triglyceridesvere studiedandit was
highlightenedthat NMR represents a powerful analyticaéthodology to apply directly on the

oil without transformationo fatty acid methyl ester<®

Moreover,DHA due toits unique effect of altering membrane composition, is often regarded as
the major omeg# fatty acid involved in anticancer activity. Although use of DHA as an
anticancer drug to prevent or treat human cancer in clinical settings has not yet bleen wel
established, recent studies suggest that DHA can be very effective as an adjuvant with other
anticancer agenf<® There are studies reporting that oxidized DHA leads to DNA adduct
formation, therefore this induced oxidative DNA damage triggers cell cycle arrest and apoptosis
in cancer cs.'’!% Severalin vitro and animal studies suggesimbining DHA with other
anticancer agents often improves efficacy of anticancer dasgsvell asreduces therapy
associated side effects. Docosahexaenoic acid (DHA) vitro andin vivo, used along with

anticancer drugs, has improved cancer treatment outcome. In fact, there are clinical studies in the
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literature reporting positive results with ome®jaupplements in oncologic pextts*® There are
beneficial effects of omega fatty acids supplements in patients undergoing chemotherapy
and/or radiotherapy on different outcomes, being the preservation of body doonpib® most
evident®® Incorporation of DHA in cellular membranes improves drugaket whereas
increased lipid peroxidation is another mechanism for Bhidiated enhanced efficacy of
anticancer drug®*'%° In 1998, Hawkins et al. reported that apoptotic death of humarPKEGa

2 pancreatic cancer cells induced by PUFAs varies dotible bond number and involves an
oxidative mechanisrt® They found correlations between the number of fatty acid double bonds
and the proportion of apoptotic cells. This informatioigger our experimental design towards
DHA-containing liposomes as biomimetic model of cell membrasieseDHA represents the
most electron rich and crucial PUFA

The monotrans DHAibrary and GC characterizations weliestly applied to theanalysisof
omega3 conaining supplements in capsulemmmercially available inltaly and Spain,
evidencing transisomer contamination in the oil ingredient Scondly, the cistrans
isomerization processvas examing in DHA-containing liposomes in the presengk Cu-
TPMA-Phenand 2mercaptoethanol as reducing agentevaluate the altered configuration of
DHA.
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3.1. Materials and Methods

Chloroform, methanol, 4hexane, Zoropanol, and acetonitrile were purchased from Merck
(HPLC purity). Absolute ethanol waspurchased from BDH Prolabo VWR (AnalaR
NORMAPUR) and 2mercaptoethanol was purchased from Aldrifilver nitrate, 30% aq
NHOH and anhydrous sodium sulfgtéa,SOy) were purchased from Carlo Erba. All fatty acid
methylesters (FAME) used as reference staddor GC analyses wepairchased from Aldrich,
Fluka, or Sigma and used without furth@uriycation. 4E,7Z,10Z,132,16Z,19Z DHA
methylester was purchag®m Lipidox (Lidingo, Sweden). Deuterated benzene and deuterated
CDCl; were purchased from Eurisot@prance). Silicagel thinlayerchromatography (analytical
and preparative) was performed on Memikca gel 60 plates (0.25 and 2 mm thickness,
respectively).

Regarding the experimenrs witipdsomesvesiclescomposed by 20% 1822:6 PC/POPC in 1

mM concentration were preparedarSples were degassed under argon for 15 min. In addition,
the stock solution of -Pnercaptoethanol was prepared (the water was degassed for 15 min and
then 2ME was added under argon streafit)e anaerobiconditions were maiained during the

incubation period bgreating pressure of argon inside the reaction vial.

GC Analyses Fatty acid methyl esters were analyzed by ga®matograph (Agilent 6850,

Milan) equipped with a 60 m 0.25mm} 0.25em (50% cyanopropyblmethylpolysiloxane

column (DB23, Agilent, U.S.A.). The instrument haspame ionizationdetector (FID) that
requires air (450 mL/min) and hydrogen @Q/min) and is maintained at a temperature of 250
AC. Two equipmenttconditashwere used for the analyses, applying the sajeetion
temper at ur e adredtdEn car@ijionamdrrierdyas.

Method A from an initial t e rmpne follavied by @n incfeaseldd 5 A C
AC/ min up to 1IMSAYyAEG] hamg,fwithOa temperatur
toamaxi mum temperature of 240 cél@nnpuwge A comstantnt a i
pressure mode (29 psi) was chosen Wwihium as carrier gas. Methyl esters were idetiby
comparison wit the retention times of commercially available standards or trans daitly
references, obtained as described elsewhere.

Method Bt emper ature started from 195inceae of hoe ! d
AC/ min up to 20 5folldwmedbydselcd nfdori nikc3d emisre, of 30
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held for 10 min. Aconstant pressure mode (29 psi) was chosen with hydrogen as gasier
GC/MS spectra were recorded on a Clarus 500 GC appa@uiysped with a Clarus 560S mass
spectrometer (GGAS transfer linet e mper at ure 23§ 0.26Q)mj #B5kma 60
(50%cyanopropylphenylimethylpolysiloxanecolumn (DB225 ms, Agilentl).S.A.), using an
injector temper at ur B0:1oahd h@liBnDas AaBier ges ats pondtatt r a t i
of 1.2 mL/min, witht he f ol |l owing oven condition$r52t empe
min, followed by an i ncr easlé mio, folloBed ByG/seond u p
increase of 3 ACformbminanggnalincrd 88 AC, ShACHdmin u
held for 10 min.
Photolysis Photolysis was carried out in a quartz photochemical reactor (Signah)
equipped with a 55Wlowr essur e mercury | amp. The tempe
2) AC by me an s bathf Nucear tMageetiarResohaace (NMR). All NMR spectra
were collected with a fully automated Agilent NMR system, consisting of a 54 mm bore, 500
MHz (11.7 T) Premium Shielded superconducting magnet, a DD2 Performa IV NMR console,
and the Agilent OneNMPprobe. All samples were dissolved iRlg and transferred in 3 mm
thin wall NMR tubes (Wilmad 33®P8). After having calibrated eackample of pw90, the
following seven NMR experiments were collected
on each sample (2D experiments were collected with 50% hilF2 sw {H): 10 ppm, from
10.5t0 9.5 ppm):
'H NMR spectra: pw90 was calibrated for each sample] v&: to 9.5 ppm
one gHSQC: F1 swHC) 135 ppm, from 5.0 to 140 ppm; nB2; ni = 512; res: 33 Hz (0.26
ppm) F2 sw {H): 10 ppm, froni 0,5to 9,5 ppm, NUS: 50%.
T two bsgHSQCADfirst F1 sw {°C): 60 ppm, from 5.0 to 6Bpm; nt = 32; ni = 512; res: 15
Hz (0.12 ppm). F2swid): 10ppm, from T 0. 5 t cecdnd: 5Elsp'fCin, NU S
20 ppm, from 120.0 to 140 ppm; nt = 32; ni = 512; &e$iz (0.04 ppm). F2 sw'H): 10
ppm, from 10. 5500 9.5 ppm, NUS:
1 one gHMBCAD: F1 sw'€C): 175 ppm, from 5.0 to 180 ppmt = 64; ni = 512; res: 43 Hz
(0.34 ppm). F2 sw (from 10.5 to 9.5 ppm, N
1 two bsgHMBC:first F1 sw {C): 60 ppm, from 5.0at 65 ppmnt = 64; ni = 512; res: 15 Hz
(0.12 ppm). F2 sw'd): 10 ppmf r om T 0.5 t o 9 sésongraswf*C):dWS: 5
ppm, from 120.0 to 180 ppm; nt = 64; ni = 512; res: 1§M2 ppm). F2 sw'H): 10 ppm,
from 1T0.5 to50%.5 ppm, NUS:

= =
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3.2. Epoxidation of Methyl All -(2)-4,7,10,13,16,1%9locosahexaenoate

3.2.1. Synthesis of Epoxydocosapentaenoic Aathyl Ester (EDPMe)

Regioisomers

A 5.84 mM solution of metachloroperoxybenzoic acid in dichloromethane (2.5 mL
correspondingo 0.0146 mmol2.51 mg) was added dropwise to a solubd®HA methyl ester

1 (50 mg; 0.146 mmol) in dichloromethane (ZxL). After the addition was completed, the
mixture was stirred for 10nin at room temperature under argon atmosphere, following the
formation of mowepoxides with traces of diepoxides by TLC. Eluent: 7#8exane/diethyl
ether; DHAMe Rf= 0.9,yrst mixture b, 6 and traces of) R= 0.7,second mixture3 and7) Rf

= 0.6, pure isomer2] Rf = 0.5: bisepoxides RO0.4). Workup was carried out by addition of 5
mL of ice-cold NaHCQ (25% wi/v) stirred for 2 min. Then, the reaction mixture was transferred
in a separating funnel, the aqueous layer was discarded and the organic layer was washed two
times with NaHCQ, ddonized HO and dried over N&Oy. The crude was pured with pash
chromatography (eluent: 9/1-hexane/diethyl ether) to give wrst fraction containing an
inseparable mixture (colorless oil; 8 mg; 0.0223 mmol; 15.3% yield) containing-EBPMe

(5), 16,17EDPMe (6) with traces of 10,1-EDP 4 and of residual starting material)(
Structuress and 6 in Figure 34, were found in a 29:71 ratio, respectively, as calculated by the
integration of protons of @2 on'H NMR spectrum (trace Il inFigure 37). EDP-Me
regioisomerss and 6 were further pusied by preparative TLC using 100 mL toluene/500
isopropanol as the eluent: (Rf = 0.5, pure iso&end R = 0.4, pure isomes) to give pures (3

mg; 0.0084 mmol; 37.5% vyieldyith only traces o#fi.

The second fraction contained an inseparable mixture cEDBMe(3) and 19,2€EDP-Me (7)
(colorless oil; 7 mg; 0.0195 mmolt3.4% vyield) found in a 43:57 ratio, respectively, as
calculated by the integration of protons o2€ on*H NMR spectrum(trace Il in Figure 37).

The subsequent fraction contained pure 4,582) regioisomer (colorless oil; 5 mg; 0.0134
mmol; 9.2% yield) identied as shown ifrigure 37 (trace IV) for the C22riplet at'H NMR.

The starting material DHMe (1) recovered was 30 n(§.0877mmol; 60% recovered yield).
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Figure 34. Structures of the six EDP regioisomers (left) and the corresponding monotrans DHA methyl
ester isomers (right)

The structural assignment of each regioisomer in the fractionpevimmed by dissolving the
fractions in GDg as NMR solvent inwhich they are stable and carrying out moramd
bidimensionakxperimentsTable SlandFigure S5in Appendixreportthe detailed H and**C
NMR resonances attributed to thegioisomersas well as to ciDHA methyl ester. For th&H
NMR of the monoepoxides, sdaégures S/, S10 and S11 in the Appendix 4,5EDP @) and
19,20EDP (7) were previouslyeported in CDGJ(cf. Table S1). The 2D NMR experiments for
the assignment of the C andresonances in the EDP regioisomersase shown Figures 8
and S9). Here below, a summary of the main NMR spectroscopy forEb® regiosiomers
assignment is provided.

Methyl (Z}13,14Epoxyall-(Z)-4,7,10,16,19ocosahexaenoat&) *H NMR (CsDes, 500 MHz):

g 5.25-5.55 (m, 10H), 3.31 (s, 3H), 2.72.83 (m, 8H), 2.252.41 (m, 4H), 2.12 (s, 4H), 1.93

- 2.00 (m, 2H), 0.88 (tJ = 7.30 Hz, 3H)}*C NMR (GsDs, 126 MHz):lc 172.35 (C1), 131.90
(C20), 130.53 (C17), 130.19 (C10), 129.02 (C5), 12&CR), 128.11 (C4), 127.87 (C7), 126.82
(C19), 124.76 (C11), 124.55 (C16), 55.66 (C14), 55.65 (C13), 50.65 (C1°), 33.63 (C2), 26.35
(C15), 26.34 (C12), 25.78 (C9), 25.68 (C18), 25.57 (C6), 22.75 (C3), 20.53 (C21), 14.03 (C22).
Methyl (Z}16,17#Epoxyall-(Z)-4,7,10,13,19ocosahexaenoaté)( *H NMR (CsDs, 500 MHz):

Ug 5.25-5.55 (m, 10H), 3.31 (s, 3H), 2.72.83 (m, 8H), 2.252.41 (m, 4H), 2.12 (s, 4H), 1.87

- 1.94 (m, 2H), 0.86 (tJ = 7.30 Hz, 3H)*C NMR (GDs, 126 MHz):lc 172.35 (C1), 133.81
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(C20), 130.19 (C13), 129.02 (C5), 128.40 (C10), 128.32 (C8), 128.11 (C4), 127.87 (C7), 127.70
(C11), 124.76 (C14), 123.66 (C19), 55.79 (C17), 55.65 (C16), 50.65 (C1), &5326.34

(C15), 26.22 (C18R5.78 (C12), 25.66 (C9), 25.57 (C6), 22.75 (CB)53 (C21), 14.00 (C22).

Methyl (Z2}7,8-Epoxyall-(Z2)-4,10,13,16,19ocosahexaenoats). 'H NMR (CsDg, 500 MHz):

Uy 5.35- 5.51 (m, 10H), 3.30 (s, 3H), 2.62.85 (m, 8H), 2.19 2.32 (m, 4H), 2.08 2.14 (m, J

= 7.30 Hz, 4H), 1.93 2.04 (m, 2H), 0.89 (t, J = 7.50 Hz, 3HJC NMR (CsD¢, 126 MHz): il

172.30 (C1), 131.82 (C20), 130.17 (C11), 130.08 (C4), 128.38780 (C13, C14, C16 and
C17), 127.06 (C19), 125.77 (C5), 124.78 (C10), 55.65 (C8), 55.63 (C7), 50.66 (C1’), 33.51 (C2),
26.35 (C9), 26.23 (C6), 25.78 (C12), 251785.60 (C15), 25.58 (C18), 22.83 (C3), 20.55 (C21),
14.07 (C22).

Methyl (Z}19,20Epoxyall-(Z)-4,7,10,13,16docosahexaenoat@)( *H NMR (CsDgs, 500 MHz):

Uy 5.25- 5.52 (m, 10H), 3.31 (s, 3H), 2.72.86 (m, 9H), 2.60 (dt] = 4.20, 6.40 Hz, 1H), 2.25

2.37 (m, 3H), 2.04 2.16 (m,J = 7.30 Hz, 3H), 1.40 (ddg) = 7.30, 7.30, 14.10 Hz, 1H), 1.28
(ddg,J = 6.10, 7.30, 13.50 Hz, 1H), 0.84 Jt= 7.70 Hz, 3H)*C NMR (G:Ds, 126 MHz): lic

172.32 (C1), 130.03 (C16), 129.06 (C5), 128i3527.80 (C7, C8, C10, C11, C13 and C14),
128.08 (C4), 124.96 (C17), 57.38 (C28h.75 (C19), 50.65 (C1"), 33.64 (C2), 26.31 (C18),
25.79 (C15), 25.75 25.60 (C9 and C12), 25.58 (C6), 22.76 (C3), 21.10 (C21), 10.45 (C22).
Methyl (Z)}4,5-Epoxyall-(Z)-7,10,13,16,19locosahexaenoat®)( *H NMR (CsDs, 500 MHz):

Uy 5.23- 5.55 (m, 10H)3.29 (s, 3H), 2.65 2.88 (m, 10H), 2.13 2.27 (m, 3H), 1.95 2.09 (m,

3H), 1.68- 1.76 (m, 1H), 1.58 1.68 (m, 1H), 0.89 (t) = 7.63 Hz, 3H)*C NMR (GsDs, 126

MHz): Uc 172.35 (C1), 131.89 (C20), 130.27 (C8), 128.63/128.38/128.11/128.96 (C1X 44,

and C17), 128.42 (C11), 127.95 (C10), 127.19 (C19), 124.78 (C7), 56.07 (C5), 55.32 (C4), 50.85
(C1), 30.76 (C2), 26.38 (C6), 25.86 (C9), 25.75 (C12 and C15), 25.66 (C18), 23.42 (C3), 20.66
(C21), 14.17 (C22).

