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Ci sono alcuni, oh re Gelone, che ritengono i granelli di sabbia essere una moltitudine infinita.

There are some people, oh king Gelone, which consider the grain of sand as an endless flurry.
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Simplicity is the ultimate sophistication.

Leonardo Da Vinci, (1452-1519), Italy.
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Giovanni Trapattoni, (1939), Italy
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Summary

Summary

During cellular metabolism of oxygen to water in the mithocondria, a small fraction of the

oxygen is reductively converted into superoxide (O,'-) as a by-product. Through complex

biochemical processes, superoxide may be converted into various reactive oxygen species

(ROS), e.g. hydroxyl radicals (-OH), H,O,, 'O,, etc. These ROS and in particular the highly

diffusible -OH are known to cause chemical modifications on DNA through the formation of

strand breaks and nucleobase modifications. DNA damage and strand breaks may also be

induced through other environmental influences such as ionizing radiation, photooxidation

and naturally occurring or synthetic chemical mutagens. Oxidative DNA damage can be
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produced by the oxidation of the nucleobases or
of the sugar units. In the last case carbon
centered radicals are formed by direct or indirect
hydrogen abstraction. In the first part of this
thesis (Chapter 1), the fate of the carbon
centered radicals C5° and pseudo-C4’ of the

sugar was investigated at the nucleoside level.

The syntheses of new thermal or photolabile C5’

\\ e 16s and pseudo-C4’ radical precursors were
T RO T
0| ~O—_| . hydrolysis . . . .
s e (T e achieved to this end and the mechanistic aspects
o ‘Bul
o meon M . . . . .
e 1632 were studied under various conditions. Kinetic
R ="Bu, Me, H T = Thymine
S.-Fig. 1 data were obtained as well and the access to
biological lesions was possible through these studies. In B
Me
. . . NH
section 1.2.1, the synthesis of a novel perester radical o S
: o (MM9SH 4 74 1.71b
precursor (1.55) was achieved. The unprecedented e R
OR 85%

selective generation of the pseudo-C4’ radical was
established as well. The radical was studied in solution
under various conditions and the pathways of base

releasing and degradation were proved and described

(S.-Fig. 1).

1.70 R = SiPh,tBu

NH

o (TMS)3SiO.,.
N

(5'5,65,55) 1.71a (5'R,65,55) 1.71b

hv 99% 17 99%
(254 nm) (254 nm) o

In section 1.2.2 a short and efficient synthetic

sequence for the preparation of cyclonucleosides

1.72a-b has been disclosed, based on consecutive

(5'S,6S,58) 1.72a

S.-Fig. 2

(5'R,6S,5S) 1.72b



Summary

radical reactions followed by a photochemical desilylation (S.-Fig.2). The C5’ radicals,
generated by the addition of a (TMS);Si’ radical to the corresponding 5’-carboxaldehyde, are
the key intermediates in these transformations. The rate constant kc of the subsequent
cyclisation reaction was estimated for the first time in such systems through a radical clock
reaction setup. The value of kc =7 x 10° s™ at 25 °C found here is strictly correlated with the
C5’-radical repair reaction.

o In section 1.2.3 a new synthetic route for the

ROJ :o: T preparation of (5’R)-tert-butyl ketones 1.77a
HAN_'Bu

; { }, R and 1.77b was disclosed (S.-Fig. 3). Photolysis
b experiments selectively afforded the

1.80a and 1.80b 1. 81a or1 81b O\\/tBu . .
o . corresponding C5’ radical. In the presence of a
RO o T
N,ﬁo R=TBDMS OT/_‘\R physiological concentration of alkanethiol, the
| 1.77b ‘g . . .
S.-Fig. 3 thymidin-5’-yl radical is efficiently reduced.

Under these conditions the half-life of 1.77a was calculated to be t;, = 6.6 min. without any
cyclisation product being observed. The resulting C5’ radical could be obtained either by
Norrish Type 1 photocleavage or by initial formation of an acyl radical that decarbonylates
with a rate constant in the range of 10°~10°s™'. The presence of a thiol prevents subsequent

reactions such as the intramolecular attack onto the C6—C5 double bond of thymine.

When an electron donor injects electrons into a duplex, negative charges move to an
acceptor site in DNA. Investigations on how charges move through DNA and studies of how
the electron transfer can be accelerated and controlled is an active field of research. In the
second part of the thesis (Chapter 2) the study of the excess electron transfer (EET) through
the DNA was undertaken. A flavin used as electron donor was alternated with a single
electron injector in order to establish diverse EET features. A CPD lesion (T=T dimer) and
one of three bromo-nucleosides were used as electron acceptors enabling the evaluation of the
sequence dependence and the donor/acceptor system influence on the EET. Three series of

five flavin-containing hairpins were prepared. They contained the flavin electron injector

rKN%o -DNA

ond * - riovin

placed in the loop region of the hairpin and

one of the three -electron acceptors

positioned in the stem region at a distance

_':g-: 'c‘_ samiioing of about 17 A to the flavin. The hairpin 1la
,:c G | tail
-G [CH is reported as example in S.-Fig. 4.
- > 5
S.-Fig. 4 1a
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Summary

The nature of the acceptor influences the debromination yield and therefore the EET
process analysis. Moreover, the differences shown by the traps indicate that the reduction of
the acceptor can indeed be the rate determining step. Thus, in the process of electron
migration through DNA, which involves electron injection, migration and capture, the latter
step might determine the final efficiency of the whole process. As a result of these studies, a
G:C bp between the donor and the acceptor reduces the excess electron transfer efficiency
approximately by a factor of two. More important is the unprecedented observation that the
position of G:C base pairs between the donor and the acceptor strongly influences the
efficiency of the process. Although every G:C bp reduces the EET efficiency by about 50 %,
the position of a single G:C bp in proximity to the trap can decrease the efficiency by more
than 85 %.

s - _— — . To further investigate the EET

IBUWH/\&/IEO Mumﬁj‘:o Mu«éjﬁo through DNA, it was chosen to initiate

A0S o |, om o ww OO the process by the injection of one
-Co s by
DNA

G
G-
G--/-

v
A

ova oNa single electron per strand using a

|1 I o o A .
g PO y single electron donor (SED). In
N
I 0 — .
oA onao. | ! section 2.2.2 the use of SED was
g kOJ S jection
O A alternated with the use of the flavin
é' :", . SED after irradiation and electron injection . L.

S.-Fig. 5 donor in systems containing two

electron acceptors in a row. The irradiation at 320 nm of SED-containing dsS1 initiates a
cascade of homolysis, charge translocation and deprotonation enabling the final electron
injection into the DNA base stack. This process is initiated by a Norrish type I photolysis of
the tert-butyl a-hydroxy ketone of the SED moiety (S.-Fig. 5). On the other hand, the results

observed upon irradiation of a flavin-containing

.. . .. hv
hairpin, provide an astonishing outcome. The (320 nm)
ﬁ"-\ g e e e e
. . . . [alalala .
chemistry that is triggered by a charge in DNA N B A B T T T TV T T T 00 C

depends on how the charge was initially injected.

i T=T dimer split
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In excited state systems, the injected electron /1

fr. 4 2T e e
. o AN (5]
feels the efficient charge recombination process, 3—T-T-T-B'U-T-C-G-C—§&'
which seems to limit and bias charge
debromination BrdU -Br

propagation. If, however, ground state chemistry
3—T-T-T-U-T-C-GC—§’
is employed to inject the charge, no &% & SED St Ao (re)

recombination trap is present. In this case, the S.-Fig. 6

charge can move freely. Excess electrons injected by such a system can trigger more than one
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reaction, establishing a catalytic electron, and they can hop over acceptors if their triggering
mechanism is slower than the hopping step (S.-Fig. 6).

Strong efforts are under way to create DNA-based nanoelectronic materials with
self-organizing properties. The long-term goal is that such a novel material may self assemble

into complex conductive nano-wire

— = [
- | i . . . .
i S I networks with computing or diagnostic
ol T8 lol " 1 o
Sl | roOL L potential.  Recently, a  controlle
s T bR o 0 . . .
é ----- i e S S DNi e assembly of metallised DNA in which
G- - C----G G [I: L/O L = salen-metal complex
g¢ g % one or more natural base pairs are
|5' L 5 L 5 3 == =Fla.\fln1 L = ligand . .
U= Brdu replaced by nucleosides carrying flat
H1-M Hz-M H3-M Q =Cuy*, Mny*, Fey*, VO5,*
S.-Fig. 7 metal complexes was reported. The

design and the synthesis of DNA structures containing an internal metal complex between an
electron donor and an acceptor opened the access to the study of EET through metal base
pairs (metal-mediated EET, M-MEET). A series of DNA hairpins containing the light
dependent flavin electron donor and the fast electron acceptor BrdU were designed. A
salen-metal complex between the donor and the electron acceptor was introduced via the
oligonucleotide solid phase synthesis in order to establish the influence of one metal in the
electron transfer process. The design of hairpins H1-M, H2-M and H3-M in S.-Fig. 7 was
aimed at exploring the electron transfer through the salen-metal complexes in the context of
mixed sequences. The effect of only one metal per DNA was investigated in this proof of
concept study, in which only the nature of the metal and the irradiation conditions were

systematically changed.