Methyl Alk(Z)-4,7,10,13,16,19Docosahexasoate(1). *H NMR *H NMR (CsDs, 500 MHz): Ui
5.24-5.47 (m, 12H), 3.31 (s, 3H), 2.72.88 (m, 10H), 2.29 (dddd,= 0.80, 1.40, 7.34, 14.70

Hz, 1H), 2.29 (ddddj = 0.80, 1.40, 7.30, 14.70 Hz, 1H), 2.11X& 7.40 Hz, 2H), 1.95 2.03

(m, 2H), 0.89 (tJ = 7.61 Hz, 3H)!*C NMR (GsD¢, 126 MHz): ¢ 174.32 (C1), 131.78 (C20),
129.08 (5), 128.50 (C17), 128.22 (C14), 128.15 (C8, C10 and C11), 128.11 (C7, C13 and C19),
128.06 (C4), 127.91 (C16), 50.65 (C1"), 33.65 (C2), 25.67 (C15), 25.66 (C9), 25.65&%3),

(C6), 25.56 (C12), 22.75 (C3), 20.54 (C21), 14.08 (C22).
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3.2.2. Transformation of EDPMe Regioisomers to Monotrans DHWe Isomers

The reaction is described for 16;EDP-Me and 13,14EDP-Me (yrst fraction of the EDP
chromatographiseparationand the same steps were followed for the other isolaizéMe

fractions.

Step 1. (Bromination of Epoxide)

To a freshly preparedolution of triphenylphosphine dibromide (7 mg; 0.0167 mmol) in dry
dichloromethane (56L) a solution containing a mixturef EDP regioisomers6 and5, (3 mg;
0.0084 mmol containing traces of 10;EDP 4) in dry dichloromethane (106L) and pyridine

(1 eL)wasadded, stirring at 0 THeQmixture das rlefstarmgy o n  a
overnight at 5 Adwithand M aqudoeseiution afhydrganlerio acid 0.5
mL) and extracted three times withloroform/ethanol (4/1). The reaction was monitored by
TLC for the ring opening as dibromide (7/Zhexane/diethyl ether, startimgaterial Rf= 0.7 and
dibromide product R= 0.4). The organic layersvere collected, dried over BB&O, and
evaporated under vacuum. Theude containing methyl6,1#dibromo(42,72,102,132,197)
docosapentaenoasad 13,14dibromo(42,72,10Z,16Z,19Zocosapentaenoaeith traces of

the 10,11dibromoderivative) was used for thext step. The same reaction was also performed
for the inseparablanixture of the EDPMe regioisomers3 and 7 and for the EDRME

regioisomed. In all casesthe reaction crude was used for the ret&p.

Step 2.(Elimination)

To an icecooled slurry of activated zin@.7 mg; 0.072 mmol), acetic acid §2), and N,N
dimethylformamide (150 ¢L), a solution of methyl 16,tdibromo(4Z,72,102,13Z,192)
docosapentaenoatmd traces of 13,tdibromeo(42,72,10Z,16Z,19Zdocosapentaenoatd mg;

0.0060 mmol) inN,N-dimethylformamide (10@L) was added, and the mixture wstgred at O

ACc for 14 h. The react i &R nhexase/diatyylether)evideretingpy T
the formation of alkenes (R0.9) in the preence of traces of starting materiaf R0.4). At this

point, the reaction was stopped by addition of a 1 M aqulepdi®©chloric acid solution (1 mL),

and the precipitate wagltered @&. The yltrate was extracted three times with a mixture of
chloroform/ methanol (3/1). The organic layers were collected and dried Na&30,. The

solvent was removed under vacuum &l a colorles®il (1.5 mg; 0.0044 mmol; 73% yield).
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The reaction crude waanalyzed by AgrLC (eluent: 1/9 rhexane/diethyl ether with 04
MeOH) evidencing the presence of two spots, referred to mondtdAsMe and cis DHAMe
(seeFigure S12b in Appendi®. The other two crude reaction mixtures of dibromidese
treated for elimination as described above. The debrominatiaction occurr@ also in the
second fraction transformed into thelibromide intermediates aarding methyl
(42,72,102,13Z,16Z,19E)docosahexaenoateand methyl (42,7E,102,132,167,192)
docosahexaenoateolorless oil; 3.5 mg; 0.0010 mmol; 86% vyield), as wellfasthe last EDP
fraction @ording methyl(4E,7Z,102,13Z,16Z,19Z)docosahexaendatdorless oil).

The elimination products were then analyzed by GC takithgantage of the parallel NMR
assignments of regioisomers, thallwing for the attribution of the trans dale bond position.
Figures S151 S17 in Appendixare the GC traces of tldimination of the three EDP fractions, in
comparison with the trangsomer mixture obtained by photolysis and with literature
datal*"148162166167 Tha assignment of the monotrans isomer peaks inGieanalysis was
obtained on the basis dfd starting monoepoxidessignmentKigure 36).

The Scheme6 below summarizes the formation ahonoepoxides and the chromatographic
separation of fractions thanderwent the brominatieelimination step aording the separation

of the monotrangegioisomers.

(@)

1 —» 2(9.2%) + 5/6/traces of 4 (15.3%) + 3/7 (13.4%) + 1 (60% recovered)
64%l(b) +(C) SZ%l(b) +(©) 52%l(b) +(c)
(4E)-1 (16E)-1/(13E)-1 (7TE)-1/(19E)-1

Scheme6. Two-Step Transformation of AlCis DHA-Me into Monotrans Isomefs
%Yields of the products are in parenthesesn@&PBA, DCM, RT, 10 min; (b) dry DCM, pyridine,
PhPBr,, 5AC, overnight followed by (c) DMF,
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3.3. Synthesis of Monotrans DHA-Me Isomers by Photolysis

A 15 mM solution of DHAMe ester (20 mg, 0.058 mmol) inopanol (3.87 mL) was
transferred into a quartz photochemical rea¢&igmaAldrich) equipped with a 5.5 W low
pressure mercury lampg.he reaction mixture was degassed with argon for 20 min, then an
aliquot of a previously degassed stock solution -ofi2captoethanol i2-propanol was added
(0.03 mmol) and the UV lamp wagrnedonf or 5 min at the temperat
means of ahermostat bath. The reaction was monitored byTAE, spraying theplate with
cerium ammonium sulfate/ammonium molybdate rea€AiM), to evidence the formation of
the monotrans fraion togethemith ditrans, tritrans products, in order to stop the reaction when
monotrans isomers were prevalently formed in the presenaamaining cisDHA (seeFigure
S12a in Appendi®. The solvent was removed under vacuum, and addition of chlorofaitn
further evaporation under vacuum helped the removatmk&aptoethanolThe crude of the
reaction was subsequentissolved in 1 mL oh-hexane and loaded onto a preparativeTAG
plate. A rapid andacient s@aration was obtained using Inthexane/diethylether with 0.4%
MeOH as mobile phase. After elutiaime plate portion corresponding to the monotrans isomer
fraction (R = 0.58), detected by spraying a small portion of the plate with OA&4, scraped
oa. Silica was washed with chloroform {35 mL). Thesolvent was evaporated to give a solid
material, which is the Adatty acid complex insoluble in-hexane. This material was dissolved
in a5% aqueous solution of NBH, vigorously stirred (600 rpm) for Iiin and extracted with
aliquots ofn-hexane (3 5 mL). Finally, the organic phase was dried overJS&, yltered and
evaporated. Theunreacted altis DHA-Me was recovered and subjected to a second
isomerization cycle. This procedure leaded to the collectioncolaless oil that correspded

to the monotrans DHA methyl estesomer mixture (5.2 mg, 0.0152 mmaind overallyield
from twoisomerization cycles 26%). GC analysis was carriedunder the conditions described

in Materials and Methods (see traceRigure 36 or tra@ Il in Figure 38). **C NMR (Figures

S13 and SH in AppendiX of the mixture of monotrans DHMle isomers obtaineétom the

isomerization and from the pydation were also performed.
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3C NMR (GiDg) Ui 10.94, 13.72, 14.12, 20.44, 20.56, 22.76, 2525657,25.66, 27.12, 28.01,
28.17, 28.57, 29.24, 30.39, 33.67, 33.35,64, 45.29, 50.64, 50.73, 61.17, 126.93, 127.12,
127.48, 127.67,

127.86, 128.14, 128.48, 128.78, 128.81, 129.28, 129.37, 131.66, 1831681, 131.75, 131.97,
131.99, 132.00, 132.23, 132,2132.49,132.52132.55, 172.35, 172.37.

After puriycation the**C NMR of the pure monotrans fraction wearried out (se€igure S14

in Appendi®: *C NMR (C¢D¢) U 14.10, 20.55, 22.75, 30.40, 33.65, 50.65, 127.47, 127.67,
127.86, 131.68, 131.72, 131.1R2.02, 132.28, 172.33.

3.4. Isomerization of Fish Oil by Photolysis

A sampleof commercially availablegsh oil, used as omegacontaining ingredierfor food and
nutraceutical preparation, was isomerized followingpiexedureabove describefbr the DHA-

Me isomerization. After 30nin, 30% of total trans content was obtained as determined after
transestefication to the corresponding FAME and GC analysisAppendix the **C NMR of

the oil prior and afteisomeriation arereported Figures S25 and S2k By GC analysis of the
FAME obtained from the triglyceride transesfemtion the cis and trans faitgid contents were
also determined. IRigure 38 of the main text th&C separation of the DHA isomers is shown,

in comparison with thenonotans DHA methyl ester isomer library. Figures S271 S30 in
Appendix,two diaerent GC methods were used witydrogen or helium as carrier gas in order

to evidence the best fatheid separation.

3.5. Analysis of Monotrans DHA Isomers from CommerciallyAvailable

Supplements

Available SupplementsNineteen DHAcontaining supplementsnisoftgel capsules were

examinedor their cis and trans fatty atcontents, being six products commercially available in
Italy and 13 inSpain. The oily content was takérom the capsules, and the lipidere extracted
according to the Folch methd¥.Briepy, approximately3 mg of eactsample was dissolved in

2:1 chloroform/methanol (B1L) and partitioned with brine (1 mL); the extracted organic phases
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(31 3 mL) containing lipids were joined and dried with anhydribasSO,. After yltration, the

solvent was eliminated using a rotayaprator and the oily residue was left under vacuum for

10 min toremove any possible trace of water. The lipid extract was chegk@d® (mobile

phase: rhexane/diethyl ether 7:3) and then treated winéshly prepared 0.5 M KOH/MeOH

solution for 30 min atoomtemperature under stirring. Reaction was quenched using brine and
fatty acid methyl esters (FAME) were extracted usidgerane (3x 3nL); the organic phase

was collected and dried with anhydroNs,SO4. After yltration and solvent evaporation, the

FAME mixturewas dissolved in 16L n-hexane and &L was injected for G@nalysis.Tables

S2 and S3 in Appendix report theFAME c ont ent : pr odu@tsgpplehén® ar e

presentinthé¢ t al i an mar ket and products. 7119 are pr

3.6. LUVET Preparation

A mixture of 20 % 1-stearoyi2-docosahexaenodnglycero3-phosphocholind-palmitoyl-2-
oleoylphosphatidylcholinen chloroform solution 1 1 ¢ L -22:6 PClwBh:10.1 mg of 16:0

18:1 PCdissolved in 1 mlchloroform) wasevaporated to a thin film in a test tulbeder a stream

of argon and then kept under higacuum for30 min at room temperature.

In order to obtain a finatoncentration of 70 mM phospholipid contehts O triglidtilled water

were addedand by vortexng for 7 min under an argoatmospherenultilamellar vesicles were

formed Large unilamellar vesicles (LUV) with a mediameter of 156158 nm were prepared by
extrusiontechnique using LiposoFast and a 200 nm polycarbanatabrane filter as described
previously*® The size of thdiposomes was measured using dynamic light scattering (DLS)
methodology. The LUVET stock suspensions were transferred o a vi al and st

maximum oftwo days

3.6.1 Isomerisation v®eroxidation of PC in LUVET

The total volume for every reaction was 1 mL of LUVET st@akospholipid concentration of 1
mM). More specificallyam | i quot of 14.5 €L fatty wasadddd c on
in tridistilled water in the reactiomessel. To théiposome suspension, the copper complex was

transferred0.15 mM) and the reaction remained under stirring for 2 Friom stock solutions in
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tridistilled water and finatoncentration in the reaction 10 mM, the thicin2rcaptoethanalas

added to the reaction drop wise (@B1/min) using a syringe pump. Each reaction vessel was
incubatedat 3AC and, I n or der ttrans fatt hdidoesidueshsampleowenrma t i
analysed at differerttmes. The workup of the vesicles wawade with 2:1chloroform/methanol,
extracting and collecting the organighases dried over anhydrous sodium sulphate and
evaporatingthe solvent under vacuum at room temperature. giespholipid extracts were

treated with 0.5 M KOH/MeOH, i@ transesteri¢ation type of reaction for 10 min at ambient
temperature. The reaction was quenched with additidndastilled water and an extraction with
n-hexane followed.The organic layer containing the corresponding fatty aw&thyl esters

(FAME) was analysetly GC for thedetermination othe content.
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3.7. Results and Dscussion

3.7.1. Dual Synthetic Approach for DHA Transformatiamd Monotrans DHA

Isomerldentiycation

According toScheme5 we approached the dual synthetic strat@gpg by carrying out thelirect
radicatcatalyzed isomerization of DHAnethyl ester, as describg@deviously by our grougor
EPA 3 thusobtaining a mixture of the six monotrans DHA isoméTig(re 34). Ag-TLC was
used to purify the monotrans DHA isoméem thestarting materialKigure 35, lane C).

Figure 35. Ag-TLC (eluent: 1/9 rhexane/diethyl ether with 0.4% MeOQOH) of the transformation of one
monoepoxide fraction (second fraction) via bromination and elimination reactiosgndlard altis
DHA-Me. B: elimination reaction showing the presence etigslDHA-Me and monotrans isomers (19E
and 7E) of DHAMe. C: mixture of monotrans DHMe obtained by thiytadical catalyzed
isomerization after puycation as reported iBxperimetal Section

The recognitiorof each monotrans isomer was not realizable at this stagesver satisfactory
separation of these isomers couldoiained by gas chromatography, the GC trace shoyviag
out of six separable peaks, meaning that only tsamers aresuperimposed. It is also worth
noting that one monotrans DHi&omer elutes similarly to ciBHA (Figure 36, GC trace Il).
GC analysis, under the conditions describetaterials and Methodgrace Il,Figure 36) gave

a pattern of peaksimilar to those described in literatuf&1431°81%8 At this point theassignment
of each monotrans isomer could not be perforr@edy by elution of the commercially available
4E-DHA-Me, thethird eluting peak could be assigned to this isorkegure 36, traceV). By the
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second synthetic route DHA methyl ester wasisformed in twesteps to give the corresponding
monotransalkenes $chemeb), via monoepoxide formation, ringpeningof the epoxideusing
the stereoselective formation of tisromide derivatives, followed by elimination reaction, that
provide the trans geometry of each starting double bond. Irstiagegy, the key step is the
separation and characterizationtioé monoepoxide prautts, in order to assign the double bond
position for the subsequent elimination std@etachloroperoxybenzoicacid (MCPBA)
epoxidation followed by puyicationby pash chromatography (with 9/thexane/diethyl ether
as the eluent; see TLC separation witB n-hexane/diethykether inFigure $4 in Appendix,
provided thredractions of monoepoxide regioisomefhe structures of the six regioisomers are
shown in Figure 34. Under our experimental conditions, described in Materials and
Methods the 4moncepoxide (compoun@) wasisolated in pure form as a third fraction of the
chromatographyThe other regioisomers were obtained in yh&t and secondhromatographic
fractions, each fraction as a mixture of te@mpounds.

EDPs are biologically relevamompoundsobtained from DHA by cytochrome P450 enzyme,
exhibiting a variety of biological &ects in ifammation, pain, angiogenesimd cancet’?
Actually cytochrome P450 is able to provide #tereoselective epoxidation of DHA, preferably
at the lasdouble bond obtaining9,26EDP"® However, also 16,2EDP, 13,14EDP, 10,11
EDP, and 7,&DP have been detected asgparated by HPLC analysis, whereasELd was
reported tobe unstablé’® We were interested to carry out merand bidimensionaNMR
experiments in order to assign the epoxide positiaach compound of the reaction mixture. It
is worthnoting thatthe use of deuterated benzengl¥§} as NMR solvent isequired, in order to
avoid decomposition during thexperiment in the slightly acidic environment of deuterated
chloroform. We performed also the spectrum of DMA in deuterated benzerier examining
the epoxidation results usirthe same experimental conditions ($8gure S5 in AppendiX).
Table S1in Appendix collects the’®*C NMR data of the EDP isomers and the 1€ETIP
regioisomer is not presented because it was formed orthades.The reasons for the scarce
formation of this stereoisomén the epoxidation reaction were not investigatedAjppendix
Figure S5 shows the structures of theve EDP isomers with their proton and carbon atom
resonances as assigned irstsiudy using deuterated benzesesolvent. The NMR spectra of all
the yve EDP isomers areeported in theMaterials and MethodsIn order to assign the
monoepoxide resonances, we examitt¢cand**C NMR resonances comparing with DHMe

for each fractionseparged by column chromatographyhe subsequent transformatiar
monoepoxides, formingn situ the correspondinglibromides followed by elimination to the
correspondin@lkenes, was performed in one step for each fraction. Theradietion sequence
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was adapted for DHA methyl ester fronpepcedure described for arachidonic acid methyl ester

1180 and successfully applietb eicosapentanoic acid methyl estePA)%*

During thein situ
transformation of epoxides to dibromidierivatives and the subsequent elimination to trans
alkenes, theconcerted elimination is not the only occurring mecharismwhich the double
bond can be formed. Therefore, the preseofceisDHA was detected in all the resulting
elimination crudemixtures. Having recognized in each starting fraction mhenoepoxide
structures as major and minor isomers,dascribed in theNMR section and summarized in
Schemeb, the assignment of the corresponding monotrans DHA isoooers be satisfactorily
carried out examining the peaks predarthe GC traces of the DHMe isomers after the two

stepssynthesis, as shown kigure 36 (traces I, 1V, V).

all cis

\

7
13E
16 E 4E

e E+10E

all cis +16 E

13E
10E
19E all cis
7E
v
4j\

39.0 39.5 40.0 40.5 41.0 41.0 42.0 425

Time (min)

Figure36.GC chr omatograms of the 39. O-DHAZnetbylestér;(l) r egi o
mixture of monotrans DHA methyl ester isomers obtained by photolysis in the presence of thiyl radicals;
(1) 16E-isomer superimposed with all d@BHA methyl ester, 18 and traces of 18 (IV) 19E, all cis

DHA methyl ester andE; and (V) £ (commercially available product)
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The isomer overlapping with DHAMe is the 1& monotransDHA-Me, and the E and 1&
monotrans DHAMe are alssuperimposed (lanes (Ill) and (IV) corresponding tocireversion

of these two monoepoxide fractions accordingstheme6). It is worth recalling that the B
isomer waobtained from the traces of the 10EDP, formed with th lowest yield among all
EDP isomers, as ascertained by the swidyne NMR spectra reported in the following section.

Finally, the following GC order of elution could be assigned:

19E <16E= all-cis < 4E <13E <7E =10E

This is theyrst time theassignment of monotramgometrical isomers of the ome8datty acid
DHA is made by a combination of AGLC, NMR spectroscopy, gahromatography, and this
result contributes to the library abncommercially available trans isomers developed by us for
the longchain polyunsaturated fatty acids {RLJFA) omegab and omegs.
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3.7.2.NMR Study of the EDP Isomers and the Monotrans DHA Isomers

As previously mentioned, th#d and**C NMR spectra of the EDP andamotrans DHAMe

isomers obtainedh this work (Figure 37) were carried out in §Ds, primarily used to avoid
decomposition of the monoepoxide compourktse *H NMR spectra of the EDP regioisomers

was verydiagnostic for the terminal methyl group-g2), thatappeass t r i pl et 1 n t |
ppm regon and is ipuenced by theelative position of the epoxide functionality. As shown in

Figure 37, in the starting material, DHMe the triplet iscentered at 0.885 ppm (trace 1),
whereas the pure 4BDP isomer (isolated by chromatography) shows tifii@et centeredat

0.888 ppm (trace V).

oo coco

6
88
G
08
¢.8'0
£58°0
8£8°0

1

.. _,/LJU\X/JL/;_

oo
e

0.91 0.90 0.89 0.88 0.87 0.86 0.850.84 0.830.82 0.81

Chemical shift (ppm)

Figure37Z.'H NMR region (0.8170.91 ppm) RDbf&EDPed t o t
regioisomers (spectra run iRl%). The triplet is centered atairent ppm in relationship with the

position of the epoxide along the fatty acid chain; (I) DMA all-cis; (II) mixture of 13,14EDP5,

16,17EDPG (traces of 10,1-EDP4); (lll) mixture of 7,8EDP3 and 19,2€EDP7; (IV) 4,5EDP2.
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Two other fraction®btained from thehromatographic separation contained four other isomers
(seeScheme6): (i) a mixture with the 16,2EDP isomer with thériplet centered at 0.853 ppm

and the 13,14€DP isomer wittthe triplet centered at 0.880 ppm, with traces ofiDd tEDP

isomer Figure 37, trace Il); (i) a mixture with the 19,2BDP isomer with the triplet at 0.838

ppm (major isomer) and tie8-EDP isomer with the triplet at 0.892 ppm. The assignrottite

triplet was made by correlation experiments, crostiegH and'°C resonances of the methyl
group and epoxide carbaioms, respectively (sé@gure S9 in Appendix). Examining the'*C

NMR spectrum of the EDP regioisomensd using the assigned resonances of starting-Die¢A

the carbon atom resonances of thgoxide function wereletermined. In fact, for the 16417
monoepoxide, two peaks 86.79 and 55.65 ppm can be assigned to the carbon atoths of
epoxide function, because at the same time in the speaneigbsent the chemical shifts of the
ethylenic cédbon atomsa s si gned at t he C16 rMeé1128.50a0dulB792 b on
ppm, respectively). The 13,Z2DP has two peakat 55.66 and 55.65 ppm assigned to the
epoxide functonb ecause the C131Cl4 douiMeatl2Bp2nadd r e s c
128.11 pm are not present. The 19;E®P hasthe epoxide carbon atoms at 57.38 and 55.75
ppm, andcorrespondently the chemical shifts at 131.78 and 127.11(pe11 91 C2 0-Me)f DHA
are absent. In the 19,EDP regiosiomer, the chemical shift of the22 is noticealy moved at
10.45 ppm (i nstead o fforallthe othereEDRyregioisoiers),8ndidading 0 O
an upyeld shiftdue to a dierent electronic distribution fiuencing the end ahe carbon atom

chain (i.e., ther position). The 7,&DP showed thechemical shifts of the epoxy carbon atoms

at 55.65and 55.63 ppm, corresponding to the absence of the resoreint28.15 and 128.11
ppm ( C71 C8 -Meh Finally,éor tieHERP in the position 4,5, the epoxy function was
individuated by the chemicahifts at 56.07 and 55.32 pprorresponding to the absence of the
peaks at 129.08 and 128.p60 m ( C4 1 CHMe)Bidiméhsiohal experiments can also be
performed to acquirenore data on these assignments. A representative descriptitre of
assignment ofresonances to 7.-8and 19,26EDP isomersobtained by HSQC/HMBC
experiments is shown idppendix (Figure S9). By this additionalinformation, we could
increase data on the epoxide assignmembsyever, the aboveescribed'H and **C NMR
characteristics safactorily individuated the EDP regioisomerss far as the DHA monotrans
isomers are concerned, thesere obtained from the EDP tvgtep transformation as shown
Schemeb, as well as mixture of the six isomers by radiathlyzedsomerization of thall-cis
DHA-Me. This lattermixture was examined by NMR arfeigure 38 shows a trace othe
enlargement of th&C NMR region corresponding to ti@20 resonance (traces | and II, panel

b), which was found tbe diagnostic for the geometrical isomers.
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Figure 38. (Panel a) Partial GC traces of: (I)-als DHA-Me; (1) the six DHAMe monotrans isomers
and altcis DHA-Me; (lll) FAME obtained from the transestgciation of DHAcontainingysh oil. The
presence of monotrans DH#omers as contaminants is visible when the trace is expande®);((IV)
DHA-Me isomers obtained after isomerization and transgstion ofysh oil (this mixture contains
mono, di-, and tritrans isomers). (Panel b) Enlargement of'fBeNMR region( 131 . 571 132. 5 p
corresponding to the-20 ethylenic carbon atom of: (I) alls DHA-Me; (Il) the six DHAMe monotrans
isomers and aitis DHA-Me; (lll) DHA -containing triglycerides froniish oil; (IV) DHA-containing
triglycerides fronmysh oil after isomeration (this mixture contains mondali-, and tritrans isomers)

The G20 atom is themost deshielded among the yméc peaks, and its distance frotne
position of the trans double bond in the fatty acid chapuences its chemical shift. Five
diaerent chemical shifts fathis carbon atom could be individuated in the monotiaamer
mixture isolated from the isomerization (trace IFigure 38, panel b), one of them representing
two overlappedesonances, and they are clearlgadent from the €0 of DHA-Me appearing

at 131.78 ppm (cf. trace | ligure 38, panel b). The importance of the last vinylic carbon atom
of the PUFA fatty acid chain was previously described for arachidanit eicosapentaenoic
acids.>"'® The present data support thee of NMR spectroscopy for the analysis of natural
and marineils, as already shown by other grotip&%'® and recentlyeviewed™** The herein

described chemical synthesis mbnotrans DHA isomers, asell as our previously published
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work on trans lipid library certainly increase availability eéference compounds and

will help to gather morenformationby the powerful NMR methodology.

3.7.3.Isomerization of DHAContaining Fish Oil and Determination of the

Monotrans DHA Isomer Content in Commercially Available Supplements

Natural oils areimportant sources of cis PUFA, and trassmers of EPA andHA are
contaminants after deodorization or distillatimmocedures that are used in order to eliminate the
yshy odor.PUFA isomerization in oils has been described by heatiogedure¥’®” or p-
toluene sufnic acid treatment’* whereaswe reported the isomerization of some oils by thiyl
radical catalyzed procesg® but not of ysh oils. The isomerization of a sample of DHA
containing ysh oil commercially available as raw material for food or supplemevds
performed The reaction was carried out as described inMiag¢erials and Methodsand GC
analysis was performed after transegtaation of the triglycerides into the corresponding
FAMEs. Figure 38 (panel a) shows the GC regions corresponding to FAMESs ynoil in the
starting material (trace Ill), and it is worth notitigat in this samplenonotrans DHA isomers are
already preserds contaminants, as it can be seen by comparison withAtkiE of the oil after
free radicalcatalyzed isomerization (trad¥), and related cis and monotrans DHi#e isomers
(traces land II). In the sam&igure 38 (panel b), the enlarged region thie *C NMR spectra
corresponding to the-20 (ethyleniccarbon atom) resonance is shown for the BtbAtaining
triglycerides ofysh oil (trace Ill) in comparison with the alls DHA-Me (trace I). It is
gratifying tosee that the 20 chemicakhift is similar for FAME and triglycerides that contains
the DHA moieties. Moreover, afteysh oil isomerization, traRBHA-containing triglycerides
show strong similarity of the C2fesonances for the monotrans DiVfe isomers hat were
previously describedn Appendix the full **C NMR spectraof the ysh oil triglycerides before
and after the isomerization are sho(iigures S5 andS26. It is worth mentioning that the GC
resolution of monotransomers achieved under oamalytical conditions, using gpecyc oven
program with a 60 mp 0.25 mmj 0.25em (50% cyanopropyhmethylpolysiloxane column,
were obtaineafter testing several gas chromatographic conditiongarticular concerning the
carrier gas. Using natural sees offatty acids as marine oils, it was envisaged that other long

chainfatty acids can elute in the region of the DiNfe and itsmonotrans isomers. This was the
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case of C22PUFAs, such ag2:5¥-3 (DPA) and 22:6¢-6, as well as long chain saturatsad
monounsaturated fatty acids, such as C24:0 and CdAppendix,Figures S27 30 showthe
peak resolution connected witihe two GC experimental conditionthat aredescribed in
Materials and MethodsWe were aware that a very careful study was caroeidwith a 200m

SLB IL111 ionic liquid column verifying the accuracy of theoposed method using Standard
Reference Material (SRM3 2 75 fh-Bamd Qmegh Fatty Acids in Fis
National Institute of Standards and Technology (NIST)We could compare the reported
results withour method usindiydrogen as carrier gagigure S29in Appendi®, and it was
gratifying to see thainterferences with other fatty acids can be avoided also uoder
conditions. As already shown for EPA isom&fsthe use othydrogen as carrier gas together
with specyc oven temperaturprogram is satisfactory, in terms of no interferences by-C22
PUFAsand long chain saturated and monounsaturatedéeits.

The combination of GC andC NMR analyses, the latteising the resonance of the20, can

be of diagnostic Mae for individuating monotrans DHA isomers, with the advantage i@t
NMR can be performed directly on the triglyceridathout any transformation. In this case, it is
also worth notinghat by studying the region between 130.40 and 132.60 alsm,ndiaerent
NMR solvents, the overview of ome@aand omega3 monotrans isomer content can be
obtained This overall picture can helevant for further developments in metabolomics research.
Theanalysis othe triglyceride fractions contained HA-containing supplementsvailable on

the markets in Italy and Spaimas performed As matter offact, analytical protocol to run
quality control of supplementare increasingly addressed for the safety of producers and
consumers, and researchers raipesblems of oxidized or transontaminants by evaluating
commercial products of 8erentcountries:’*"® Table 10 shows our results in terms of fatty
acids,such as omega DPA, DHA, the DHA monotrans isomers amg& monounsaturated 24:1,
detected in some representatsegplements available in Italian and Spanish market¢senting

low and highcontent ofmonotrans DHA isomers.
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Table 10. Representative Fatty Acid Contents in Terms of DPA, DHA, 24:1, and Monotrans DHA
|l somers Eluting in the GC Time Window of 377141,
from NaturalOils of Commercially Available Supplements in Italy and Spain

1 2 4 ] 8 13 14 15 19

22:6 w3 0.12 + 0.01 0.06 + 0.00 0.13 £ 0.08 0.12 = 0.04 0.09 = 0.01 0.27 + 0,03 0.34 + 0.03 0.31 + 0.02 0.66 + 0.24
trans-Al19

22:5 w3 3.67 + 0.07 431 £ 0.02 391 +0.18 0.15 + 0.02 2.10 + 0.03 9.94 + 0.32 1.17 + 0.02 13.32 + 0.04 209 + 033
(DPA)

22:6 w3 1851 = 0.10 20.64 = 0.37 20,98 = 0.07 57.35 £ 0.15 14.60 £ 0.15 83.68 + 0.17 86.19 + 0.11 7878 + 0.11 76.75 + 041
(DHA)

22:6 w3 0.08 + 0.00 0.01 + 0.00 0.07 + 0.00 0.17 + 0.00 0.08 + 0.00 0.09 + 0.03 0.16 + 0.02 0.18 + 0.03 0.30 + 0.01
trans-A4

22:6 w3 0.19 + 0.02 0.02 = 0.00 0.14 + 0.03 0.33 = 0.01 0.09 = 0.01 0.10 + 0.04 046 + 0.03 0.35 + 0.02 0.74 + 0.02
trans-A13

24:1 0.34 + 0.03 0.10 + 0.00 0.66 + 0.01 nd 0.24 + 0.01 0.14 + 0.03 nd nd 0.34 + 0.14

22:6 w3 026 + 0.04 0.02 + 0.00 029 + 0.02 0.50 £ 0.02 0.07 £ 0.00 0.20 + 0.03 0.68 + 0.01 049 + 0.03 L00 + 0.14
trans-
AT+AL0

total 0.75 + 0.04 011 + 0.00 0.63 + 0.08 112 + 0.04 0.33 + 0.01 0.66 + 0.04 L64 + 0.03 1.33 £ 0.03 270 £ 0.25
monotrans
DHA

*The values are expressed as percentages relative to 100% of the fatty acid peak asessiitémi GC
analysis. InTables S2andS3(Supporting Information), the complete analysis for 19 products is
reported.

The values of these fatty acids are shown as relative percefffaged in the whole fatty acid
composition determined on timatural oil ingredient of the capsules. Thd fatty acid analysis
referred to 19 products of Italian and Spanish marketaaiable inAppendix(Tables S2 and
S3andFigures SZ7m 30 of representative GC chromatograms).

In Table 10is shown that the percentage of monotrans DHA isomers was found between 0.11%
and 2.70%, with the highest trans contents contained in the-HAst formulas (cf. product 19

and product 2 inTable 10). This would suggest thahe procedures in order towéch DHA
content in the oil beesponsible of raising the isomer presence in the resutietgrial. Our
studies on the trans lipid library suppereviously reported analyses of PUEANtaining oils

and supplements, discovering contaminations either @s€dation and isomerization

products-47148166167174175

addressing the importanissue of the precise monotrans isomer
identiycation in caseof EPA and DHA. This is strongly needed especially becdesdth
beng/ts are highly discussed for omegasupplementswhereas contaminants can certainly

annihilate positive @ects ina doseproportional manner, as shown by us in a munioelel*®*
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3.7.4. Model Studies in DHAContainingLiposomesand Cu-TPMA-Pheninduced
Lipid Damage

In 20 % 18:022:6 PC/16:018:1 PC liposome compositiothe chemical reactivity ahe MUFA
residue of oleioversusthe PUFAresidueof DHA wascomparedIn the Scheme?7 is presented

the general approch.