In the third part of the thesis ;,_:?' w % o
(Chapter 3) a new direct DNA $ - o ———

Mixture to analyze Mixture to analyze

ME

detection method was established [ Deposition on the o ) Deposition on (hu\
photo paper Exclusive detection of the target. photo paper

| Actual sensitivity = 600 fmol it

based on the principle of the Vo iaion and lrsdition and
Development Development
: = L ] T —y

black-and-white photography, called —?/ / 2 _/* b
Oft On

DNA-photography, DP. A detection S-Fig. 8
limit lower than 300 attomoles of DNA (10™"* moles) was achieved with a simple setup in a
photography dark room. Moreover the detection of 600 femtomoles (10" mole of a sequence
associated with a gene of Y. pestis, which causes the mortal disease plague, was achieved. In
the latter case, molecular beacons (MBs) were used in order to use the FRET principle

together with the DP method (S.-Fig. §).
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Zusammenfassung

Zusammenfassung

Uber die mitochondriale Atmungskette setzen Zellen durch Metabolisierung von
Sauerstoff zu Wasser als Nebenprodukte stets kleine Menge reduzierten Sauerstoffs in Form
von Superoxid (O") frei. Durch komplexe biochemische Prozesse kann Superoxid im
Folgenden in eine Vielzahl reaktiver Sauerstoffverbindungen (ROS) wie -OH, H,0,, '0,, efc.
umgewandelt werden. Diese ROS, im Speziellen das stark diffusionsfidhige -OH, konnen
chemische Verdnderungen an der DNA unter Bildung von Strangbriichen und Modifikationen

einzelner Nukleobasen bewirken. Ebenso

ueme OO.__T -CO, Buo o..__T hydrolysis ONH
7 EH—) * i cage 45% \;—/ S ’\“\/P‘.\AO konnen DNA-Schdden durch Umwelteinfliisse
m. 'Fs_m e o wie ionisierende Strahlung, Photooxidation,
[ o ] sowie durch natiirliche und chemische Mutagene
FD“; @ 31’ hervorgerufen werden. Oxidative Schiden
RN " konnen durch die Oxidation der Nukleob
. konnen durch die Oxidation der Nukleobasen
, o ,l Perester 1.85 ETJt oder der entsprechenden Zuckereinheiten
i'l‘.___\_ 0" [\ -‘BuO'-O\(EC')i“'; W HO@ entstehen. Im letzteren Fall kommt es durch
\ , / oH i, direkte oder indirekte H-Abstraktion zur Bildung
4O MO 0], yaoss ) Kohlenstoff-zentrierter Radikale. Im ersten Teil
ji et Egi dieser Arbeit (Kapitel 1) wurde das Schicksal
7. At:t;_rBI'ME'H "™ Kohlenstoff-zentrierter C5° und pseudo-C4
Radikale des Zuckers am Nukleosid untersucht. Zu diesem Zweck wurden die Synthesen
neuer thermo- oder photolabiler C5’ und pseudo-C4’ o
Radikalvorldufer durchgefiihrt und mechanistische . Me\ﬁ:)“:o
Aspekte unter verschiedenen Bedingungen untersucht. \@ % Lo AL
Auch kinetische Daten konnten ermittelt werden und der ?F;o R = SiPhytBu -

Zugang zu biologischen Schidden war im Verlauf der
NH

Untersuchungen ebenfalls moglich. In Kapitel 1.2.1

o (TMS)3Si0...
p
wurde die  Synthese eines neuen  Perester

Radikalvorlaufers (1.55) beschrieben. Weiterhin konnte

(5'S,65,55) 1.71a (5'R65,55) 1.71b

A 99% 17 99%
(254 nm) (254 nm) o

das pseudo-C4’ Radikal erstmals selektiv hergestellt
werden. Die Radikaleigenschaften wurden in Losung

unter verschiedenen Bedingungen analysiert, sowie die

. OR
Freisetzung und der Abbau der Nukleobasen G T

nachgewiesen und beschrieben (Z.-Abb. 1). Z.-Abb. 2



Zusammenfassung

In Kapitel 1.2.2 konnte eine kurze und effektive Synthese zur Herstellung von
Cyclonukleosiden 1.72a-b durch aufeinander folgende Radikalreaktionen und eine
anschlieBende photochemische Desilylierung aufgezeigt werden (Z.-Abb. 2). Die durch die
Addition eines (TMS);Si” Radikals an das entsprechende 5’-Carboxyaldehyd generierten C5’
Radikale sind die entscheidenden Zwischenprodukte dieser Umwandlungen. Die
Geschwindigkeitskonstante k¢ der anschlieBenden Zyklisierungsreaktion wurde erstmals in

solch einem System durch eine Radikaluhr

bestimmt. Der hier bei 25 °C ermittelte Wert von

RO o T

o HN_fBu h kc=7x 10 s steht in engem Zusammenhang mit
RO T il
/ 77 .
b b "™ der Reparatur des C5” Radikals.

17 ot sttt Oy B In Kapitel 1.2.3 konnte ein neuer Syntheseweg

i RO o T
By R - TBDMS ? fiir die Herstellung von (5’R)-tert-Butylketonen
~ Z-Abb.3 "™ 1.77a und 1.77b gezeigt werden (Z.-Abb.3).

Photolyseexperimente ermoglichten die selektive Generierung des entsprechenden CS5’
Radikals. In Anwesenheit einer physiologischen Konzentration an Alkanthiol wurde das
Thymidin-5’-yl Radikal hierbei effizient reduziert. Unter diesen Bedingungen wurde die
Halbwertszeit von 1.77a mit t;, = 6.6 min. berechnet, ohne dass ein Zyklisierungsprodukt
beobachtet werden konnte. Das gebildete C5° Radikal konnte iiber eine Norrish Typ 1
Photospaltung oder durch die Bildung eines Acylradikals, welches mit einer
Geschwindigkeitskonstante im Bereich von 10°—10°s™' decarboxyliert, entstechen. Die
Anwesenheit eines Thiols beugt hierbei Folgereaktionen wie dem intramolekularen Angriff an

der C6—C5 Doppelbindung des Thymins vor.

Wenn iiber einen Donor Elektronen in die Doppelhelix injiziert werden, bewegen sich
diese negativen Ladungen zu einem Akzeptor in der DNA. Untersuchungen zur Bewegung,
Beschleunigung und Kontrolle von Ladungen in der DNA sind ein wichtiges und aktuelles
Forschungsgebiet. Im zweiten Teil dieser Arbeit (Kapitel 2) wurden Studien zum
Uberschusselektronentransfer (EET) in DNA durchgefiihrt. Flavin als Elektronendonor oder

ein Einelektronendonor wurden eingebaut, um

)@: f oona | |A) TH verschiedene Merkmale des EET zu ermitteln.
’kD 17.0 A o)\)'j/

:; L Ein CPD Schaden (T=T Dimer) und eines von

""“’ | e | A 8- . )
CA T i drei Bromnukleosiden wurden als
-c) G- wi . .
-G cH Elektronenakzeptoren eingesetzt, so dass eine
Z.-Abb. 4 ¥ 5
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Zusammenfassung

Bewertung der Sequenzabhingigkeit und des Donor/Akzeptor-Einflusses auf den EET
moglich war. Hierzu wurden drei Serien von fiinf Flavin-haltigen Haarnadelstrukturen
hergestellt. Diese enthielten den Flavin Elektronendonor in der Schlaufenregion der
Haarnadelstruktur und einen der drei Elektronenakzeptoren im Stammbereich, mit einem
Abstand von 17 A zum Flavin. Haarnadelstruktur 1a ist als Beispiel hierfiir in Z.-Abb. 4
dargestellt.