’:. ‘C’.; " " /\<:\> 2 (CIOy)°
{0 on—
."“.’o o) @ o
0 90087 )/ @
.‘ J
@pe®

Trans Isomers of Oleic Acid Residues

+ +

Monotrans Isomers of DHA Residues | g
+

Peroxidation of DHA

16:0-18:1PC 18:0-22:6 PC

Scheme?. Cartoon presentintie incorporation of the GTIPMA-Phen h the liposome bilayer,
thegeneration of the thiyl radical and subsequent attack to the MAUWERUFA residues

In the absence of oxygen the-tiansisomerization was the main process depieteddifferent
time pointswere evaluatediuring the reactionin fact, after 8 hr of incubatiorat 37 A Gn the
presence of 0.15 mM CGUPMA-Phen and 10 mM-ghercaptoethandhe monotrans isomers of
DHA represented th8.099 %, whilst the trans isomer of oléie 7.305% of the total fatty acid
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composition.These values are reported as relative percentages (% rel) of the totatidiheak
areas detected in the GC analysis

We were interested in evsltingthe changesn stereochemistrinduced by the conversion of the
double bond from cis to trans geometnyder the reaction applieth Figure 39 is repored the
cis-trans isomerization yieldsf MUFA and PUFA residuedhe numbers shown were obtained by
therelative% of the GC area and the conversion of cis fatlig residug¢o eachtrans isomewas

calculated separetely

Liposomes composed by 20 % 18:0-22:6 PC/16:0-18:1 PC

45 Monotrans DHA Trans oleic 0,471

23,846

20 17,408
14,587
15 11,503

9,438
10 | 7,585 7,317

4,421
5 2,417 2,971 5744

10 30 60 120 240 4380
TIME (MIN)

Figure 39. Reactivity of oleic versus DHA acigsidues. The results obtained after incubation of liposomes
composed by 20% 1822:6 PC/16:a18:1 PCat3AC under anaerobic conditi
mM Cu-TPMA-Phen and 10 mM-thercaptoethandt different time points

The mixture of the monotrans DHA methyl ester isomelsained previously by photolysis, was
employed as reference for the recognition of the positional monotrans DHA is(seeFsgure
S30 in Appendix) Basedon the fully characterized analytical GC librathe DHA isomers
formed in the phospholipid bilayafter treatment with GIPMA-Phen and -ME, appeared to be
products of a regielective thiyl radical attack? The DHAS supramolecular organitian of
vesicles has a profoureffect on the isomerizatiooutcome, involving the diffentiation of the
doublebond reactivity depending on itecation The amphiphilic thiyl radical HOCHZCHZSA,

diffusing from the aqueous phase to the hymhobic region of the meméne bilayer, starts to
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isomeize the double bonds nearest to tjigcerol backboné®® that is nearest to the aqueous
phase

As reported inFigure 40, in this studied modedhe preferentiapositionalorderof conversion of
stereochemistry and formationmbnotranglouble bonds n DHAOGs resi dues i s

4E>19E > 13E.

—+—19F —@—4F ——13F ——7E+10C

% GCAREA - MONOTRANS DHA ISOMERS

0 50 100 150 200 250 300 350 400 450 500
TIME (MIN)

Figure 40. The influence of the phospholipid organizatior2i% 18:022:6 PC/16:018:1PCliposome
membraneleads in a regioselective formation of monotrans DHA isomers

The double bonds in positions 13 and 19 are locatedhe terminal part of the
hydrophobic fatty acid chaiand it could be expected their positionthe deepemart of
thebilayerButi f t he | ocation is in the fAmembrane
to be formed in a low percentage during the isomerization process given by the diffusing
thiyl radical. There are a few studies of the DH&nformational changeas free fatty

acid in model vesiclesyhere the different positions of the six double bonds of this PUFA
are consideretP**>*®The rotational dynamics of ome@afatty acids are modulated by
surrounding phospholipidand it has beemlemonstrated that DHA is able to change
conformations quickly (nanosecond time scale) in a membrane envirofithéntour

case the DHA is one of tHeur residues of the membrane phospholipids and the location
of the double bonds are not knowim. the literature are reportedusies on model

membrane structure arglectron densitythat have shownhe DHA increased electron
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density in the phospholipid head group regiopresumablydue to DHAsurface
interactionsassociated with a coincident electron density reduction in the membrane
hydrocarbon coré® In Figure 41is presented the timaveraged conformation of DHA

in which the double bond in position 19 is located in clgeeximity to the bilayer

borders explaining the reson of the preferentiaisomerization and formation of
monotrans 18.

Figure 41. Schematic illustration of the proposeahformationof DHA on membrane structure.
DHA interact with distinct regionis the headgroup regiast the membrane lipid bilayedue to
rapid conformational changes associated with its chemical strd¢ture.

As far asconcernghe consumptiowia peroxidationpathway the presence or absence of oxygen
appeared to be critical for the reacti®outcome and the results are reportefiguire 42.

In particular, mder anaerobic conditions the presence of 0.15 mM diPMA-Phen and 10 mM
2-mercaptoethanpPUFA wae decreased by5 % after 8 hr of incubation at 3& CThe main
process depictedvas the cistrans isomerization of both MUFA and PUFA with the yields
discussed above.

However, undeaerobic conditionghe consumption ahe PUFA contentvas much more evident.
In fact, the loss of PUFAvas estimated8 % after 2 hr of incubation artde content wastrongly
diminishedup to 59 % after 8 hr of incubation at &7C
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DHA Consumption in 20 % 18:0-22:6 PC/POPC liposomes
100
80 |
60 |

40

% AREA DHA RESIDUES

20

0

0 min 120 min 480 min

M Anaerobic Conditions H Aerobic Conditions

Figure 42. Peroxidation pathway in liposomes compose@®%6 18:022:6 PC/16:018:1 PC, after addition
of 0.15 mM CuTPMA-Phen, 1I0mM2ME and i ncubation at 37AC at t wg
the presence or absence of oxygen is evaluated. The estimiatimmsumption is based on the ratio
16:0/22:6, which found as peaks of the GC analysis of their corresponding FAME.

These results concerning the oxidative anetreiss lipid isomerisation processeshtaned in the

biomimetic model of 20 % DH#Aontainng vesicles, are informativef the molecular reactivity of
the complex. Tereby explainingt leastin part, the absencaf trans isomersn the presence of
oxygen

Our results can contribute to thderstanding of theghaviour of metal complexes astitumoral

drugsand their association with the lipid damage effecparticular indicating thénteractions of

metallome with membrane lipids as indicated by these novel biomimetic studies
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3.8 Conclusions

In conclusion, here we showed the extension of the trans lipid library to include an important long
chain PUFA such as DHA, with the individuation of its structural changes due to chemical
treatment as well as free radical reactivity, converting the cmsggy into trans. It is expected that

this new knowledge will successfully integrate other analytical methodologies for the quality
control of trans fats in health care and food products needed bytoegudadies all over the world.

The valuable spearobtained and fully characterizegtre inbenefit of our research towards the
investigation of t he alPMA-FRhendnteemdttionavitheDiHA fatey bcidn u ¢
residuesin model studies The monotrans mixture obtained from the free radwathlyzed
isomerization of DHA methyl estevas useds reference for recognition of the positional isomers
thatwereformed in the presence of a thiol and the artificial chemical nuclease.

The above described results represent preliminary observatiotise ofegioselective ciBans
isomerization of DHA in biomimetic models of cellular membranes and furnish an aspect of the
mechanistic scenario of DHAGs i mportant rol e
insight of the novel metallodrug €ELPMA-Phen molecular mechaniswia free radical production

in the presence of DHA composed liposomes. Usir) %18:0-22:6 PC/16:018:1 PC liposome
composition the ability of MUFA and PUFA residueso partition between isomerisation and
consumption process&as investigatedndit was evidencedhat the supramolecular organization

of phospholipids in the membrane is rethto the geometrical isomerism.

As a chemical biology model for antitumoral strategies, liposomes highlight the role of cell
membranes, with synergic roles for chemotherapeutic effeatsacid recruitment and membrane
formation are attracting a lot of interest in cancer, and indbigext the loss of the natural cis
geometry and the oxidatianduced lipid remodelling are worthy of deeper studies incantder
strategies. Finally, our resuitsdicatethe dualdrugd sffecttowards not only the DNAut alsothe

membrane lipids.
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Chapter 4: Novel Artificial Chemical Nucleases Induce DNA Cleavage

The project described in this chapter was carried out in the frames of my secondment at
Dublin City University, in the National Institute for Cellular Biotechnology under the
supervision of Professor Andrew Kellett. The synthesis, purification and futtrepeopic
characterization of the complexesedwas achieved by ESR Nicolo Fantoni. The results
obtained by my work were focused tdre AMNG series] Cu ( T P MA3rdadtivitNamd ]

the inducedDNA damage. | examinethe ability of these materialfor precise cleavage of

DNA along with the oxidation propertieBinally, DNA damage fragmentsereproducedn

DCU laboratoriesafter treatment with AMN The isolation, purificationand enzymatic
digestionto single nucleosidewas achieved in CNR, Bologna along with the studies of

lesions bystable isotope dilution LBAS / MS analysis.

The majority of the results presented in this Chaptere published in Chem. Eur. J.; Zuin
Fantoni, N. , Molphy, Z. , Slator, C. , Menounou, Goniblo, G. , Mitrikas, G. , McKee, V.,
Chatgilialoglu, C. and Kellett, A. (2018), Polypyridyhsed Copper Phenanthrene
Complexes: A New Type of Stabilized Artificial Chemical Nuclease.
(d0i:10.1002/chem.201804084).

4.1. Introduction

A very promisingstrategy against diseases such a cancer, is the insertion of molecules
between the planar bases of DNA with ultimate goainhibit DNA replication in rapidly
growing cancer cell§ This process isvell known as intercalation andhe outcome is
correlated with structural distortions towards the DNA heBrnall molecules that cleave
DNA play important roles in gened#ing and cancer chemotherapych as themetallo-
intercalators, whiclare complexes of a metal cation wjtblycyclic aromatic ligands® The
mechanism of intercalatiomasproposedor the first timeby Leonard Lerman in 196hsit
follows.*®’ In aqueous isotonic solution, the cationic intercalator is attracted afetically

to the surface of the polyanionic DNAhe negative charge®f oxygen atomsn the
phosphate groups across t hesodildiNahdioes magresiumc t u r e
catiors, which play the role of &ondensation cloud” In the case of metallintercalators

the metal centedisplaces these cations that surroumdNA and & a result,a weak
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electrostatic associatias formedbetween the metallmtercalator andhe outer surface of
DNA.**® From this position, thelanarligand diffuses along the surface of the DNA and may
slide into the hydrophobic environment found betweea base pairs that may transiently
"open" to form anntercalation site. This process allows the intercal@anove away from

the hydrophilic environment surrounding the DNA into the intercalatiort$iehe base pairs
transiently form such openings due to energy absorbed during collisions with solvent
moleculesin Schemes is presentethe dynamically open space betwettie DNAbase pairs

by unwinding in order for the potential metallointercalatoffitan.
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Scheme8.Nov el met a-TRMA-@hen rgattwity &untercallator

This unwinding iitiate a cascade dbcal structural changes to the DNA strand, such as
lengthening or twisting of the base pai@nce thestructural modification®ccur, functional
changesof DNA are inevitablé® These changes ameediated by reactivexygen species
often leading in inhibition of transcription and replication, as well as otf&XA repair
processes, which makes intercalatbigh potential anticancer therapeuti®s Moreover,
sinceROSare generated in the vicinity of nucleic acidee able to react witthe sugar part

of the nucleosidesby an electrorabstradbn, leading to long range electron transfer (ET)
reactionsacrosghe double helix The intercalators migldither donate electrons to, or accept
electrons from, the double helix, thus activelytiggzating in ET reaction&’? During this
processamong the ROS formeduperoxide ion can abstract an electron to form a DNA base
radi cal cati on, c oTineve holesan migmte nyesldctram traindfeo (EE) 0O
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over quite long distanceslong the DNA double helix, generally ending at guaninerich
regions because of their lower oxidation poterfftalAs presented irFigure 43 below, he
resulting guanine rrembied by la vadetytof reactisns, foGistancec a n
by furtheroxidation to 8oxoguanine and subsequent repair. Themvidence that & rich

areas of the DNAcan act as electros i nks t o r emomo importaithcoding s 0 f
regions*>*

G —

Oxidation Transfer

Figure 43. Cartoonshowing how ROS such as superoxide ion interact with DNA to form a radical
cation (Aholed) that can subsequently migrate
terminates at a @ rich region where the radical cation is removed by other ogitatiactions.

However, it may also interact with and influence the action of DNA binding proteins. The presence
of anintercalated DNA binding drug, acting as either electron donors or electron acceptors, can

potentially modulate ET reactioR¥.

Alternatively, a more potent ROS such as a hydroxy radigiht abstract hydrogen from

the sugar moiety of DNAitiating a sequence that resultsDNA cleavage
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4.2. Copper Complexes as Intercalators with EndonucleadReactivity

In general, mtallointercalators mimic the cleavage portion of natural endonuclease
machinery by cutting DNA molecules at oear specific base sequené®sAs they are
versatile and amenable to engineering, coordinatompounds with artificial metalo
nuclease (AMN) activity are an attractive alternative to natwaleases where, despite their
sequence specificity, limited selectivity impedes precise cleavagelommjer DNA
fragments:**2°%?%” The advantage of etallonucleaseds the fact thainduce cleavagein
DNA by targetingthe cancer cells and impeding faithful cell replicatibg an oxidation
pathway mediated byformation of ROS+?%%%%® Once the DNA damage occuissgenerally
irreversible and re#is on binding of the activated AMN to its requisite target\saegroove
binding, insertion or intercalation interactiof.Copper compounds are raittive choices for
AMNSs given their biologicallyaccessiblaedox propertiesind wide structural variabilit§
Another factor is the bioavailability and essentialitycopper to the human body where a
daily uptake of between 1.03.0 mg is required™! Copper ionhomeostasis may, therefore,
facilitate both tolerance and the active transport of exogenous doggeEdAMNSs.?% A wide
range of copper(ll) AMNSs are knaw/**?*4215 byt one of best studied examplesSis g ma n & s
reagent [Cu(1,1phenanthroline]?* (Cu-Phen) which oxidises DNA in the presence of a
reductant and/or oxidanThe mechanism o€u-Phen, in its reduck Cu(l) form, includes
intercalation inA-T rich sites in the minogroove before abstracting a hydrogen atom from
the C1INj position of exeigordT4H%6°Se to medi at e
Inspired by CePhen, heteroleptic systems needesigned witlphenazine intercalator.(.
dipyridoquinoxaline (DPQ), dipyridophenazine (DPPZ), ahdnzo[]dipyridophenazine
(DPPN))?**#?? together withTPMA due tothe stabilisation and coordination flexibility tfis

ligand, as presented iRigure 44.
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Figure 44. Structures of the five [Cu(TPMAY,N@]** compleses.

The complexes are effectiv®INs when reduced to Cu(l) and the damage profilesw
enhanced activit)compared to classical Sigman and Fenton reagémteur studies, we
investigatecthe DNA oxidation properties of the [Cu(TPMAY(NJ]>* complex series. More
specifically, usingsupercoilepUC19DNA the efficiency of singlestrand breaks (SSBs) and
doublestrand breaks (DSB®) a mncentration range for each complpresencée absencef
reductant and different incubation time pointvas determined with the use of gel
electrofhoresis. An interesting scenario regarding the mechanism of action of these novel
intercalators was furnished in the presence of major groove recognition elememnts, spin
trapping scavengersf aeactive oxygen species (RO&nd DNA repair enzymes with

glycosylase and/or endonuclease activity.
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43. AMNOs &hd Boomatiowaf Liesions

As discussed previouslyhe artificial chemical nucleases interact with DNA in a targeted
manner and is expected a ssggecific modificationvia oxidativefree radicalchemistry.We

thought to investigatehe DNA damage mechanisand theformation of specific oxidative

lesions ofnucleic acid$?® such as8-oxo nucleotide formation, as well as a characteristic
modification of purine nucleosidet)e5 0icy8lo26d e o x yadenosi nigycl-cdA)
2 @leoxyguanosine (cdG)which are consideretiomarkers of radical stre$§?* 5.8
cyclopurines, both adenosine and guanosine are identsidelseons in human cellular DNA

and theyare proven to be highly mutagenic. These lesiaresknown to accumulate with

aging in a tissue specific manfférand are recognized bythe human nucleotide excision

repair system**®cPuar e formed by the acti motheyire hydr
considered as tandem lesions due to the fact that the damage occurs at two sites, both the
sugar part of the molecule and alsahet purine bas&® The mechanism thaese lesions are

formed,is described in the following scheme.
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Schemeo. P u rdeaxymucl2ogidel)] r eacts with hydroxyl r-adi cal
cyclo-2 @eoxynucleoside (cPd) via cyclisati3pmhn of C56 rad

It is knownthat theinitial step towards theiiormationist he abstraction of t
at om o f-deoxynbmse Bndiety by hydroxyl radical, followed by intramolecular
cyclization between C58 and C8 %%Whenuhiss eque

intramolecular cyclizatin takes place it is possible to achieve the formation of the two
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diastereoisomers 6 &d5 0 &f t hegclo-B-Mije 8 x yadenosi neycl¢dN A) a

deoxyguanosine (cdG), these structures are presenBath@melO.
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In contrast to sugar 4dtom abstractionhoth hydroxyl radicaland superoxide radical anion
attack on purine base moieties is widely known to generate lesiorsxafdG and 8oxo-dA
(Scheme 1), that impact on genome structural integrity, mutagenicity, excision repair, and

polymerase fidelity322*3
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Schemell P u r i -deexyrideosides react with hydroxyl radicals yielding-ox8-dG and 8oxo-
dA lesions
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We thought to treat supercoiled plasmid DNA wittwo d i f f e CueTRMA-PAd Nré s
Cu-Oda in the presence of reductant and incubation &C3for 1 hr.Reagarding CtDda,

t his a g e n t datalyzeaittrackellular ysuperogide f@ and singlet oxygen'Q,)
formation as radical species mediatinghe oxidative DNA damage was recently
demonstrat®** The radical specie mediatirige scission mechanism of CIPMA-Phen is
superoxide (@8‘) as discussed previsouslye were interested to examine if the formation of

the lesions described above occurs after treatment with these two metallodrugs.

0 0 PPhen),
(Phen)szwo

2 (CIOy)

[Cu(TPMA)(Phen](ClO,), trans-Cu-Oda

Figure 45. Molecular structures of GIPMA-Phen andli-nuclear copper complex &Dda.

The DNA damage fragments were extracted, isolated, and purified for oxidative lesion
guantification analysis. These fragments were enzymatically hydrolyzed to single nucleosides
and analyzed by stable isotope liquid chromatography with tandem mass spectrometry for the
determination of the oxidativelypnduced purine lesion8{oxo-dA, 8oxod G, R-c&dM S 5 Nj
cd ARc & Gl aSmdb) irbaNgordance to the protocol established bygraup?332% The
quantification of the lesions (in lesionsfIformal nucleosides units) in the digested samples
(spiked with the isotopic labelled internal standards8-oko-dA, 8-oxod G, Rc5dM S 5 N;j
cdA, 5N d G aSredls prioMNp digestion) was based on the parallel quantification of the
unmodified nucleosides after HPLC cleapm and sample enrichment and the quantification of

the single lesions bstable isotope dilution LBAS/MS analysis.
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4.4. Materials and Methods
4.4.1. DNA Binding Studies

Topoisomerase | Inhibition gsay

400 ng of pUC19 plasmid DNA (NEB, N3041)eve exposed to varying concentrations of

each copper complex (014 00 OM) for 30 min at room t emj
vol ume adntaigirgy 800miM HEPES buffer (pH 7.2),}1@3ut8marff buffer (NEB,

B7204), and 100 BSA (NEB, B9000). 1 unit of topesomerase |E. col) (NEB, M0301)

was added to the reaction mixtaend i ncubated for 20 min at 3
supercoiled plasmid DNA. The reaction was stopped through the addition of 0.25% SDS and
250 Og/ mL protein TKoiremave protejn rongtmeedDNAY sathplds wére) .
then incubated for 30 min at 50 AC. DNA s
electrophoresis in the absence of EtBr.|6ading dye was added amgpoisomers of DNA

were separated by electrophoresisjinTBE buffer at room temperature f@40min at 40 V

and 180 minutes at 50 V. The agarose gel was-giasted using an EtBr bath and
photographed using a UV transilluminafdf.

4.4.2. DNA Damage Studies

DNA Cleavage in the Presence of AddestiRctant

Stock solutions of the complexes waearstially prepared in DMF and further dilutions
prepared in 80nM HEPES buffer (pH 7.2). 400 ng superhelical pUC19 plasmid DNA was
exposed to increasirgpncentrations of each test complex in the presence of 25 mM NaCl and

1 mM NalL-ascorbate. Reactionntixu r es wer e vortexed and incu
6 loading buffer (Fermentagpntaining 10 mM TridHCl, 0.03% bromophenol blue, 0.03%

xylene cyanole FF, 60% glycerol, ®M EDTA was added to each sample before loading
ontoal.2%agarosegelont ai ni n glecopt®iesisEvasRBarried out at 70 V for 90
minutes in § TAE buffer and photographed using a UV transilluminator.
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DNA Cleavage in the Presence of NGovalert DNA Binding Agents

400 ng pUC19 was priecubated with 25 mM NaCl, L mM Naascor bat e and 8
methylgr een in 80 mM HEPES for 45 min at 37 A
concentrations ofest complexes were then introduced {TlRMA: 10, 15,2 0 , 25 OM ar
CuUTPMA-Phen / CuTPMADPQ / CuUTPMA-DPPZ: 1, 2.5, 5, 7.5 O M) The reaction
mixture was further incubatedat 37 A Cfor 30 min and subjectedto gel electrophoresis

(preparecandstainedaspreviouslydescribedf®

DNA Cleavage in thetldsence of ROScavangers

The assay was conducted according to the method recently reported byeS#tstBriefly,

to afinalvo ume of 20 OL, 80 mM HE-P-BsBorbat® and 40MngNa C1 |
of pUC19DNA were treated with varying drug concentrations-{ITlRMA: 5, 10, 15, 20, 25

OM a n-IPM&Rhen/ CuUTPMA-DPQ / CuTPMA-DP P Z : 1, 2, de 4 E
presence ROScavengers; 4,%ydroxy-1,3-benzenedisulfoniacid (Tiron) (10 mM), D
Mannitol (-dintethyhiMirea(10NNY!), L-Methionine (10 mM), KI (10 mM),

DMSO (10 %) and?®ReRAt{DOG WM)y.e vortexed and
30 min and eldcophoresis carried out as previously stated.

DNA Cleavage in thel@sencef Repair Ebzymes

Supercoiled pUC19 DNA (400 ng) in 8 mM HEPES, 25 mM NaCl, 1 mM_Nacorbate in

a final volume of 2L, was pré& ncubat ed with t estCatsvariouses f o
concentrations. The following reactions were supplemented with associated buffers as per
manufacturer recommendations; those with Fpg contained 1 mg/mL BSA ad&R Buffer

1, Endolll with 1§ NEB Buffer 1, Endo IV with § NEB Buffer 3, EndoVv with 1} NEB

Buffer 4 and hAAGwith 1} ThermoPol. Subsequently, 2U of repair enzymes FpG (NEB,
M0240S), endonuclease (Endb) (NEB, M0268S), Endo IV (NEB, M0304S), Endo V

(NEB, M0305S) and hAAG (NEB, M0313S) were added to the reaction mixture and
incubda ed f or 30 min, 37 AC. 0S&2mpl% sS Dk, r e2 5d0e r
proteinase K and heated to 50 AC for 20 mir
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agarose gel (j4loadirg bufdr 8nd ubjected td elebtrophoresigtaV for

70 min and imaged using UV transilluminator.

4.4.3. Identification and Quantification of@&o-Pus and cdPus Lesions In The
Presence of AMNs

Nuclease P1 fronfPenicillium Gtrinum, phosphodieasterase | and Il, alkaline phosphatase
from bovine intestinal mucosa, DNase | and DNase Il, benzonase 99%, BHT, deferoxamine
mesylate and pentostatin were purchased from Sijisdch, RNase T1 was from Thermo
Fisher Scientific and RNase A froRocheDiagnostic GmbK(Mannheim Germany) The 3

kDa cutoff filters were obtained from MilliporéBedford, USA) Solvents(HPLC-grade)

were purchased from Fisher Scientific

pUC19 Pasmid DNA featedwith CuUTPMA-Phen or CtOda to Induce (@avage

Stock solutions of the complexes were initially prepared in DMF and further dilutions
prepared in 80 mM HEPES buffer (pH 7.2). 400 ng superhelical puC19 plasmid DNA was
exposed to 2.8M concentration of CAPMA-Phen or CtOda in the presence of 25 mM
NaCland1 mMNaL-as cor bat e. Reaction mixtures were
60 min. Reactions were repeated to generate sufficient stocks of nicked and linear pUC19 for
subsequent experiments. Nicked and linearized dsDNA were then purified fem th
enzymatic reaction using QIAquick purification (QIAGEN, Baltimore, MD), eluted in pure

water, and quantified using the NanoDrop @000) spectrophotomet&f’

Enzymatic Dgestion ofthe dDNA Samples (SC, OC, L) toidleosides

About 20eg isolated DNA were dissolved in 18Q of Ar flushed 10 mM TrisHCI (pH 7.9),
containing 10 mM MgCl, 50 mM NaCl, 0.2 mM pentostatin,e®! BHT and 3 mM
deferoxamine and thieternal standards were addetPXg]-5 6-cBIA, [°Ns]-5 6-&IA, [“Ns)-

5 868G, [°N:]-5 6-®IG and }°Ns]-8-oxo-dA). Three units of benzonase (in 20 mM Tris
HCI pH 8.0, 2 mM MgCland 20 mM NaCl¥4 mU phosphodiesterase I, 3 U DNase |, 2 mU

of phosphodiestase Il and 2 U of alkaline phosphatasere added and the mixture was
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incubated at 3A CAfter 21 h, 35¢L of Ar flushed buffer containing 0.3 McONa (pH 5.6)

and 10 mM ZnGlwere added alongith 0.5 U of Nuclease P1 (in 30 mM AcONa pH %3,

mM ZnClk and 50 mM NacCl), 4 mU PDE Il and 125 mU of DNase Il and the mixture was
further i ncubated at -gBehchidgGuithf1®orformicxaticr salutichl h .
(final pH 7) was followed, the digestion mixture was placed in a microspin filtleD&3 and

the enzymes were filtered off by centrifugation al01@ 0 g . (4 AC) for 20 r

the filtrate was freezdried before HPLC analysis, cleap and enrichmerit

Analysis by HighPerformance Liquid Chromatography, Clagmand Erichment

HPLC-UV cleanup and enrichment of the enzyme free samples were performed on a 4.6 mm
X 150 mm Atl ant i s E coh@attilg size, /éters) loaded iith a 4.6 ninb

X 20 mm Guard Col umnem2p KVa@ &trlsg ntoins EHPHER & r 5
System (Waterse2695 Separations Module) including a Waters 299Botodiode Array
(PDA) detector. The Empower 3 software was used for the chromatographic instrument
control and data processing. The gradient program used an eluent composed by 2 mM
ammonium érmate (solvent A), acetonitrile (solvent B) and methanol (solvent C) and the
flow rate was set at 1 mL/min. Briefly, the gradient program initiated with 99% solvent A,
increasing solvent B from 1% to 30% within 35 min, then immediately solvent C frone 0% t
40% for 5 min, closing with initial conditions for 5 min-eguilibration. The fractions
containing the lesions were collected (the time windows were identified by injection of a pure
standard of a lesions mixture). The collected fractions were faredy; pooled, freezdried

again, and redissolved Milli -Q water before been injected for H@S/MS analysis. The

quantification of the unmodified nucleosides was basetheir absorbance at 260 Ar’

Measurement of Modified itleosides by LEESFMS/MS

An LC-MS/MS system Finnigan TSQ Quantum Discovery Max trgilege quadrupole mass
spectrometer (Thermo, USA), equipped with electrospray ionization (ESI) source in positive
mode was employed for the detection and quantification of the lesions in theaticzyiy
digested DNA samples. Separation of target analytes was achieved with a Finnigan Surveyor
LC system, equipped with a Finnigan Surveyor AS autosampler (Thermo, USA). The

Xcalibur software 2.1 SP 1160 was used to control the mass spectrometrieteasaand for
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data acquisition. The collected fractions after HPLC analysis were subsequently injected to
the LGMS/ MS system | oaded with a 2.1 mm [ 150
particle size, Waters) guar ded((Aquntis%ClBBl mm
em, Waters). The gradient elution prograised for the chromatographic separation of the

DNA lesions initiated with 99% of 2 mM ammonium formate (solvent A) and 1% acetonitrile
(solvent B) (held for 1 min), increasing solvent B from 1% to 9.8% within 20 min and then
immediately to 15% solvent B (held for 5 min), closing with initial conditifarslO min re
equilibration. The flow rate remained constant at 0.2 mL/min, the injection volume veas 30

and column temperature was set at 30 Ac. D
monitoring mode (MRM) using the two most intense and chaistiteprecursor/product ion

transitions for each DNA lesidiic?

Statistical Aalysis

A two-tailed p-value <0.05 was considered to indicate a statistically significant difference.
Statistical analysis was performed usiagest by comparing the means of DNA sample

treated with one of the two artificial chemical nucleases (Bample Assuming Unequal
Variances) and error bars represent standard deviation of the mean, calculated from three
independent samples.*denotes a statistically significant differqnée ( 0 . *&énptes a
statistically significant differencg O 0. 00 1 and * * * {) esigroficaats a S
differencepO 0. 0001 between the groups.
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4.5. Results and Dscussion

4.5.1. DNA Binding StudiesTopoisomerase-Mediated Relaxation

The five[Cu(TPMA)(N,N)]?* complexes have broadly similar structuses! in theFigure 46
below the structural characteristics of each artificial chemical nuclease is pregdhted.
orgaric ligands werecharacterized byH and*°C nuclear magnetic resonance and also by
Fourier transform infrared (FTIRypectroscopies. Eadc®u(ll) complex wassolated inorder
to moderate to high yields and characterized by elemental analysid] & &IV-Vis andcw-

EPR was employed to analyze the copper complex solution structures.

dl;.t:::os Cu-TPMA- Cu-TPMA-  Cu-TPMA-  Cu-TPMA-  Cu-TPMA-
(&) Bipy PD Phen DPQ DPPZ

Cul—N1 2.0071(13) 2.0083 (19) 2.0207 (14) 2.0373(19) 2.0037 (15)
Cul—N2  2.3860 (14) 2.366 (2) 23570 (14)  2.2669(19)  2.3188 (15)

Cul—N10  2.0337 (13) 2.0292 (19) 2.0329 (14) 2.0386 (19) 2.0233 (15)

Cul—N20 1.9896 (13) 1.995 (2) 1.9966 (15) 1.9978 (19) 2.0016 (15)
Cul—N30  2.0049(13) 2.007 (2) 2.0047 (15) 1.9964 (19) 2.0093 (15)
Cul—N40  2.5974 (14) 2.667 (2) 2.7678 (15) 2.907 {2) 2.8816 (15)

Cu-TPMA-Bipy Cu-TPMA-PD Cu-TPMA-Phen Cu-TPMA-DPQ Cu-TPMA-DPPZ

Figure 46. (A) Perspective view of GIPMA-Phen cation highlighting the numbering scheme of
non-carbon atoms and table outlining the siXdQN distances found in CGTPMA-Bipy, CuUTPMA-
PD, CuTPMA-Phen, CeiTPMA-DPQ and CaTPMA-DPPZ complexes respectivelyg) perspective
views of the complexes (anions and hydrogen atoms omitted for clarity and the lahdN@dbond
is shown as a thin line. Colour scheme: copper, green; nitrogen, blue; carbon, black; oxygen, red); and
(C) space filled view of the compleseries (Colour scimee: copper, green; nitrogen, blue; carbon,
plum; and oxygen, red)
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Among the experiments performed towards 't he
mechanism, are the ones regarding the DNA binding. Althoegleral biochemical and
biophysical methosl are available to study the intercalation of a small moldmti@een two
consecutive base pairs of DN&je topoisomerasemediated DNA relaxatiomssaywas

choserf** This assay is highly efficient and in thestsupercoiled plasmid (pUC19) DNAs

usedto mimic the topologicalconstraintsof genomicDNA. Topoisomerase i fundamental

in biological systems as DNA superallis generated during cellulgrocesses including

gene transcription, DNA replication, recombination and repiaig;,enzymeads by forminga

transient break in the DNAhosphodiestebackbone permitting topological relaxation to

occur prior to strandesealing.Topoisomerase ik capable of manipulating DNA structures

via formation ofa protein/ DNA complex(referred to asthé c | eavabl)emad:d mpl e x
stoichiometryable to cut one strand of the double DNA héfkSubsequentlya reversible

nicking reaction occurs from a nucleophiittack betweenthe free 56 -OH group of the
openedstrandandthe 306 -phosphotyrosybond,to give backa native and relaxed DNA helix

and a functional fre¢opoisomerase | enzyme, ready itotiate a new enzymatic cycle.
Topoisomerase is describkkk a handas itsurrounds with its fingers tightly clamped around

the DNAhelix,?** and the enzymatic reaction cyclei®sented irschemel2 below.

Topoisomerase I

cleaves one strand of a The helix winds in this
double helix, holds on to region, resulting in one
both ends, and . . . less negative supercoil.