Die Eigenschaften des Akzeptors beeinflussen hierbei die Debrominierungsausbeute und
somit die Analyse des EET Prozesses. Dariiber hinaus zeigen die Unterschiede bei den
verschiedenen Elektronenfallen, dass die Reduktion des Akzeptors in der Tat der
geschwindigkeitsbestimmende Schritt sein kann. Dadurch kann letzterer Schritt flir die
Effizienz des gesamten Prozesses, der aus Elektroneninjektion, Wanderung und Einfangen
besteht, bestimmend sein. Aus diesen Studien ergibt sich, dass ein G:C Basenpaar zwischen
dem Donor und dem Akzeptor die Effizienz des Elektronentransfers in etwa um den Faktor
zweil reduziert. Wichtiger noch ist die bislang noch nie da gewesene Beobachtung, dass die
Position des G:C Basenpaares zwischen dem Donor und dem Akzeptor die Effizienz des
Prozesses stark beeinflusst. Obwohl jedes G:C Basenpaar die Effizienz des EET um etwa
50% absenkt, kann die Position eines einzelnen G:C Basenpaares in der Néhe der

FElektronenfalle diese um mehr als

o 5 . - 85% verringern.
Ao o R Um den EET durch DNA weiter
| DNA-O ‘ DNA-O. ‘
ki?' - \?7 Sl {“’9 ’ zu untersuchen, wurde der Prozess
DNA |

DNA=O,

(o] _tBy-
DNA Bu

durch Injektion eines einzelnen

Y j\iu“\f‘mw ) y | Elektrons  pro  Strang  durch
;E DNA‘O\POJ o sngesecron  Benutzung eines Einelektronendonors
Ej:jjif, oue mdiaﬁfiie‘emn et (SED) initiiert. In Kapitel 2.2.2 wurde

Z.-Abb. 5 abwechselnd der SED und ein Flavin

als Donoren in Systeme mit zwei Akzeptoren hintereinander eingebaut. Die Belichtung bei
320 nm des SED enthaltenden dsS1 16st eine Kaskade von Homolyse, Ladungswanderung
und Deprotonierung aus, was die Elektroneninjektion in DNA ermdoglicht. Dieser Prozess
wird durch eine Norrish Typ I Photolyse des tert-Butyl-a-hydroxyketons der SED Einheit
ausgelost (Z.-Abb. 5). Auf der anderen Seite stellen die Ergebnisse, die bei der Belichtung
einer Flavin enthaltenden Haarnadelstruktur erhalten wurden, einen erstaunlich Befund dar.
Die Chemie, die in DNA durch eine Ladung ausgeldst wird, hidngt davon ab, wie die Ladung

injiziert wurde. In angeregten Systemen kann das injizierte Elektron durch effiziente Ladungs
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Zusammenfassung

o . v
Rekombinationsprozesse eingefangen werden, o

wodurch der Ladungstransfer beeinflusst und " AASAA
begrenzt wird. Wenn die Chemie der

Elektroneninjektion jedoch im Grundzustand 3-G-C-G-A-S-T-T-C-T-T-5 /1T=Tdmmpm
stattfindet, existiert keine Rekombinationsfalle. L SAA [EI

3'—"?'-=T—T U-T-C-G-C—5§°
In diesem Fall kann sich die Ladung frei

. . debromination Brdul\ i
bewegen. Uberschusselektronen, die durch solch =
3—T-T-T-U-T-C-GC—§’
S* = 5ED after irradiation I fr.6 I
katalytisches Elektron mehr als eine Reaktion Z.-Abb. 6

ein System injiziert wurden, koénnen als

auslosen und liber Akzeptoren springen, falls das Einfangen des Elektrons schneller ist als das
Springen (Z.-Abb. 6).

Grofle Anstrengungen werde unternommen, um neue nanoelektronische Materialien mit
selbstorganisierenden Eigenschaften auf DNA Basis herzustellen. Das Fernziel ist, dass sich
ein derartiges neuartiges Material zu komplexen, leitfihigen Nanodraht Netzwerken mit
moglichen Anwendungen in Computern oder der Diagnose, selbst assembliert. Vor kurzem
wurde der kontrollierte Aufbau von metallisierter DNA, in der eines oder mehrere natiirliche
Basenpaare durch Nukleoside mit flachen Metallkomplexen ersetzt wurden, berichtet. Das
Design und die Synthese von DNA Strukturen, die einen internen Metallkomplex zwischen
dem Elektronendonor und -akzeptor enthalten, 6ffnete den Zugang zu einer Studie des EET
durch Metallobasenpaare (Metallvermittelter EET, M-MEET). Eine Reihe von DNA
Haarnadelstrukturen, die den lichtabhéngigen Elektronendonor Flavin und den schnellen
Elektronenakzeptor BrdU enthalten, wurde entworfen. Ein Salen Metallkomplex zwischen
dem Donor und dem Akzeptor wurde iiber die DNA Festphasensynthese eingefiihrt, um den
Einfluss eines Metalls im Elektronentransferprozess zu untersuchen. Das Design der
Haarnadelstrukturen H1-M, H2-M und H3-M (Z.-Abb.7) zielte darauf ab, den

Elektronentransfer durch die Salen Metallkomplexe im Kontext gemischter Sequenzen, zu

H H e "N/"O"'\N‘“ untersuchen. Der Effekt eines einzelnen
TR TR ToA SO O oma L
e IR A O @ N Metalls wurde in dieser grundlegenden
roL Focrof T 0 >|’
Tl i s O 1.3 : < . . .
A FQL TR e Studie untersucht, in der nur die Art des
T A = é """ z O-DNA DNA-©
", A Brip----A .. .
é- - é C-----G (Ii é L/O\‘ L = salen-metal complex Metalls und dle
(1,_. i é G C é ..... é
I S S L-ugana Belichtungsbedingungen systematisch
5 ¥ 5 ¥ .
U =BrdU .o
’ variiert wurden.
H1-M Hz-M H3-M Q =Cuy*, Mny*, Fey*, VO5,*
Z.-Abb. 7
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Zusammenfassung

Im dritten Teil der Arbeit (Kapitel 3) wurde eine neue Methode der Detektion von DNA
eingefiihrt, die auf dem Prinzip der Schwarz-Weiss Photographie beruht (DNA Photographie,

DP). Eine Nachweisgrenze von weniger als 300 attomol DNA (10™"* mol) wurde durch einen

Target T einfachen  Aufbau in  einer
27}, AN f ﬁj{ w,ss"'x
o s .
? e e photographischen =~ Dunkelkammer
Minture 1o analyze Mixture o analyie
MB . . .
[ I)rpmmnn on the Deposition on (hu“ errelCht' Damber hlnaus gelang der
photo paper Exclusive detection of the target. photo paper
Actual sensitivity = 600 fmol

Nachweis von 600 femtomol

Imradiatic Irradiation and
Devels |:rmnl Development

/ / f‘ = [ (10™"° mol) einer Sequenz, des Gens

Z-Abb 8 von Y. pestis, welches die tddliche
Krankheit Pest verursacht. Im letzteren Fall wurden molecular beacons (MB) verwendet, um

das FRET Prinzip mit der DP Methode zu verkniipfen (Z.-Abb. 8).
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General

General

The work reported here was carried out in three different institutes of two cities. The first
part was achieved in the laboratories of the Department of Organic Chemistry in the Faculty
of Industrial Chemistry of the University of Bologna, Italy, supervised by Prof. Pier Carlo
Montevecchi (January-May 2002) as well as in the Institute for Organic Synthesis and
Photoreactivity (ISOF) of the National Council of Research (CNR), Bologna, Italy, under the
supervision of Dr. Chryssostomos Chatgilialoglu (May 2002-March 2004). The second and
third part were done in the Department of Chemistry and Pharmacy, of the Ludwig
Maximiliams University (LMU), Miinchen, Germany, under the supervision of Prof. Dr.
Thomas Carell (March 2004-December 2006).

This PhD thesis is divided in five distinct chapters:

1. Nucleoside models for the study of C5’-radicals fate.
2. Electron transfer through DNA.

3. Detection of DNA by light-sensitive surfaces.

4. Experimental part.

5. References.

Three different high connected topics associated with DNA oxidative damage, DNA
biochemical and physical properties and DNA detection are discussed in Chapters 1, 2 and 3.
In Chapter 4 the whole experimental part of this PhD thesis is reported. In Chapter 5 the
complete bibliography of this work is listed.

A general brief introduction about the DNA, its structure and some correlated topics

relevant for this work are given in section 1.1 and not repeated in the next Chapters.