... passes the other,
intact strand through the
break and re-ligates the

; strand.
Topoisomerase I

X/ ¥
N L8

2R

3 Helical turns 4 Helical
turns

Circular double-stranded 4 Negative
DNA with 5 negative supercoils supercoils

Schemel2. Cartoon representation tfpoisomerase | enzymatieactivity.**®
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The unwinding assay using topo | relies on the ability of the enzyme to efficrefdly the

plasmid with its bound intercalator followed by the resupercoiling of the plasmid upon
removal of he intercalataf*® Circular DNA can assume different degrees of supercoiling
ranging from the fully relaxed form to the fully sergoiled form. The degree of supercoiling
defines distinct forms of the plasmid referred to as topoisomers. Topoisomers can be
separated as more or less discrete bands using gel electrophoresis since resistance to
migration through such gels decreaseswitgree of supercoiling. The degree of supercoiling
present after treatment reflects the degree of intercafdfion.

In our studies nwinding by copper(ll) complexes waxamined between 0i14 0 0 afdV

the results pointed out thatlmugh CiTPMA-Phen coul d not unwind puU
CuTPMA-DPQ and CdTPMA-DPPZ compl exes fully relaxed
with higherconcentrations generating a positively (+) supercoiled DNA indicatingoagst

propensity tantercalate as presentedrigure 47.
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A Topoisomerase |

[ Cu-TPMA-Phen (uM) |
S - W o B B 2
8 6 o 6 & +« «a w 2 & 8 a
. ; .
relaxed ———» e (0 N U e
» e — — e G — — — — {—
13 -
topoisomers{ : F
» .
supercoiled — -
helical superturns = = = s o= = o = == 0 =
B Topoisomerase |

Cu-TPMA-DPQ (M) |

; = 3 0 ﬁ Q o o o 8 8 8 %
(=] (=} o (=} (=] - ol [to) - 13 o - N < o
relaxed > ~.‘~~~-->— .,._.._.—_..___-
: . - —. [ )
topoisomers < » — =]
P 4 3 - —
: | - =
supercoiled — “ 2 .
helical superturns = S 0 & # c . + -
C Topoisomerase |
Cu-TPMA-DPPZ (uM) |
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topoisomers ! . . l
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vvvvw

supercoiled —» -—

Figure 47. Release of topological tension from supercoiled plasmid DNA using the topoisomerase |
mediated relaxation assay in the presence of increasing concentrato@s+dfPMA-Phen;B Cu-
TPMA-DPQ andC CuTPMA-DPPZ along with spaeiling view of respective complex. Color
scheme: copper, green; nitrogen, blue; carbon, plum; and oxygen, red)

This type of assaprovesthe ability of compounds to unwind negatively supercoiled DNA

plasmid upon intercalative binding
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4.5.2. Artificial Chemical NucleasActivity

In the next stepghe studies regarding the DNA cleavage occurred. As discussed previously,
in the absence of exogenous reductant no reaction took place, even over an extended
concentration range as evidenced by electrophofesefAppendix Figure S31). Thein situ
generation of copper(® is crucial in order the artificial chemical nuclease to initiate the
mechanism of cleavagend ithasbeendemonstratedhat the mixing of ascorbateand Cu(ll)
generates venactive oxygen species which have DNA scission reactivity?**?*° Once
copper(l) is formed, it can be linked with an oxygen atom of the phosphaie ¢ the
nucleobase structure and spontaneously the aromatic ligand of the complex intevialates
stacking interactions with the desoxyrribd3k

The most suitable condition® compare tb copper complexemvolved the addition of
exogenous reductant (ascorbate) to the compdéirwed by 30 min incubation with pUC19.
Under theseonditions CiTPMA (107 25 OM)  wia sick DNAIamdlfully convert
supercoiled (SC) to open circular (OC) DNRdure 48, lanes I 5), while CuTPMA-Bipy

and CuTPMA-PD were incapable of mediating appreciable oxidative DNa&mage
(AppendixFigure S-32). CuUuTPMA-Phen, CiTPMA-DPQ and CtrPMA-DPPZcomplexes
however, all produced OC DNA at lower concentrations (1.0 . 5 OM) wi t h
conformations (L) arising with GIiPMA-Phen and GIPMA-DPQ complexesHigure 48,

lanes 620).

Cu-TPMA Cu-TPMA-Phen Cu-TPMA-DPQ Cu-TPMA-DPPZ
| U |

|
|

1 mM Na-L-asc
30 min, 37 °C

scDNA Oxidative 1 2 3 4 5 € 73 8 g 10 1 12 13 14 15 16 17 18 19 20
DNA damage

Figure 48. Cartoon representation of nuclease experiment where 400 ng pUC19 supercoiled DNA was
treated with increasing concentrations of TRMA (lanes 25), CuTPMA-Phen (lanes-10), Cu
TPMA-DPQ (lanes 1A5) and CdTPMA-DPPZ (laned 7-20) in the presence of 1 mM Na
ascorbate.
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The overall trend in chemical neelse activity is
Cu-TPMA-Phen >Cu-TPMA-DPQ > CUuTPMA-DPPZ >> CUTPMA

thatindicates the ancillarili,NNj phenant hr ene ¢ rcatalygps attise DbIA i t i C

interface
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4.5.3. Oxidative DNA Cleavage in the Presence of ilmvalent DNA Binding
Agents

In an attempt to determine DNA cleavage site gptyi, the major groove (methyl green,
MG) binder was préncubatedwith pUC19 DNA prior to the addition of tesbmplexin the
presence of reductarilG significantly enhanced the oxidative chemical nuclease activity of
Cu-TPMA-Phen Figure 49 lanes 710) and CuTPMA-DPQ Figure 49 lanes 1215) when
compared with M&ree experiments Kigure 48 lanes 10 and 15). Here, plasmid DNA was
compl etely degr @drBEMA-Phen with exensievshearing evident in the
Cu-TPMA-DPQ treated samplé&igure 49 lanes 910 and 1415). MG-directed enhancement
of CWuTPMA and CuTPMA-DPPZ complexes alsoccurred where the emergence of linear
(L) DNA with 25 -TODVMA (Figue 4Xlaned)nand fall tonv@nsion of SC to
OC by 5. OTPOIMDRPE Fighne 49lane 20) wambserved. These results indicate
the minor groove as the main site of oxidatbNA damage; byimiting access to the major
groove with MG, t he minor Jgnetalaompex ihteractomse s

and, for this series significant additional damage was observed.

A
e Y Cu-TPMA Cu-TPMA-Phen Cu-TPMA-DPQ Cu-TPMA-DPPZ
gow | I ]
< "@, N @ S s s o s s @ s s
N 5 22 %232 5 =2z 2z X §H =z 2 z 3 53z 3z 3
7 QB 6 o g =] ] 30 5 T ESTY s = o S o
a 2 2 &8 & 2 -« o ©» N~ @ - o » ~ a -
1 mM Na-L-asc o gy — — — S - — S —— OC
30 min, 37 °C L
[ 2w i)
scDNA Oxidative 1 2 3 4 3 6 T 8 9 10 1 12 13 14 15 16 17 18 18 20
DNA damage
B &
+Methyl Green +Methyl Green +Methyl Green +Methyl Green
.
4“ N s = s = = = = = s s
\, 2 3 F 2 = 3 3 = = 3 s 3 = 3 s 3=
N N S b B B E S © 3 ow = o 3
Melhyl Credii e 2 8 & - o0 o~ - o oW o~ - & o=
45 min, 37 °C 1 mM Na-L-asc T — =l - - I — N — OC
30 min, 37 °C %8 18
() s -

scDNA Non-covalent major Minor groove directed 2 3 2 & 7 8 9 10 12 13 14 15 17 18 19 20
groove binding complex cleavage

Figure 49. A) Cartoonrepresentation of nuclease experiment where 400 ng pUC19 supercoiled DNA
was treated with increasing concentrations of l[RBMA (lanes 25), CuUTPMA-Phen (lanes-10),
Cu-TPMA-DPQ (lanes 1A5) and CdTPMA-DPPZ (lanes 1-20) in the presence of 1 mM Na

as®rbate B) Cartoon representation of DNA cleavage in the presence edoma@ient agent methyl

green when 400 ng pUC19 supercoiled plasmid wasreated with the major groove binding agent
methyl green prior to the introduction of J®PMA (lanes 25), CuTPMA-Phen (lanes-10), Cu
TPMA-DPQ (lanes 125) and CdTPMA-DPPZ (lanes 1-20) in the presence of 1 mM Na
ascorbate.
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4.54. DNA Damage Mechanism

The oneelectron difference between @I and Cil) allows copper to promote radical
reactions giving rise in the formation of RO# the DNA interfaceA variety of experiments
was carried out including pfiecubation with ROS specific scavengers sucld,asdihydroxy
1,3-benzenedisulfonic acid (tiron), -Bannitol, L-methionine, andN,NNjimethylthiourea
(DMTU). These compoundsere employed to probe the role of superoxidéﬁOthe hydroxyl
radical (&OH), hydrogen peroxide @®,), hypochlorous acid (HOCI) or eombination The
objective of this investigation was to gain an insight of the genesatecies that represent an
important aspect of the mechanisiie results shown ifrigure 50, point out that @is the
most prevalent radical specie involved in the cleavage mechanism as in all cases)agon
with tiron significantly impeded AMN divity. In these experiments, delayed onset of DIFA
formation, inhibition of LDNA, and protection of SONA were evident. KO, is also

generated as part of the mechanism as DMTU somewhat impeded chemical nuclease activity.

N‘/\{D Cu-TPMA Cu-TPMA-Phen Cu-TPMA-DPQ Cu-TPMA-DPPZ
T | B | B | |
dq @NN—J = =2 g 2 2 Z 2 2 3 2 2 2 2
prd by - - % o - # = 5
&Y S 3 52 3 2% 83 e e 8§ 3T e3ao 9 3Ias 3
uuuuuu J 2 - o ®© 2 - o v K 2 = o o o~
1 mM Na-L-asc o . e — — S e — S e OC
30 min, 37 °C i
- 2 e =
scDNA Oxidative 1 2 3 4 5 [ 7 8 9 10 M1 12 13 14 15 16 17 18 18 20
DNA damage
B +Tiron +Tiron +Tiron +Tiron
Antioxidant Radical Species
= = 3 3§ § 3 = = 3z 3 3 = = 3z 3z = s = 5
O, 'OH H,0, HOCI e 2 2 2 & - W @® T @ + W @ e ®d * & @ T@
Tiron (V]
D-Mannitol V) T —— o T ——— ok
DMTU (V]
— — N ) [T Sy - =1 - sC
L-Methionine @@ (V] [v] " - B H Bl
1 2 3 4 5 ] 75 8 9 10 1 12 13 14 15 16 17 18 19 20

Figure 50. A) Cartoon representation of nuclease experiment where 400 ng pUC19 supercoiled DNA
was treated with increasing concentrations of[RMA (lanes 25), CUTPMA-Phen (lanes-10),
Cu-TPMA-DPQ (lanes 125) and CdTPMA-DPPZ (laned.7-20) in the presence of 1 mM Na
ascorbateB) Table showing ROS scavenging species employed in this study where 400 ng pUC19

supercoiled DNA was treated with increasing concentrations -GfRMA (lanes 15), CuTPMAPhen

(lanes 610), CuTPMA-DPQ (lans 1115) and CtTPMA-DPPZ (lanes 1:20) in the presence of 1

mM NaL-ascorbate and 10 mM scavenging speciebih§droxy-1,3-benzenedisulfonic acid
(Tiron).
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Interestingly, as evidenced Kkigure 51 scavenging the OH radical had no influence on DNA
cleavage and these results were validated in two independent experiments-osangif®l and
DMSO.
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Figure 51. 400 ng pUC19 supercoiled DNA was treated with increasing concentratién<CofTPMA,
B) Cu-TPMA-Phen,C) Cu-TPMA-DPQ andD) Cu-TPMA-DPPZ (lanes -b) in the presence of 1 mM
Na-Lascorbate and 10 mM scavenging specieh§ydroxy-1,3-benzenedisulfonic &t (Tiron) (lanes
7-11) and D Mannitol (lanes 12.6).

It is suggested thaince thdOH radical is not significant, th&MN activity of this class departs
from classical Fentotype or HabeiWeiss pathways.
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4.55. DNA Repair EnzymedRognition

In another interesting series of experimeDiA repair enzymes with glycosylase/endonuclease
activity were used in order tdemonstratehe distinctive DNA oxidation chemistryin excision
repair (BER)mechanismrepair engmes are intrinsic cheghoints ableto restore spontaneous
DNA decomposition and mimcorporation of mismatch sitesxidized lesions and/or alkylated
bases during the cell cyct® A range of enzymes isolated from bqitokaryotic and eukaryotic
sourcesare dle torecognize specific nucleme modifications and excize tldamage site to
prime for subsequent repair process€feavage experiments to identifle mechanism of
oxidative damage utilizing a selected range of repair enzymes. Repair proteinsdeitr
combined lesion recognition, known as glycoylases, naisé DNA by removing the base and
generating abasic sites (AB). Glycoylases and several repdonucleases also recognise AP
(apurine / apyrimidine) sites and mediate strand nicking adjacdiné basdree lesion Figure

52) which can be identified by increased nicked, linear, and sheared forms of plasmid B&A.
enzymes used with endonuclease activity are reported below, as wellnsld@ide sequence

recognized for cleavader each restriction site.

1 Fpg (formamidopyrimidine [fapyyDNA glycosylase) (also known asdkoguanine DNA
glycosylase) acts both as agNcosylase and an ARase. The Nglycosylase activity
releases damaged purines from double stranded DNA, geneaatiaqourinic (AP site). The

AP-l yase activity cleaves both 3E and 5E

t

leaving a 1 base gap. Some of the damaged bases recognized and removed by Fpg include 7

8-dihydro-8-oxoguanine (&xoguanine), ®xoadenie, fapyguanine, methyapy-guanine,
fapy-adenine, aflatoxin Bfapy-guanine, shydroxy-cytosine and Sydroxy-uracil 2°324°

1 Endo Ill Endonuclease Ill (Nth) protein frof. coli acts as both Njlycosylase and AP-
lyase. The Nglycosylase activity releases damaged pyrimidines from desitdaded DNA,

generating a basic (AP site). TheAPy ase acti vity of the enzy
|l eaving a 5E phosphate and a 3 Eases iesognizedp e n
and removed by Endouclease lll include urea, 5, 6 dihydroxythymine, thymine glycol, 5
hydroxy5 methylhydanton, wuracil glycol, -Bydroxy5, 6-dihdrothimine and

methyltartronylirea®*>%>*

Endo IV Endonuclease IV can act on aiety of oxidative damage in DNAThe enzyme is

apurinic/apyrimidinic (AP) endonuclease that will hydrolyse intact AP sites in DNA. AP
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sites are cleaved at the first phosphodie
group at the &Ede¢exyhaiibmslsatnd Eat t he 5E ter
h as -diest@&dase activity and can release phosphoglycolaldehyde, intact deoxyribose 5
phosphate and phosph&®8 from the 3E end of

Endo V Endauclease V is a repair enzyme foundeincoli that recognizes deoxyinosine, a
deamination product of deoxyadenosine in DNA. Endonuclease V, often called deoxyinosine
3 Endonuclease, recognizes DNA containing deoxyinosines (paired or not) on-double
straneéd DNA, singlestranded DNA with deoxyinosines and to a lesser degree, DNA
containing abasic sites or urea, base mismatches, insertion/deletion mismatches, hairpin or
unpaired loops, flaps and pseedostructures. It is believed that Endonuclease V needs
another protein to repair the DNA, as it does not remove the deoxyiso the damaged

bases Endonuclease V cleaves the second ph
deoxyinosine (2), leaving a nick with48 y d r o x y-phosphatgP’ %%

hAAG Human Alkyladenine DNA Glycosylase (hAAG) excises alkylated and oxidative
DNA damaged sites, includingr@ethyladenine, fmethylguanine, 1,Mthenoadenine and
hypoxanthine. hAAG catalyzes the hydrolysis of theglikcosidic bond to release the
damaged base. hAAG is also known as methytguiDNA glycosylase (MPGpr 3

methylacnineDNA glycosylase (ANPG§>*%°!