Chapter 1 Introduction: the DNA

1 Nucleoside models for the study of C5’-radicals fate

1.1 Introduction

The DNA

The technical aspects of life involve the complex chemical interactions that take place
among several thousand different kinds of molecules found within any living cell. Of these,
the deoxyribonucleic acid (DNA) is the master molecule in whose structure is encoded all of
the information needed to create and direct the chemical machinery of life. Solving the
structure of DNA was surely one of the most important biological discoveries of the 20th

century. James Watson and Francis Crick, in their 1953 letter to Nature,m

assembled pieces
of a chemical puzzle that had been accumulating for more than 80 years.

DNA was already discovered in 1869 by a German doctor, Friedrich Miescher,” isolating
a substance, he called “nuclein” from the nuclei of white blood cells. By 1900 the basic
chemistry of nuclein had been understood. It was known to be a long molecule composed of
three distinct chemical subunits: a five-carbon sugar, acidic phosphate and five types of
nitrogen-rich bases (adenine, thymine, guanine, cytosine and uracil). By the 1920s, two forms
of nucleic acid were differentiated by virtue of their sugar composition: ribonucleic acid
(RNA) and deoxyribonucleic acid (DNA).B* These forms were also found to differ slightly
in base composition; thymine is found exclusively in DNA, whereas uracil is found only in
RNA. The structure of the nucleosides was elucidated at the end of the 1940s.5%. In 1950,
Erwin Chargaff of Columbia University discovered a consistent one-to-one ratio of
adenine-to-thymine (A-T) and guanine-to-cytosine (G-C) in DNA samples from a variety of
organisms.”! A few years later Rosalind Franklin obtained well-resolved X-ray diffraction
photographs of DNA."™ The diffraction patterns strongly suggested a helical molecule with a
repeat of 34 angstrom (A =10""m) and a width of 20 A. The structure Watson and Crick
arrived at by manipulating paper and then metal models, was elegant in its simplicity. The
DNA molecule they proposed is an a-helix and resembles a twisted ladder (Figure 1.1). The
rails of the ladder, which run in antiparallel directions, contains alternating double units of
deoxyribose sugar and phosphate. The aromatic nucleobases stack tightly on top one another,
forming the rungs of the helical ladder. Each rung is composed of a pair of nucleotides (a base

pair, bp) held together by hydrogen bonds (Figure 1.2). There are 10 bps per turn of the helix,



Chapter 1 Introduction: the DNA

with an interplanar distance of 3.4 A. In agreement with Chargaff’s observation, adenine
always pairs with thymine and cytosine always pairs with guanine.!”” Thus, the nucleotide

sequence on one half of the DNA helix determines the sequence of the other half.

minor
oroove

Figure 1.2 DNA structure. Structure of the nucleotides and the Watson-Crick hydrogen bonds

between GC and AT.
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Oxidation of DNA: H-abstraction from the sugar unit

During cellular metabolism of oxygen to water in the mithocondria, a small fraction of the

oxygen is reductively converted into superoxide as a by-product.”’

Through complex
biochemical processes, superoxide may be converted into various reactive oxygen species
(ROS), e.g. hydroxyl radicals (*OH), H,0,, 'O,, efc. These ROS and in particular the highly
diffusible *OH are known to cause chemical modifications on DNA through the formation of

strand breaks and nucleobase modifications.!'”’

H,0
- +
. . Energy
e - Catalase
02 - 02 — T H20+02
— H0;
Superoxide .
dismutase 7? HO
Fe (ll) Fe (llIl)

Fenton Reaction

Scheme 1.1 Formation of superoxide, its enzymatic deactivation and the generation of *OH by a

Fenton reaction.

DNA damage and strand breaks may also be induced through other environmental
influences such as ionizing radiation, photooxidation and naturally occurring or synthetic
chemical mutagens.!'"

Maintaining the integrity of DNA is essential for every living organism. To this end
evolution designed specific enzymes. Repair and protection of DNA is consequently
performed by DNA repair enzymes via several routes. A majority of cells possess defence
mechanisms against the harmful effects of ROS. The superoxide dismutase and catalase
systems (Scheme 1.1) are able to quench radicals and other oxidising species. The
endogenous gluthatione (a y-glutamylcysteinylglyticine tripeptide, GSH) or the exogenous
vitamins are smaller molecules that can drastically reduce the amount of ROS before they can
damage the DNA. Lesions formed in DNA can be repaired by mismatch repair enzymes,

error-prone repair enzymes, nucleotide excision repair process (NER) or base excision repair

process (BER). The latter two are accomplished by several enzymes which recognise and


http://en.wikipedia.org/wiki/Tripeptide
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repair the DNA lesion. A simplified example of their working principle is illustrated in Figure
1.3. However, deleterious genetic alterations may accumulate in cells with age through errors
in repair and recombination when the oxidative damages are poorly repaired. In addition, the
level of repair enzymes may decrease with the age of the cell. DNA damage can eventually
cause cell death or the modification of its functionality, as in the case of tumor cells. Thus,
there is a great interest in the study of the mechanisms of DNA damage formation and effects
on the cell and the repair systems involved in these processes. In addition, DNA damage is
used in medical applications, i.e. in cancer therapies. Many cytostatic cancer drugs target the

DNA of cells inducing apoptosis through DNA damage.

NER BER

o Lesion EEE.ﬁ;ﬁE EEEEEE

. A A A O L L R L

l a) Recognition by

O Natural nucleobase

e e e s s s s s s s —
Ja) Recognition by

BER Protein

b) Base Excision

NER protein i e s e e e e s e e i s <

b) Excision l AP-Endonuclease

oo RIFFRY R N
e e e e e . .

l a) Polymerase | a) DNA-Polymerase
b) Ligase b) DNA-Ligase
'EEEEEEEEEEEEE A A A e s
e e s e s o e s e s AL ALELLLENLEN,
a b

Figure 1.3 Schematic working principle of NER and BER processes.

Oxidative DNA damage can be produced by the oxidation of nucleobase or sugar units.
More than 80 modified purines and pyrimidines resulting from oxidative damage have been
identified. This base damage threatens the genomic integrity and is the origin of lethal effects
or mutations in DNA. Damage to deoxyribose leads to the loss of one base and/or a strand
break on DNA. Both kinds of damage eventually result in lethal lesions, especially when an

oxidative process produces a double-strand break (DSB), that is two single strand breaks



Chapter 1 Introduction: DNA oxidation

(SSBs) on opposite strands. Furthermore a few examples of damage that involve both, the
nucleobase and the sugar unit, are known. Cyclopurine and cyclopyrimidine lesions are
observed among the decomposition products of DNA when exposed to ionising radiations or
to certain antitumor agents.'>"”) Two examples, described later in this Chapter 1, are the
5’,6-cyclo-5,6-dihydrothymidine and the 5°,8-cyclo-2’-deoxyadenosine. They possess an
additional bond between the C6 position of pyrimidine or C8 position of purine and the C5'
position of the 2'-deoxyribose.

All the sugar degradation processes are initiated by H-abstractions, since the aliphatic
nature of deoxyribose does not favour oxidation by electron abstraction as in the case of the
nucleobases. Subsequently, the generated sugar free radical can repair itself by hydrogen atom
abstraction from glutathione (GSH), leading to modifications of the sugar unit
(DNA-damage), or to strand-breakage.'"'**"' Although all seven hydrogen atoms of
deoxyribose are belived to be reactive toward oxidising species and free radicals, not all are
equally likely to be abstracted from DNA. The H-abstraction pathway is determined by the
helical structure of DNA and on the relative orientation of the oxidant to the sugar. According
to the structures obtained by X-ray crystallography of several oligonucleotides, the 5°-, 4’-
and 1’-positions of B-form double strand DNA (dsDNA) are accessible from the minor
groove, while the 3’- and 2’-positions are accessible from the major groove. One 5’-hydrogen
atom (pro-S) points directly into the minor groove; the other points away from the backbone

(see Figure 1.4).21

major groove

minor groove

Figure 1.4 All seven C-H bonds of deoxyribose are prone to oxidation, but four point into the minor
groove (indicated by wedge-shaped bonds), and three into the major groove (Hg and Hg
refer to the absolute configuration — pro-R and pro-S — of hydrogen atoms at C2’ and
C5).
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In the formation of a strand break, which of the seven hydrogen atoms is abstracted is the
key question in elucidating mechanisms of nucleic acid degradation. Osman and co-workers
calculated the energy of hydrogen abstraction initiated by the hydroxyl radical for the
positions 1°,2°, 3°, and 4’ of the model sugar 2-deoxy-D-ribose and found that the theoretical
probability of abstraction is correlated with C-H bond strength.* They also determined that,
aside from the C2’-H, the abstraction of every hydrogen bond requires a similar amount of
energy, presumably because the resulting radical is stabilized by the a-oxygen atom. When
similar studies were performed on double-stranded B-DNA, solvent accessibility became an
additional critical factor. In this case the hydrogen of C1’ is virtually “hidden” by the local
bulkiness, whereas the C4’-H and the C5’-H are significantly more exposed to solvent,
making them much more likely to be abstracted.***

Another important point is that not all oxidation events lead to immediate strand cleavage.
Several pathways result in the formation of metastable sugars or sites that can be hydrolysed
via base-catalyzed reactions. Furthermore, the formation of a radical on the sugar unit can
lead to stable nucleotide modifications by interaction with adjacent nucleobases of the same
DNA strand (intra-strand cross-linking) or with the counter strand (inter-strand
cross-linking). In addition, as in the case of the above-mentioned cyclopurines and
cyclopyrimidines, the reaction can be intra-molecular. In fact, it has been verified that the C5'
radical, initially generated by hydrogen abstraction, intramolecularly attacks the double bond
of the nucleobase moiety to form a cyclonucleotide as the final product after oxidation or

reduction (see also Scheme 1.6, pag. 18).2°%7]

Here I briefly describe the chemistry of radicals formed by hydrogen abstraction from the
sugar unit of DNA. The cases of the five sugar positions will be discussed focusing first on
the C5’-H abstraction. The C5’ radical generation and study of its fate represent the topic of
Chapter 1. The molecules used by researchers to abstract hydrogen atoms from the sugar unit
with a different degree of selectivity and/or the technique they used for the generation and
detection of the intermediate and final products will only be described in this thesis for the
C5’ position. The reader is referred to excellent reviews for more details on this

tOpiC [11,14,20,28]
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C1’ radicals

The C1’-centered radical 1.1 can be generated by hydrogen abstraction through the
interaction of DNA, oligonucleotides or nucleosides with ionizing radiation (y-radiolysis),
metal complexes (Mn-TMPyP, Cu(oP), and anticancer drugs such as enediynes). Photolysis
of photoreactive groups that are specific C1’ radical precursors have been used by Greenberg

(2931 In addition the photoreaction of

and Chatgilialoglu for kinetic and product studies.
5-halouracil-containing oligonucleotides gives rise to C1’- (and C2’-) centered radicals. The

latter photoreaction has been extensively used in different fields of research as

[32] [33-35]

proliferation-marker”*' or as electron acceptor in DNA excess electron transfer studies,
and as DNA-structure probe.’® An example of radical generation via photoreaction of
halouracil is reported for the C2’-radical in Scheme 1.3. More recently, Sevilla and
co-workers reported the generation of sugar radicals using UV-A / visible photo-exitation of
the guanosine radical cation (G™). According to the authors, selective radical generation is
possible when optimised reaction parameters are employed. Specifically C1’-radicals have
been observed in dsDNA under exposure to light (310-480 nm), whereas other radicals have
been formed with longer wavelengths of irradiation (C3’- and C5’-radicals).””

The C1° radical 1.1 abstracts a hydrogen atom from a thiol to give a mixture of f-anomer
1.2 (repairing reaction), and a-anomer 1.3 (Scheme 1.2). The latter belongs to a class of
nucleotides that have been shown to be premutagenic in vitro when generated during

38391 1 the presence of oxygen or metal

y-radiolysis of DNA under anaerobic conditions.
complexes, radical 1.1 leads to abasic site damage, through the formation of the instable
peroxyradical 1.4 resulting in the formation of a 2-deoxyribonolactone residue 1.6 and the
corresponding free base BH 1.7.I"Y) This lesion is alkaline-labile and results in strand scission
with formation of 3’-phosphate 1.8, 5’-phosphate 1.10 and 5-methylene furanone (5-MF) 1.9.
In a biological environment, oxygen and GSH trapping of C1’ radicals are competitive
processes, due to the uM oxygen concentration (but high rate constant of 1 x 10° M s™) in
the nucleus. Once the peroxyl radical is formed, the C1° peroxyl radical 1.4 expels a
superoxide radical anion with a rate constant of ca. 2 x 10* s, The resulting C1° cation 1.5
leads to the formation of the ribonolactone much faster than it is trapped by GSH. The
H-abstraction from the thiol to give the hydroperoxide, has in fact a rate

constant <400 M s'. Direct oxidation to cation 1.5 is also observed in the presence of metal

complexes.
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| l O\ﬁf
o 1.4
O B=TC GorA
O +BH
1.7 GSH = Glutathione
o)
\ [SaVaVaVe
I
HJA1.6 \ o oo OH = 3'-phosphate termini
OH * — * \e”rr HO\TFr = 5'-phosphate termini
1.8 1.9 1.10

Scheme 1.2 Fate of the C1’-radical under different conditions."*

C2’ radicals

The 2’-position of deoxyribose is less prone to H-abstraction, either because of the low
accessibility or the low reactivity of these hydrogens in the dsDNA.* However, as already
mentioned for the C1’ radical generation, photoreaction of oligonucleotides containing
halogenated uracil give rise to hydrogen abstraction from the C2’-position with generation of
the C2’ radical 1.11 as shown in Scheme 1.3. In the presence of oxygen this C2’ radical can
be trapped to the peroxyl radical 1.12, consequently being reduced to the hydroperoxide 1.13
by GSH. The hydroperoxide can undergo homolytic or heterolytic cleavage. Subsequently,
the free base BH is released and the erythrose-containing site 1.16 is observed. This fragment
is responsible for the formation, upon alkaline treatment, of the species 1.17, 1.18 and to a
certain extent 1.19. A different pathway that gives rise to the furanone terminus 1.15 invokes
an electron transfer between the photoactivated adenosine radical cation and the sugar unit.
The C2’ cation 1.14 hydrolyses to the observed fragments with consequent strand break.

Generally abstraction from the C2’-position does not contribute greatly to most pathways

of DNA strand scission. Nevertheless abstraction of a C2’-H may be facilitated in RNA due to
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the presence of the additional OH-group or, eventually by the presence of adjacent

halogenated bases.

Transfer

0
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Scheme 1.3 Generation and fate of C2’-radical.

C3’ radicals

The majority of known oxidative cleavage agents bind in the minor groove of the DNA.
The C3’-H, which points into the major groove, seems to be only partially involved in the
pathways leading to the scission of DNA. However, photoactive rhodium complexes have
shown a specificity toward hydrogen abstraction from the C3’-position.l*” These complexes
made studies possible, in which the pathway of degradation starting from a C3’-centered
radical (Scheme 1.4) was elucidated. In anaerobic conditions, the radical 1.22 is presumably
oxidised by the rhodium complex itself. The addition of water yields an alcohol (1.26) which
undergoes B-elimination of the phosphate and release of the free base, through the formation
of a C3’-ketone terminus (1.27). This mechanism gives rise to the detected sugar lactone
derivative 1.28, the 2-methylene 3-furanone. In the presence of oxygen the formation of
hydroperoxide 1.24 is followed by a rearrangement resulting in the insertion of an oxygen

atom into the ribose ring (1.25). Successive decomposition of 1.25 yields the base propenoic
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acid 1.17 and DNA fragments with 5’-phosphate (1.10) or 3’-phosphoglyticaldehyde terminus
1.29.
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Scheme 1.4 Fate of the C3’-radical in aerobic (left) and anaerobic conditions (right).

C4’ radicals

The C4’-position is believed to be highly accessible in B-DNA. Therefore several
pathways and many final products are described, which are derived from the C4’-radical.
DNA damage initiated from C4’-hydrogen abstraction has been proposed to take place after
ionizing radiation, reaction with Fe(Il) complexes, Fenton generated hydroxyl radicals and
drugs like bleomycin, calicheamicin, neocarzinostatin and other enediines.!"'*" More recently
cyclopentadienyl metal complexes have been used to cleave DNA strands by hydrogen
abstraction from the positions C4’ and C5’.*! The synthesis of photoreactive model
compounds that are specific C4’ radical precursors were achieved by Giese and
co-workers.[* In this case a 4’-pivaloyl substituted nucleoside was prepared as a precursor of

a C4’-radical. This substrate, incorporated into an oligonucleotide, was used as radical cation

11



Chapter 1 Introduction: sugar radicals

donor for charge transfer studies through DNA. Specifically, the C4’-radical 1.30 undergoes
B-elimination generating the intermediate radical cation species 1.35 (Scheme 1.5). This is
able to oxidize a guanine nucleobase to G™, which in turn transfers the charge to another
guanine. This process is then repeated resulting in a transfer of the positive charge (hole
transfer) through the DNA. Some features of this process are covered in more detail in
Chapter 2.