Reaction conditions for GIPMA-Phen, CdTPMA-DPQ, C4TPMA-DPPZ (0.571 2 . 5 C)M)
complexes were optimized to initiate cleavage of pUC19D8IA to OC and L foms (Figure

53) prior to repair enzyme additiorFigure 52A). These reactions were compared to 1 h

exposure of pUC19 to each complex in the absence of repair enzymes (lngigure 52C

and D) Overall, enhanced cleavage activities in the order

hAAG >Endo V > Endo Ill > Fpg

were identifiedwith limited change or inhibitiomccurring in the presence of Endo IFidure
52D). Control experiments involving GRhen (0.5 250 M) ,-TP®IA (1.0120. 0 OM) a
the hydroxyl radi cal " H®HPentoy systeen rwaré examinédrfa m  a

comparative purposesigure 52C andFigure S 33). Here, enhanceaictivity by CuPhen in the

presence of Endo Il (APyrimidine) but not FpG (APurine) indicgtesferential oxidative
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damage of thymine residugs.UC19 i n the pr es euandeewend additibralin t o n
cleavage by FpG, Endo Ill, and Endo IV which supports formation of oxidizeshe and
pyrimidine bases together with abasic byites
phenanthrolie-containing complexes (CUGPMA-Phen and CGidPhen) was attenuated upon
addition of Endo IV and we propose this inhibition arises from covalent stabilization of the DNA
adductEndo IV complex. Additionally, since Endo IV had limited effects with-TRMA,
CuTPMA-DPQ, and CuTPMA-DPPZ this interaction seems phenanthroline ligand
specific?%%%2 These results are in good agreement with that work since trapgirgit tiron
andstabilizing Endo IV with Phen complexes reduces oxidative DNA danteig®G enhanced

the cleavage activity of [Cu(TPMAYNNf* tomplexes but nofCu(TPMA)]** and, when
combined with observations of additional DNA damage with Endo \seems reasonabte
suggest deoxyinosine (dl) or frease hypoxanthine is generated by these teowempounds. dl

is a naturally occurring noncanonical base that arises from deamination of &d&navegver it

can be formed from radical generation of Adé-yl.?** The AdeN6-yl radical may also &
generated by CifH.,O, with elegantly designed immurspin trapping experiments establishing

its formationvia a  5djm&thyt1-pyrroline Noxide (DMPO) nucleoside addu®f The extent

of hAAG-mediated DNA damage obived here is dependent on deillary ligand choice with

bulkier intercalatorgjiving rise to more extensive shearing (DPPZ > DPQ > Phen) suggesting a

possible alternative deoxyinosine oxidatjathway
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Figure 52. A) Cartoon representation of repair enzyme experim&jtEable highlighting base lesion
recognized or excised by respective repair enzymes. Abbreviations are as follows: A = adenine, G =
guanine, T=thymine, C = cytosine, U = uracil, Pu = purines (A and G), Py = pyrimidines (C, T and U),
Me = methyl, OH = hydmy, H = hydro, dH = dihydro, FaPy = formamidopyrimidine, dHyd =
deoxyhydanton, M&ar-U = methyltartronylurea, dl = deoxyinosine, dU = deoxyur&)i400 ng
pUC19 supercoiled DNA treated with increasing concentrations -GfRIMA and CuPhen (lanes-2) in
the presence of 1 mM Naascorbate and 2U repair enzymes Endo IV (largés Endo V (lanes-80)
and hAAG (lanes 113). Hydroxyl radical generated from 4 H,0, Fentonsystem (lanes-2) in the
presence of 1 mM Nh-ascorbate and 2 tdpair enzymeEpg(lanes 57), Endo Il (lanes 80) and
Endo IV (lanes 1413). D) CuUTPMA-PhenCu-TPMA-DPQ and CefPMA-DPPZ (lanes ) in the
presence of 1 mM Nh-ascorbate (lanes4) in thepresence of 1 mM Nh-ascorbate and 2U repair
enzymes Endo IV (lanesd, Endo V (lanes &0) and hAAJlanes 1113).

-122-



A Cu-TPMA +FpG +Endolll +EndolV +EndoV +hAAG

(=]
o = 2 2 = Z £ = & ¥ s Z 2 = % & s 2 Z
=] = =) o = o o = =) o 2 o o 2 o =} 2 o =}
=% - -~ 39 -~ -~ 3 - -~ N - - N - - 39 - -~ N
e e S e e O — N o OC
-— [ I [ [ — sc
1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19
B Cu-TPMA-Phen +FpG +Endolll +EndolV +EndoV +hAAG
2} = = = = = = = = = = = =
S 0 3 [t} [ts) 3 o) 0 3 [t} 0 3 [t} 0 3 [t} 0 3 0
Q o [ ~N o - o~ o = ~N o =~ o~ o - ~N o . ud N
el B R R NS L e—— oc
— L
. — - - - [ —— - sc
1 2 3 4 5 6 7 8 9 10 " 12 13 14 15 16 17 18 19
C Cu-TPMA-DPQ +FpG +Endolll +EndolV +EndoV +hAAG
o = = = = = = = = = = = =
S ) EX [t} [to) =1 [to} 0 3 [t} ) 3 0 ) = [t} [t} ES 0
[=% o - N o - ~N o - ~N o - o~ o - ~N o - o~
T ——— o Oy - S g N N ) - — ~— oc
L - L
-— . -— < - & —— sC
1 2 3 4 5 6 7 8 9 10 " 12 13 14 15 16 17 18 19
D Cu-TPMA-DPPZ +FpG +Endolll +EndolV +EndoV +hAAG
(2]
O = = = = = = = = = = = = = = = = = =
= -8 -5 = = = -5 =% =3 = =5 = =5 = = -8 =5 = =
Q = o~ w - o w - o~ wn - ~N n o o~ w -~ o~ w
— — o o ) ) et N Nt Nt — — oc
p— L
- sC
1 2 3 4 8 6 7 8 9 10 " 12 13 14 15 16 17 18 19
E Cu-Phen +FpG +Endolll +EndolV +EndoV +hAAG
2] s s s s s =
O = = = = 3 = = 2 = = < = = 2 = = 2 =
S 3 ) 3 3 0 3 3 0 3 == [} 3 3 0 3 3 [} 3
Q -~ N w - ~N w -~ o~ w -— ~N wn L o ~N w -— ~N w
- - “e - f\- oc
.- Lo 4 ) L
[ - - - sc
1 2 3 4 5 6 i 8 9 10 1" 12 13 14 15 16 17 18 19
F Cu?*/H,0, +FpG +Endolll +EndolV +EndoV +hAAG
(=2}
O = = = = = = = = = = = = = = = = = =
S -8 - -8 =5 3 =58 - - - - = - a3 =5 a -8 - -
Q -~ o w - oN w -~ o~ w -~ N w . o~ wn -~ N w

-------i.-icniinnunlunnlnnunnu-nu-i-ninllnl|....'._ oc

—— — - = SC

1 2 3 4 5 6 7 8 9 10 N 12 13 14 15 16 17 18 19

Figure 53. 400 ng pUC19 supercoiled DNA was treated with increasing concentratiéd<CofTPMA,
B) Cu-TPMA-Phen;C) Cu-TPMA-DPQ; D) Cu-TPMA-DPPZ;E) CuPhen ané) A O Hgenerated from
CW*/ H,0,/ Fentonsystem (lanes-2) in the presence of 1 mM Naascorbate and in the presence of
2U of either FpG (lanes-B), Endo 1l (lanes 40), Endo IV (lanes 313), EndoV (lanes 146) or
hAAG (lanes 1719).
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4.5.6. AMNs-inducal Oxidative @Geavagein Supercoiled Plasmid DNA

Plasmid pUC19 DNA was priacubated with CiTPMA-Phenor CuOdaat 37AC for 1 h and to
achieve the optimum annealing conditions a concentration range of the chemical nuclease in the

presence of N&-ascorbate, as reducing agdrg(re 54) was tested by gel electrophoredike
concentratiorpattern for the two complexes were identical and here as an examppésesnted
the concentration range of gel electrophoresis regarding #HidPGIA-Phen.

A
Cu-TPMA-Phen Cu-TPMA-Phen
o [ | - [ ]
= 1.0 2.0 5 0 35 40 50 = 20 225 25 275 30
— e —— oc
e —
T -——— —— L
— - sC
Nicked
Linear
Supercoxlcd Opened Circular Linear Supercoiled
(OC (LN)

Figure 54. A) 400 ng pUC19 supercoiled DNA was treatethvimcreasing concentrations Gftr
TPMA-Phen in the presence of 1 mM-Nascorbate (Supercoiled (SC), relaxed (OC), and linear (L)
pUC19 tertiary dsDNA structures}) Conformation changes of the circular plasmid DNA
C) Identification of Supercoils and Nicks with gdketrophoresis

The nuclease activity at 256 z resulted in a satisfactory profile of DNA cleavafge both
compounds The reactions were repeated in order to generate sufficient stock of superhelical
nicked, and linear pUC19 for deoxynucleoside lesion experiments. At the end okaetibn

the nicked and linearized dsDNA obtained, was extracted and further pusiiegl QIAquick
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purification (QIAGEN, Baltimore, MD), eluted in pure water and quantified in triplicate using

the NanoDrop (NBLOOO) spectrophotometer.

Quantification of Purine Lesions deDNA Conformers

The double stranded DNA samples were analyseddtn detection and quantification of the
oxi dat i v e8cklel-NpoxgadesosirgddjA) and 5 ,Bicyclo-2 -NgoxyguanosingécdG),
7,8-dihydro-8-oxo-2 -Ngoxyguanosine (8xo-dG) and 7,8-dihydro-8-oxo-2 -bigoxyadenosings-

oxo-dA). Many efforts have beedevoted during the last two decades to the identification and
measurement of cdA and cdG lesions in DNA sampieddiscussed previouslyhe initial step

for the for mat i o mabstattiohyb©dH e f b é $ drvarslecblaattadkd Nj

of C5 Nj r ta ttha pariad moiety. We were interested in evaluating these cyclopurine lesions
along with8-oxo-dG and 8oxo-dA, due to the fact that theyr e  fhpdwxylradlicatderived
productsand cannot derive from accidental oxidation of the malten other mechanistic
pathways The absence or presence of these modified nucleosides would provide strong evidence
reagarding the artificial chemical nucleases mechanism and the ability of these materials to lead
in formation of hydroxyl radical. In & experimentplasmid pUC19 supercoiled DNvas
treated wi t-FPMA-PHen cdGAOda fn th€ presence of 1 mM Maascorbate and

the DNAsamplesver e i ncub at e dAs mported inh thd@able Ifland12 régarding.

the cdPuslesions there were no differences among the control and the treated with copper

complexes samples.
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Table 11. The levels (lesions/fucleosides) 0585-cdA, 56R-cdA, 565-cdG,56R-cdG, 8oxo-dG and 8

oxo-dAinplasmidpUCl$ uper coi l ed DNA. The sampl dBMAWwhRene t r
or Cu-Odain the presenceof ImMMNaa scor bate and were incubated af

the boxes represent thialues ofcdPus and -®xo-Pus leveldrom the measuremenf the DNA samples
treated with the corresponding artificial chemical nuclease

5R-cdG 5R-cdA 5@-cdG 8-ox0-dG 565-cdA 8-oxo-dA
Control_1 1,136845 0,781867 0,544125 51,04514 0,726369 2,469849
Control_2 1,076143| 0,798517 0,559943 51,86645 0,692755 2,518789
Control_3 1,002763| 0,739285 0,545907 49,7245 0,66878 2,334653
Cu-Oda_1 1,099999 0,74943 0,557849 65,48203 0,696774 2,84609
Cu-Oda_2 1,020544 0,81555 0,528505 65,80299 0,717631 2,886687
Cu-Oda_3 1,087859| 0,749696 0,553309 67,78948 0,723262 2,82568
Cu-TPMA-Phen_1| 0,948632| 0,822891 0,566882 52,42743 0,678022 2,52534
Cu-TPMA-Phen_2|  1,0793 0,795448 0,533879 51,63888 0,6807 2,528848
Cu-TPMA-Phen_3 1,004791 0,734759 0,531472 51,69227 0,675909 2,434307

Table 12. The levels (lesions/fucleosides) 0585-cdA, 56R-cdA, 565-cdG,56R-cdG, 8oxo-dG and 8
oxo-dA in plasmid pUC19 supercoiled DNifeated with CaTPMA-Phen or CeOda.The numbers in the
boxes represent tlreean value standard deviation) afdPus and-®xo-Pus leveldrom the
measurement of three DNA samples

5R-cdG 5R-cdA 586-cdG 8-ox0-dG 58-cdA 8-oxo-dA
Control 1,072 N0,067 0,773N0,031| 0,550N0,009| 50,879N1,081 0,696N0,029| 2,441N0,095
Cu-Oda 1,069 N0,043 0,772N0,038| 0,547RND,016| 66,358N1,250 0,713N0,014| 2,853N0,031
Cu-TPMA-Phen| 1,011N0,066] 0,784N0,045] 0,544N0,020| 51,920N0,441 0,678N0,002| 2,496N0,054
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Figure 55. Levels of four cPu measured by IMS/MS in plasmidoUC19supercoiledNA treated
with CuUTPMA-Phen or CtOda. Error bars represent standard deviation of the mean, calculated from
three independent samples

The resultspresented irFigure 55 regarding CuTPMA-Phenare in good agreement with the
results obtained from the gel electrophoresis, in whghg D mannitolor DMSO asOH radical
scavengerdiad no influence on DNA cleavag€hreeindependent experimen&vidence that
AOH radical iaisd theAMIN activitygdods hat ollow theclassical Fentoitype
mechanism.

The reaction to obtain the DNA damage fragments was carried outunder anaerobic
conditions. Thereforan the presence of molecular oxygand due to the redox potential of the
copper corplex the superoxide aniois generatedas suggested by the inhibition of damage in
DNA when scavenging with tiron. Superoxide anion is the precursor of hydrogen p&foxide
giving rise in the formation d8-oxo-dA and8-oxo-dG lesions.In the literature it is known that
oxidative damagesuch as &xodeoxyguanosine {8xodG) lesions in DNAis generated by

endogenous bproducts of cellular metabolisreuch as hydrogen peroxidebp).2%’
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Figure 56. Levels of 8oxo-dA and 8oxo-dG measured by L&IS/MS in plasmicoUC19 supercoiled
DNA treated with CuTPMA-Phen or CtOda. Statistical analysis was performed usitest by
comparing the means of DNA sample treated with one of the two artdffeéahical nucleases (Two
Sample Assuming Unequal Variances) and error bars represent standard deviation of the mean, calculatec
from three independent samples.*denotes a statistically significant diffepe@ce 0 . *@éhotes a
statistically significantifferencepO 0. 001 and ***denotes ap@®tatist
0.0001 between the groups

The overall 8oxo lesion formation, regardless of topology, followedX®d G 8-oxo-dA
(Figure 56) after treatment with both AMNdHowever, statistically significant difference was
observed only in the presence of thendclear copper complex GDda.These results point out

that the ligand groups on the metallodrug play an important role. Although scavenger
experiments showed thabth AMNs are able to generate superoxide radical anion, the bulky
ligand of TPMA can interfere and act as a block; ROS formation might not be in the vicinity of

nucleic acids therefore the oxidative DNA damage does not occur.
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4.6. Conclusions

The expernents presented proved thatpper(ll) artificial chemical nucleases are very
promising materials as therapeutic agents especially when combined with sypeafifiadck,
essential for controlling stability and reactivitypNA binding was identified and
topoisomerase-inediated relaxation revealed the importance ddNN; | i gand choi
intercalation as GOIPMA-DPQ and CUuTPMA-DPPZ complexes unwound supercoiled
pUC19 DNA with greaterefficiency. Further analysis showed the minor groove as the
preferred de for AMN activity as preexposureto a major groove binder (methyl green)
enhanced overall oxidative damage sensitivitgupercoiled pUC19 DNA. In terms of the
oxidative mechanism, trapping experimesi®wthatthe complexeslo not follow classical
Fentontype or HabeiWeiss processes but instead generate superoxie toa somewhat
lower extent, hydrogen peroxide during the catalytic ROS process. To delineaetitrity
from that of classical coppdyis-1,10phenanthroline (G#hen), Fentotype systems, and
the [Cu(TPMA)f* cation, DNA repair enzyme recognition experiments were conducted.
DNA damage lesions formed by TJWMA-Phen,-DPQ, and-DPPZ complexes were not
recognized byFpG or Endolll, which suggestd in contrast with CPhen and Fent
reagend an oxidation pathway independent of oxidized purine and pyrimidine bases,
respectively. The activity of Endo IWyhich recognizes both apurine and apyrimidine sites,
was inhibited by C&Phen and GI'PMA-Phenand it appears likely, therefore, that a covalent
DNA-complexenzyme adduct is realized.hErole of deoxyinosine (dl) in the DNA damage
process was established since hAAG and Endo V betthanced cleavage activity of
[Cu(TPMA)(N,NNjJ" Fomplexes;the ancillary ligand choice iBnportant here with bulkier
intercalators giving rise to more extensive hAM&diated shearing ithe order DPPZ >
DPQ > Phen.