Trapping of the radical cation 1.35 by water generates radical 1.36, which undergoes a
second heterolytic cleavage to yield the phosphate end and sugar fragments. In the presence of
GSH, radical 1.30 is reduced with a rate constant of &, =1.9 x 10° M s yielding a mixture
of anomers B (1.33) / a (1.34) = 1.5 in single strand DNA (ssDNA) and p/a = 9 in dsDNA.[*!
The heterolytic cleavage of radical 1.30 is in competition with hydrogen abstraction from
GSH, when GSH is present in milli-molar levels. Therefore, in the presence of a
hydrogen-donor such as GSH, radical 1.36 can be reduced to the alcohol terminus 1.37
(Scheme 1.5).

s

Electron Transfer
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” ) through DNA
4
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o, 1.31 e - 1.35
N
H H20
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| B 1.33 |
e B + © B
O O [¥4%a VsV
HOO a W B —=»~ OH
°N OJQ OH 1.3 18
¥ 1.32 )
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s a 1.34 o)
| o. B
OW " HO\? ’
CO,H -
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Scheme 1.5 Fate of the C4’-radical.
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Chapter 1 Introduction: sugar radicals

Under aerobic conditions, radical 1.30 is trapped very rapidly with a rate constant of
k=2 x10° M s yielding the peroxy radical (1.31). This reaction with molecular oxygen is
reversible, with a rate constant for the back reaction of k&, =1.0s" at ambient temperature.
The product of hydrogen abstraction from GSH, the hydroperoxide 1.32, has been isolated
and characterized."*"! This reaction proceeds with a rate constant of ca. ky =400 Mgt
Hydroperoxide 1.32 may give 3’- and 5’-cleavage via a Criegee-rearrangement.'*! Therefore,
strand cleavage depends on the concentration of the hydrogen donor. At low GSH
concentration, strand scission is the result of the spontaneous heterolytic cleavage occurring

. . 14
even under aerobic conditions.!'¥

C5’-radicals

The two hydrogen atoms attached to the C5” are also highly accessible in a B-DNA helix.
Furthermore, while both hydrogen atoms are accessible from the minor groove, it should be
noted that one hydrogen (the so-called pro-S) points away from the groove directly toward
solvent molecules (see previous Figure 1.4, pag. 7). Pathways involving the abstraction of
hydrogen from the C5’-position have been proposed for DNA scission mediated by enediyne
antibiotics, Fenton-generated hydroxy radicals, y-radiolysis, cationic metal porphyrins and
perhydroxy radicals.!*”!

As reported in the introduction to Chapter 1, cyclonucleotides as 1.48, 1.49 and 1.50
(Figure 1.5) have been observed among the decomposition products of DNA when irradiated

(184647 They were also identified in mammalian cellular DNA

in deareated aqueous solutions.
in vivo, where their level can be enhanced under conditions of oxidative stress.**! These
compounds are formed after an intramolecular cyclisation starting from the C5’-radical 1.39
(Scheme 1.6), through the formation of the base-radical (an amynyl-radical for purines) 1.45.
Depending on the substrate and the experimental conditions, the ratio of the two
diastereomers (i.e. (5°S)- and (5’R)-isomer) changes substantially. For example, with adenine
derivatives the (5’R)-isomer predominates in sSDNA wheras the (5°S)-isomer slightly prevails
in dsDNA.!"* The incorporation of the synthetically prepared 5°,8-cyclo-2’-deoxypurines 1.49
and 1.50 into plasmid DNA, depicted in Figure 1.5, showed that the (5’R)-isomer is more
efficiently repaired by the human nucleotide excision-repair complex than the (5’S)-isomer.[*”)
The difficulty of repair and the propensity to induce mutations render these lesions
biologically significant and the study of their formation necessary.”*>

Kinetic studies revealed that the 2°-deoxyadenosin-5’-yl radical undergoes cyclisation with

1 [26

a rate constant of kc =2.5 x 10° s™ at ambient temperature. 1 On the other hand, the rate
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Chapter 1 Introduction: sugar radicals

constant for the reaction of the C5’ radical 1.39 with the GSH, the “repair reaction”, to give
the natural nucleobase is poorly understood, but expected to be of the order of
ki~ 10°-10" M 5. Since the intracellular concentration of GSH in diverse mammalian cells
ranges between 0.5-10 mM, the repair reaction and the cyclisation process should be similarly

effective (i.e. k= 10 mM x 100M!st=10°s= kc ).[14]

NH, O
)
e
N
0 0
~ AN
¥ 1.48 " 1.50
5',6-cyclo-2'-deoxy-thymidine 5'.8-cyclo-2'-deoxy-adenosine  5',8-cyclo-2'-deoxy-guanosine

Figure 1.5 Cyclonucleosides derived from C5’-radical through intramolecular cyclisation.

Selective generation of C5’-radicals through irradiation (UV and y-radiolysis) of

25271 The authors

8-bromo-adenosine was reported by Chatgilialoglu and co-workers.!
exploited the ability of the CS8-radical, generated after debromination of the reduced or
photoexcited 8-bromo-purine, to transfer the radical intramoleculary. The C8-radical abstracts
a hydrogen from the C5’ sugar position, generating a C5’-radical. This sugar radical adds to
the C8 of the base yielding, after oxidation, a cyclic-nucleoside. The analogous sequence of
reactions for 8-bromo-2’-deoxyguanosine does not operate because the electron adduct
undergoes protonation at C8 to afford the one-electron oxidized 2’-deoxyguanosine.”>>*
Only recently a selective generation of 5’°,8-cyclo-deoxyguanosine, starting from the
C5’-radical, was achieved (Section 1.2.3).1°!

Scheme 1.6 depicts the pathways yielding the products and the strand scission generated
after the formation of C5’-radicals. Under aerobic contitions, radical 1.39 is trapped
reversibily by oxygen leading to strand scission or formation of an abasic site as the final
DNA damage products. A DNA strand terminated with a 5’-aldehyde group (1.44) is unique

to agents that oxidize the C5’-position and can serve as a marker for this pathway.!*"’
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Scheme 1.6 Fate of the C5’-radical in presence and absence of oxygen.

In order to facilitate studies of the lesions derived from this pathway, Greenberg and

Kodama recently reported the preparation and analysis of ODNs containing lesions resulting

from C5” hydrogen abstraction.”® Nevertheless, the fate of C5’-radicals in the presence of

oxygen is not yet completely understood, due to the lack of model compounds and to the

absence of a method allowing selective generation of this damage-associated radical. Despite

this lack of information, many of the proposed mechanisms for strand-cleavage include the

initial formation of C5’-radicals. Specifically, most of the studies carried out to decipher the

fate of the sugar radicals came from rationalisation of products derived from degradation of

DNA by nucleolytic agents, which initiate the cleavage process by hydrogen abstraction from
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Chapter 1 Introduction: sugar radicals

the C5’-position. Many of these agents include enediynes, a family of anticancer antibiotics
drugs. In particular neocarcinostatin (NCS) is an antitumor antibiotic consisting of a
non-protein chromophore (NCS-C) tightly, but non-covalently bound (Kp ~ 107 M) to its
carrier protein (M; = 11000).°”) NCS-C, whose structure is depicted in Figure 1.6, binds to
dsDNA via intercalation of its naphthoate moiety and interaction of the diendiyne bicyclic

core with the minor groove."

Figure 1.6 NCS-Chrom and its principal functionalities: a. Naphthoate group: intercalation into the
major groove of DNA. b. Amino-sugar: N-methyl-o-D-fucosamine. ¢. Diendiyne bicyclic

core: epoxy bicyclo[7,3,0]dodecadienediyne, interaction with the minor groove of DNA
59,601

and generation of a diradical through a Myers-Saito-type cycloaromatisation.!

NCS-C undergoes irreversible reaction with thiols, as shown in Scheme 1.7, to generate
through a Myers-Saito-type cycloaromatisation a diradical species.””®” This diradical is
capable of cleaving DNA via hydrogen abstraction from the sugar backbone with a high
degree of base specificity in single strands (ss) (T > A >> C ~ G) and sequence specificity in
double strands (ds) upon aerobic incubation.’”¢"** The intercalation of the active diradical
species in the minor groove leads to a H-abstraction with the following preference: H5* > HI’

> H4’ >> H3’ > H2.[6
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NCS-C Cumulene Intermediate

Myers-Saito-type

)k cycloaromatizationl i
O O

Indacene Diradical

Scheme 1.7 The mechanism of action of NCS-Chrom was intensively studied and a nucleophilic
activation was proposed as the first step of a cascade reaction leading to the active
diradical species. This activation step is reported here for the gluthation (GSH).