In addition,cyclopurine lesions and-&o-purineswere identified andquantifiedon dsDNA
mixturesof superoiled (SC), open circular (OC), and linda) conformation after treatment
with CuUTPMA-Phen or CeOda in the presence of reductaintthe enzymatically digested
nucleosides m HPLC clearrup protocol was applied and thHeactionsof interestcontaining

the lesions were collectedand analyzed by €-MS/MS. We focused on théour cPu lesions
that are correlatedirecty with HOMinduced DNA damagdue to the fact thaheyare strong
candidate biomarkers mancer diagnostics, partieuly for their stability duing the analytical
procedues.However, thdevels of these lesions were identical with the corgrolving that

the hydroxyl radicals are not generatedhe presence dhesechemical nucleaseg&inally,
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the 8oxopurine lesiongppeared to havstatistically significant diffenecesin respect with

the control; an interesting outcome that can be explained if we take into account the
stereochemical factor of the bulky TPMA ligand in respect with the linee®©da. These
results pointed towardbe generation diydrogen peroxide during the catalytic ROS process
and the oxidation pathway induced by AMNs
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Appendix

Part | i Studies on Lipid Damage

5.1. UV-VIS Spectra

Reduction of Cu(Iljo Cu(l)in Ch.uTPMAPhenand Formation of Thiyl Bdical

As shown inFigure S1regarding the dl metal absorptions of Cu(ll) complex a maximal
absorbance at 626 nm was recorded, which falls after adding the thiol and at the same time a
new absorbance at to 412 nm rises. An intermediate complex of -@udll)s generated,

since the hiol is coordinated temporarily on the metal. In the following step via a redox
based mechanism Cu(l) is generated from Cu(ll) and thiyl radical is formed. Probably small
structural adjustments are necessary so that the copper(ll) will be able to bitldevtitiol.
However, due to the multidentate ligand ability of this synthetic material any side effect on

the overall stability of the complex was not noticed.

| 4120m 5 mM [Cu(TPMA)(phenanthroline)(C10,),] + 2-mercaptoethanol:
7‘7 ' —_— 0mM
| —_— 7 mM
| = 10mM
2.0 \
1.5
7
D "
< 1'0 626 nm
0.5
0.0 —— -
\
400 500 600 700

Wavelength (nm)

Figure Sl. Selected spectra are shown after mixing the copeomplex with 2ME at room
temperature. As the reaction proceeds and the copper is reduced more and more by the addition of
thiol, the fluorescence intensity is also increased
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5.2. GasChromatography

The phospholipids fromil-palmitoyl-2-oleoylphosphatidylcholineor soybean lecithin were
examined by GC after transesterification to fatty acid methyl esters (FANE)calibration of

the gas chromatographic peak areas was effected by using the peak area of palmitic acid as the

internal standard to quantify the corresponding presence of the unsaturated fatty acids and

establish their reaction yields after the experiments.

After the reaction under the conditions describe@Gmapter 2 wasperformed GC was used to
separate cis andans isomers. liparticular,in the figure below is reportedhe result of the
experimentegarding the MUFA containing liposomesder aerobic conditiongior and after
treatment withCu-TPMA-Phen and thiol (nercaptoethanola nd i n c u b a tfor @&n
min. In this figure it is evidencedché isomerization of oleiacid residue into its trans isomer

which is elaidic acid

16:0

9c 18:1

a— Ot 18:1

10 1 12 13 14 15 16 17

Retention Time (min)

Figure S2. GC chromatogram of FAMEs obtainbdfore andifter incubation of POPC liposomes at 37

AC for 60 mi n, u mdhe preseneerofdid® neM CEPMIA-BHert andOm$/1 2ME.
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In the experiments witthe MUFA composed liposomes, no peroxidation was observed neither
in aerobic nor in anaerobic conditions, due to the factttieaMUFA moiety of oleic acid (9cis

18:1) is not soprone to oxidation as PUFAs are. Therefdtes fatty acid residue can be
targetedby thiyl radicalonly in a catalysedsomerization pathway.

On the other hand, in lecithin liposomes the PUFA can be partitioned both in isomerization or
peroxidation pathwaydiVe decided to monitor the 18:1 arid:2 fatty acids under different
liposome incubation conditionsince these two fatty acids are the most representative
unsaturateanoieties ofthe mixture. In Figure S3, is shown the GE&hromatogram of lecithin
FAMEs without any treatmengstarting material) trace Blso traces Il and Ill,reportthe two
different profiles depending on the presence or absence of oxwgffen treatment withiCu-

TPMA-Phen and thiol @ner capt oet hanol ) amM@8mnncubati on

o, 12¢ 18:2
all-cis 18:2

16:0

18:0
— 9c 18:1

= — all-cis 18:3

o

——— — llc 18:1

s, 126 18:2

— all-trans 18:2

=
E—()l 18:1
=

o |

10 12 14 16 18 20

Retention Time (min)

Figure S3. GC chromatogram of FAMESs obtained befamy treatmenftrace 1) after incubation of
l ecithin | i pos onnashe @mesend of 0.ASIMM GPMA-Bh@rland 10 mM-2
mercaptoethanainder anaerobic conditions (trace Il); same reaction conditions but under aerobic
conditions (trace IIl)
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5.3. Thin Layer Chromatography (T.L.C.)

Formation of Epoxydocosapentaenoic (EDP) Acid MetlsggEsand Separation of
Regioisomers

The formation of the DHA monepoxide regioisomers as described Chapter 3 was
monitored by TLCusing 7/3n-hexane/BEfO as mobile phasélhe fractions were separated by
column chromatography and used tioe analytical characterization.

6+ 5+ fraces of 4

[

Figure $4. TLC after DHA-Me epoxidation and column separation. LEFT TLC: (A) Reaction mixture,
(B) all-cis DHA-Me. RIGHT TLC: DHA-Me and epoxide fractions:23 moneepoxide fractions and
assignmentas desribed in the main texdeparated using 7f8hexané diethyl ether as mobile phase
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5.4. NMR Assignmens of EDP Isomers Methyl Eters

The NMR spectra were carried out i3 for stability reasons. The C resonances were
attributed by comparison with the DHA assignment individuating five EDP regioisomers for the
resonances for the carbon atoms of the epoxy functionality.*¥h&IMR in CDCE of two
epoxyisomers 4,5£DP and 120-EDP were described in the literature dmelyare reported in

the table below.

Table Sl. **C NMR Resonares of EDP isomers methyl esters.

Literature Data (in CDG) This work QgDe)
19,20 4,5 Carbon | DHA-Me | 1617 13,14 19,20 7,8 4,5
173.5 173.33 Atom
Cl 172.33 17235 | 172.35 172.32 172.30 172.35
130.4 132.18 C2 33.65 33.63 33.63 33.64 3351 30.76
1293 13082 c3 22.75 22.75 2275 22.76 22.83 2342
5a 3577 C4 128.06 128.11 128.11 128.08 130.08 5532
: : [ 129.08 129.02 129.02 129.06 125.77 56.07
128.2 128.64 C6 25.57 25.57 2557 2558 26.23 26.38
1282 12850 ] B | 12787 [ 12787 55.63 124.78
- | ] 12815 12832 | 12832 | 12835-127.80 55.65 130.27
128.1 128.09 o 25.66 25.66 2578 | 25.75-25.60 26.35 25.86
1281 127.96 C10 128.15 12840 | 130.19 124.78 127.95
379 2785 Cll 128.15 127.70 | 124.76 | 128.35-127.80 130.17 128.42
c12 25.56 2578 2634 25.75—25.60 25.78 25.75
127.9 127.13 c13 128.11 130.19 | 55.65 128.63/128.38/
1245 12433 Cl4 12822 124.76 5566 | 12835 127.80 | 12835 — 127.80 | 128.11/128.96
53 5677 CI5 25.67 26.34 2635 25.79 25.75 - 25.60 25.75
Cl6 127.91 55.65 124.55 130.03 128.63/128.38/
56.5 56.10 c17 12850 | 5579 | 130.53 124.96 128.35 - 127.80 | 128.11/128.96
516 5188 Cl8 25.65 2622 25.68 2631 2558 25.66
- - &L 128.11 123.66 126.82 55.75 127.06 127.19
34.0 31.14 c20 BL8 | 13381 | 1319 57.38 131.82 131.89
26.2 26.35 c2l 20,54 20,53 20.53 21.10 20,55 20.66
753 2596 c22 14.08 14.00 14.03 10.45 14.07 14.17
cr 50.65 50.65 50.65 50.65 50.66 50.85
25.7 25.79
25.7 25.77 d .0
25.6 25.69 VSV
228 23.49 d o
7,
211 20.70 = = =\ =\ =
10.7 14.41 :
: : d o
1
4
J 13
5
o 0
6
o 0
7
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Figure S5. Summary of théH and**C resonances assignments for themsIDHA-Me and EDP
regioisomers.

All-(Z)-4,7,10,13,16, 1DHA-Me (1).

e ~
1" 3.31
50.65
O
211 5.29 5.38 5.41 542 542 542 5.43 5.43 5.43 5.43 5.39 5.39
33.65 128.06 129.08 128.11 128.15 128.15 128.15 128.11 128.22 127.91 128.50 127.11 131.78
174.32
13 19 20
2.29 2,78 2.80 2.84 2.84 2.81 198 0.89
22.75 25.57 25.66 25.56 25.67 25.65 20.54 14.08
\_ J
16,1ZEDP-Me ().
e ~
1 /3.31
50.65
O O
2.1 5.28 5.38 5.39 5.40 5.35-5.42 546 5.43 5.39 5.43
172.35 33.63 128.11 129.02 127.87 128.32 128.40-127.70 130.19124.76 2.76 2.74123.66 133.81
55.65 5.79
// \/ \/ \/ \/ A 16
26.34
2.29 2.78 2.80 2.77
22.75 25.57 25.66 25.78
H
212 233 2.10 2.31
. _J
13,14EDP-Me 6).
s ~
1" /3.31
/50.65
O
2.1 5.28 5.38 539 540 546 543 544 547 536 5.38
33.63 128.11 129.02 127.87 128.32 130.19 124.76 2. 76 2 76 124.55 130.53 126.82 131.90
172.35 55. 65 55 66
26.34 26.35
2.29 2.78 2.77 2.73 1.96 0.88
22.75 25.57 25.78 25.68 20.53 14.03
\_ _J
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19,26EDP-Me (7).

~
1 /3.31 5.45 -5.38
50.65 128.35 - 127.80
o o)
\ 211 529 538 AN N 5.46 5.44
128.08 ) 962.75
172,32 33.64 129.06 130.03 124.96
o
2.29 2.79 Y 2.78 0.84
2276 25.58 25.79 10.45
2.83 -2.81 H H H H
25.75 - 25.60 229 210 1.40 1.8
(. J
7,8 EDP-Me (3).
e \
1" ,3.30
///5m56 5.45 -5.38
g 128.35 - 127.80
209 535 542 543 545 - A ~ 539 539
33.51 130081257727 2-74124.78130.17 127.06 131.82
12 4 5 a 10  11\12/13  14\15/16 17\18/19 20
3 6 9 21 22
o 26.23  26.35
2.21 2.76 083 281 2.79 199  0.89
22.83 25.78 0575 - 2560 25.58 20.55 14.07
H H H H : :
226 212 231 212
|\
4,5 EDP-Me ).
4 /329 )
//5Q85
5.42
o o)
1o 267 269 537 545 538 541 12863”2838“2811“2896 539 539
1n3 mm%n %muuuwﬂ1n%muz 127.19 131.89
// 8\9/0 \% 14\% 17\ 18 /19
2342 26.38
2.75 2.82 2.82 2.80 199 0.89
25.86 25.7 25.7 25.66 20.66 14.17
H 5 5
2.23
(. J
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10,2
;
Mo2(s)
&
T MO1 ()
MO8(m) MO7(m)
MO3(om) B '_ngms m 2
. Mog(td) 6(m) ?
2 $3923 @ M04(ddq)
5 oo e Usi ; —
14.10 2.37 11.311.00 4.665.65  2.093.81 2.79
 S— | [ T O o (W 1]
75 70 65 60 55 50 45 40 35 30 25 20 15 10 05
Chemical Shift (ppm)
J
3
MOB(m)
MO1(s) Ma3(m)
M)
Iy MQz(m)  MOS5(m) Mo2(t)
2259983 Ber
5 e Lo
) ]E
7.97 071 8.01 344283134 1.56
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75 70 65 60 55 50 45 40 35 30

Chemical Shift (ppm)

Figure S6. "H NMR spectrum (¢De) of the second fraction after epoxidation reaction (mixture of the

25 2.0

monoepoxideg, major, and3, minor; major/minor ratio: 57:43)
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Figure S7. 2D NMR experiment (HSCQ / HMBC) ingDs on the EDP second fraction for the
assignment of the 7ZBDP regioisomer (connections follow the left lare, @hen the right lane-s).

a. The bsgHSQCAD &Y 0 s hown t K

ppm) corr espon tifigtAp
{
!
@)
Y
A.

b. The gHMCBAD attributes C1 (172.32 ppr
also individual signals (2.11 e 2.29 ppm) of
and H3 that will be attributed belloffig. B).

‘ !

‘v i A— § ‘ . "‘Y‘j“l”»“‘ ’Mv})“w

[y
LY

c. The gHMCBAD shows the attribution of H
(2.11 ppm), H3 (2.29 ppm) to C4 (128.08 pp
and C5(129.06 ppm) since H2 interactsly
with C1 (170.32 ppm) and C4, while H
interacts C1, C4 and (8g. C).

g. The bsgHSQCAD &0 shown that H22 (0.84 ppn
corresponds to C22 (10.45 pp(fip. G).

1o YW

H H H H

h. In gHMCBAD is shown C21 (21.10 ppm) and C20 (57
ppm)(fig. H).

Il

I

>,

o jo)
201 529 538

H H H H

i. The bsgHSQCAD &0 confirmed the two diastereotopi
protons H21 (1.40 1.28 ppm) (Fig 10) and H20 (2.60 pp
Figl, 1-2)
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d.The bsgHSQCAD &0 shows C2 (33.64 ppn
and C3 (22.76 ppn(fig. D).

|
——

e. In bsgHSQCAD 11a140 the protons H4
(5.29 ppm) andH5 (5.38 ppm) are shoyig.
E).

I. The gHMCBAD shows C19 (557ppm; Fig 12) and th
bsgHSQCAD 570 confirms H19 (2.75 ppm; Fig 18igs.
L1, L2)

J“

|

!

|

\

Wl
AL W

A
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f. From gHMCBAD is confirmed that H6 (2.7
ppm) interacts with C4 (129.06 ppm; fid) and
also from bsgHSQCAD -0 is shown C¢
(25.58ppm, fig-2).

W \‘.
| "“\'m

m. From gHMCBAD the two diastereotopic protons H18
confirmed (2.29 2.10 ppm; Figvil) and bsgHSQCAD 5
70 shows C18 (26.31 ppm; FidR)

w\ ‘1"4.

L/

n. From gHMCBAD C17 and C16 were identified (130
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At this point, the overlappingof the signalg
made the attributiondifficult, and for this
reasonwe proceed withthe attributionstarting
from theC22

and 124.96 ppm, figN1), while bsgHSQCAD 11440
attributes the corresponding protons (130.03/5.46
124.96/5.44 ppm, figN2). Finally, gHMCBAD shows tha
H17 is attached (5.44 ppm) to C19 (N@).

H
229-2.10 140-128
2110

0. From gHMCBAD proton Hlé was identified (2.78 pp
fig O1) and bsgHSQCAD &0 provides strong evidence th
H15 is attached to C15 (130.03/5.46 ppm;Qig).
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Figure SB. Relevant correlations in the 2D NMR experiment (HSCQ / HMBC)gDs@or the
assignment of the 19,ZBDP regioisomer (connections follow the left lark #nen the right lane-g).

a. The bsgHSQCAD &0 shown that th¢ 0. The bsgHSQCAD &0 shows that proto
proton H106 (3.30 pygH22 (0.89 ppm) corresponds to C22 (14

(50.66 ppm)Fig. A) ppm).
A"
l’@»}

Fig A. Fig. O1

b. The gHMCBAD shows the attribution (
Cl (172.30 ppm) and also the individt
signals (2.09 e 2.21 ppm) correspond to
protons H2 and H3.

p. The gHMCBAD indicates C21 (131.8
ppm) and C20 (20.55 ppm).

\ r
” I\"INL

by Y B T ANy A

Fig. P1

Q. The bsgHSQCAD &0 indicates H21
(2.99 ppm) (Fi. QLand bsgHSQCAD 110

c. The gHMCBAD shows the attribution 140 indicates H20 (5.39 ppm; Fi. R2
H2 (2.09 ppm), H3 (2.21 ppm), C4 (130.|
ppm) and C5 (125.77 ppm). In addition, |
interacts with C1 (170.30 ppm) and C4, wh
H3 interacts with C1, C4 and C5.

-144-


































































































































