The proposed mechanism reported in Scheme 1.8 refers to the interaction of DNA with

U371 Explicitly, trapping of the

NCS-C in the presence of GSH under aerobic conditions.
C5’-radical 1.39 by dioxygen leads to the peroxy radical 1.40, which can react in two
different ways: 1) hydrogen abstraction from GSH leading to the hydroperoxide 1.43, which
reacts to aldehyde 1.44 by loss of the phosphate unit (80%); ii) formation of the oxy radical
1.41 (mechanism not yet fully understood), and then B-fragmentation to give the pseudo
C4’-radical 1.42. The pseudo C4’-radical 1.42 is assumed to be responsible for the observed

fragmentation products (20%), i.e. BH, RO;PO", and unidentified sugar fragments.'®*%]
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Scheme 1.8 Proposed mechanism for the fate of the C5’-radical formed by NCS-mediated hydrogen
abstraction under aerobic conditions. Highlighted into dashed circles are the

carbon-centered radicals C5’ and pseudo-C4’.

In addition, when misonidazole (1.51) replaces oxygen as oxidant, the degradation
products related to this pathway increase from 20% to nearly 100% of the DNA
fragments.'®*®”! Goldberg and co-workers explained these findings with the mechanism
described in Scheme 1.9. Thus, the C5’-radical generated by hydrogen abstraction reacts
anaerobically with misonidazole to create a nitroxyl radical adduct 1.52, which fragments to
produce the oxy radical at C5” (1.41). The addition of carbon-centered radicals to the oxygen

of a nitro group of tetranitromethane and nitrobenzenes to give intermediate nitroxide radicals

18



Chapter 1 Introduction: sugar radicals

has been documented by electron spin-resonance spectroscopy (EPR) and pulse radiolysis
methods.'®** Such radicals can undergo fragmentation to form oxy radicals and the nitroso
reduction product of misonidazole. Subsequent B-fragmentation results in cleavage between
C5’ and C4° with generation of the above-mentioned pseudo C4’-radical 1.42 and the
3’-formyl phosphate terminated DNA 1.53, which spontaneously hydrolyzes, releasing
formate (1.54) and creating the 3’-phosphate terminus 1.8 (Scheme 1.9).

9
T T IR T
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:o: RNO, 0 | :o: | . RO
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Scheme 1.9 Mechanism of misonidazole (1.51) action toward the NCS-C generated C5’ radical 1.39

under anaerobic conditions.”
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Chapter 1 Aim of the Chapter

1.1.1 Aim of Chapter 1

Model studies are required in order to clearly elucidate the pathways involved in the fate of
sugar-centered radicals. Nucleoside models, able to generate such radicals selectively, have
been previously reported for the sugar-positions C1°,%**% and C4’.** Nevertheless, in the
case of C5’-position such studies were lacking.

This work described in Chapter 1 was aimed at developing nucleoside models for the
selective generation and study of radicals centered at the C5’-position (1.39) and radicals

associated with it such as the pseudo C4’-radical 1.42 (Figure 1.7).

o) )
W 1.39 142

C5'-radical pseudo-C4'-radical

Figure 1.7 Sugar-centered radicals associated with oxidative damage of DNA.

The synthesis of a selective precursor of the pseudo C4’-radical was achieved and the
mechanistic pathways of its degradation were studied (Section 1.2.1). Furthermore, the
synthetic and kinetic aspects of the above-mentioned cyclisation reaction starting from a
C5’-radical were investigated (Section 1.2.2). Finally, the synthesis of a selective C5’-radical

precursor is reported (Section 1.2.3).
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Chapter 1 Results and Discussion 1.2.1

1.2 Results and Discussion

1.2.1 Formation and fate of the pseudo C4’-radical

General

Model studies on the fate of the postulated pseudo C4’-radical intermediate 1.42 are not
available yet. In order to design a model valid for the radical-based DNA damage associated
with the C5’-position, a model study was undertaken on the fate of the pseudo C4’-radical
(1.56 in Scheme 1.11) of the nucleoside thymidine. This nucleotide represents the main target

for the cancer drug NCS-C among the four DNA bases.

Synthesis of the tert-butyl perester of C5’ thymidinoic acid

The tert-butyl perester of C5’ thymidinoic acid 1.55 was chosen as a possible precursor of
the pseudo C4’-radical 1.56 through a homolytic cleavage as illustrated in Scheme 1.11.
Perester 1.55 has been obtained in 25 % overall yield through the five-step synthesis depicted
in Scheme 1.10. Specifically, the 3’-O-TBDMS-protected thymidine 1.59 was obtained by
tert-butyldimethylsilyl chloride (TBDMS-CI) full protection followed by a 5’-selective
deprotection. The alcohol 1.59 was oxidized to the thymidinoic acid 1.60 in almost
quantitative yield by a tetramethylpiperidinium-N-oxide (TEMPO)-based procedure in
presence of water.’”) The esterification to compound 1.61 with fert-butyl hydroperoxide was
then achieved in high yields in tetrahydrofuran (THF) in presence of carbodiimide (CDI). As
the radical studies were to be undertaken in water, the nucleoside had to be deprotected in the
final step. The yields in this case could not be increased to more than 50 % due to the intrinsic

instability of the perester 1.55.
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Scheme 1.10 Synthesis of the fert-butyl perester of C5” thymidinoic acid. Conditions: i) THF / DMF,
TBDMS-CI, Imidazole, AgNO;, 98%; ii) MeOH, PPTS, 60%; iii) MeCN / H,O, TEMPO,
BAIB, 98%; iv) THF, CDI, ‘BuOOH, 90%; v) THF, TBAF, 50%.

Thermolysis of the tert-butyl perester of C5’ thymidinoic acid

The decomposition of 1.55 was performed at 85 °C in various solvents such as THF,
tert-butanol (‘BuOH), methanol (MeOH), and water (H,0). The thermolysis were achieved in
the absence and in the presence of a thiol such as thiophenol (PhSH) or GSH in order to
measure both the capability of 1.55 for behaving as precursor of radical 1.56 and to
investigate the fate of radical 1.56 under different reaction conditions. Complete
disappearance of 1.55 was monitored within 1 h at the operating temperature of 85 °C. The
rapid thermal decomposition of 1.55 as compared with other tert-butyl peresters, should be
ascribable to the presence of the a-oxy substituent.!’"! The products of thermolysis, when not
otherwise specified, are stable under the conditions of the experiments. The quantitative

analysis of the products of thermolysis are reported in Table 1.1 at the end of this section.
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Thermolysis in THF

The decomposition of 1.55 in THF resulted in the release of the free base thymine 1.62
(46%) and formation of the tert-butyl acetal 1.63a (25%) as major products together with
minor amounts (14%) of the reduced product 1.64 (Table 1.1, entry 1).

The acetal 1.63a was isolated as (4’S) diasteromer. The (4’S) configuration was supported
by the 'H-NMR spectrum through analysis of coupling constants in addition to NOE
experiments. In particular, in CDCIs solution the coupling constant between H3” and H4” was
found to be zero. This indicates a dihedral angle H3’ ~ H4> of nearly 90°. Moreover,
resonance on the C3’-OH proton caused a nuclear Overhauser enhancement of H4* and H3’
protons, and minor enhancements of ter¢-butyl and H1’ protons (Scheme 1.11).

No evidence of any sugar fragments, expected to accompany the formation of thymine,
could be obtained both by GC-MS and HPLC analysis of the reaction mixture. In addition, the
reaction mixture was reacted with TMS-CI following the procedure of Corey.””! Also in this

case subsequent GC-MS analysis did not show the presence of any plausible sugar fragment.

co Co
BuO-0._O 2 ; ? BuO T
(o] \ rBUO' . (@] i 4 1
g in cage - H |  H
OH OH recombination OTH
1.55 B l B 1.63a
T
0]
OH

pseudo-C4' radical 1.56

Scheme 1.11 Thermolysis of perester 1.55 and formation of the free radical 1.56 after homolytic
cleavage and decarboxylation. The acetal 1.63a is generated in THF through an in cage
recombination between the tert-butoxy radical (‘BuO’) and the radical 1.56. The dashed
red curves indicate the NOE correlation that allowed the assignement of the
(4°S) configuration for the acetal 1.63a.

Compound 1.64 in Scheme 1.12 is a reduction product and it is assumed to be formed from
the pseudo C4’-radical 1.56 through hydrogen atom abstraction reaction. It represents a

reliable radical probe for the radical under investigation. The hydrogen abstraction reaction by
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1.56 occurred from the THF solvent, as proven by a strong deuterium isotope effect
(ka/kp =7) observed when the decomposition of 1.55 is carried out in d8-THF. In this
deuterated solvent the yield of the reduction product 1.64 dropped down from 14% to 2%, as
evidenced by HPLC analysis of the reaction mixture. This hydrogen atom abstraction reaction
is an example of an “identity reaction”,[”! since both the abstracting radical 1.56 and the

resulting radical (THF") are tetrahydrofuran-2-yl radicals.

TH + unidentified

sugar
1.62 fragments
2 hydrolysis
T RO T
OH OH
1.56 1.63a-c
THF or
R'SH
o T
i —
| /I\iﬂ OH
T=
'Tl o 1.64

s

aR=Bu;b:R=Me;c:R=H
R' = Ph- or G- (gluthation)

Scheme 1.12 Fate of the free radical 1.56 generated by thermolysis of 1.55 in different solvents.

Thermolysis in THF with a thiol

When the decomposition of perester 1.55 was performed in THF in the presence of a 5-fold
excess of PhSH (a strong hydrogen donor) the yield of the reduction product 1.64 increased
from 14% to 58% at the expense of thymine 1.62, whereas the yield of the acetal 1.63a
remained unchanged (Table 1.1, entry 2). These findings clearly indicate that the thermal
decomposition of perester 1.55 in THF can lead to radical 1.56, which is responsible for both
the free base thymine 1.62 and the reduction product 1.64. On the contrary, the acetal 1.63a
was not formed from free radicals 1.56. It was most likely derived from thermal

decomposition of 1.55 with the loss of carbon dioxide and in cage coupling of the resulting
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radicals (Scheme 1.11). Thus the fert-butoxy radical (‘BuQ’), formed by homolysis of perester
1.55, couples with the radical 1.56 before it diffuses in the solvent. The in cage
decomposition of zerz-butyl peresters is well documented.!”*!

Small amounts of the thymidinoic acid 1.65 were also detected in the reaction when carried
out in the presence of PhSH. The acid 1.65 was probably formed by a single electron transfer
(SET) process between perester 1.55 and PhSH. The perester radical anion 1.55" eventually
yielded 1.65 by loss of ‘BuO’ (Scheme 1.13). Similar SET processes between peresters and

the sulfur atom of sulfides!””! and thiols'’® have already been reported.

‘Bu0-0.__0O
o

OH
1.55
R'SH . T
HO.__O BuO-0.__0O
-+
R'SH
OH OH
1.65 /( 1.65" ~
N 'BuO’
0. _0O T
:O:
OH

Scheme 1.13 SET reaction between perester 1.55 and RSH to elucidate the formation of 1.65.

Thermolysis in tert-butanol with a thiol

The decomposition of perester 1.55 was then carried out in ‘BuOH in the presence of a
5-fold excess of PhSH. The reduction product 1.64 and the in cage product, the acetal 1.63a
were formed together with minor amounts of the free base thymine 1.62 and acid 1.65 (Table
1.1, entry 4). The decomposition, repeated in the absence of the thiol as hydrogen donor, led
to suppression of the radical product in favour of the acetal 1.63a (Table 1.1, entry 3). The
acetal 1.63a was produced as (4°S) diasteromer regardless of the presence of a thiol

On this basis we can infer that, similar to the reaction carried out in THF, the

decomposition of perester 1.55 in ‘BuOH furnishes both the in cage product 1.63a and the
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free radical 1.56. In both solvents and in the presence of thiols, the free radical 1.56 affords
the reduction product 1.64. But, in contrast to the reactions conducted in THF, in ‘BuOH and
in the absence of thiol, the free radical 1.56 mainly gives the acetal 1.63a instead of thymine
1.62.

The formation of the acetal 1.63a as derived from the reaction of radical 1.56 with ‘BuOH
is an unpredicted result. In fact, no reaction was expected between a radical species and a

nucleophilic solvent.

Thermolysis in methanol

The latter finding was supported by results obtained by decomposition of perester 1.55
carried out in MeOH, which led to the formation of both tert-butylacetal 1.63a and
methylacetal 1.63b (Figure 1.8). The former is formed by in cage decomposition, the latter
from the free radical 1.56 (Table 1.1, entry 5).

When the reaction was carried out in the presence of PhSH, the reduction product 1.64 was
formed at the expense of the acetal 1.63b, but not the acetal 1.63a, (Scheme 1.12 and Table
1.1, entry 6). Thus the in cage acetal 1.63a remain constant and its concentration does not
depend on the concentration of generated free radicals 1.56.

In addition, in the thermolysis conducted in MeOH the major product was the methyl ester
1.66 (Figure 1.8). This product was formed from the perester 1.55 in methanol at room
temperature as well (50% conversion after ca. 2h). It probably derives from a

trans-esterification reaction.

1.63b 1.66

Figure 1.8 Methyl acetal 1.63a and methyl ester 1.66.

The methyl acetal 1.63b and the methyl ester 1.66 in Figure 1.8 generate a mixture
inseparable both by HPLC and column chromatography. As a consequence, the methyl acetal
1.63b was not obtained as a pure product. Its identification was achieved by 'H NMR spectral
comparison of the mixture (1.63b + 1.66) with a pure sample of 1.66. In support of the
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assigned structures, negative- and positive-ion ESI-MS spectra of the mixture clearly show
both peaks for the acetal 1.63b and the ester 1.66.

In addition to these products, the acid 1.65 was found both in the absence and, to a greater
extent, in the presence of PhSH. The formation of acid 1.65 in the absence of reducing

species, such as thiols, is still unclear.

Thermolysis in water / tert-butanol 3:1 mixture

In order to investigate the effect of water on the behaviour of perester 1.55 (and
radical 1.56), the decomposition of 1.55 was carried out in a 3:1 H,O / ‘BuOH mixture. The
presence of ‘BuOH as a co-solvent was necessary due to the low solubility of perester 1.55 in
H,O.

The complete disappearance of 1.55 occurred within 1 h with concomitant formation of
thymine 1.62 and tert-butyl acetal 1.63a, whose ratio is determined by the reaction time. After
prolonged heating of the reaction mixture (ca. 3 h) the free base thymine 1.62 was found as
the only product in 87% yield (Table 1.1, entry 7). A separate experiment with the isolated
acetal 1.63a was undertaken in order to confirm the degradation of the acetal to thymine.

Acetal 1.63a, when heated at 85 °C in 3:1 H,O / ‘BuOH yields thymine as the only product.

Thermolysis in water / tert-butanol 3:1 with a thiol

Thermal decomposition of perester 1.55 was repeated in the presence of GSH as hydrogen
donor. After 1 h heating, thymine 1.62, tert-butyl acetal 1.63a, the reduction product 1.64 and
small amounts of the acid 1.65 were formed. After prolonged heating (3 h), HPLC analysis
showed the complete disappearance of the acetal 1.63a, due to its hydrolysis with subsequent
release of thymine. Thus, the free base thymine 1.62 and the reduction product 1.64 were the
major products, together with minor amounts of acid 1.65 (Table 1.1, entries 8,9). The acid
1.65 was most probably is formed by 1.55 trough SET reduction by GSH.® In fact, as
expected, the yield of acid 1.65 increased with increasing the GSH concentration.

These findings can be easily rationalized by the conclusion that the chemical behavior of
perester 1.55 (and radical 1.56) in H,O / ‘BuOH is strictly related to that exhibited in neat
alcohols. That is, perester 1.55 can undergo both the in cage decomposition leading to
tert-butyl acetal 1.63a and thermal fragmentation leading to radical 1.56 (Scheme 1.11). The
latter can be reduced to 1.64 through hydrogen atom abstraction from GSH. In the absence of

the thiol, the free radical 1.56 can be trapped by the nucleophilic solvent, ‘BuOH or H,O, to
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give acetal 1.63a and hemiacetal 1.63c respectively. These acetals can eventually give rise of
thymine 1.62 by hydrolysis and successive fragmentation (Scheme 1.12). In addition, perester
1.55 can be reduced to acid 1.65 by a thiol (PhSH or GSH, Scheme 1.13).

The formation of acetal 1.63 from the reaction between the nucleophilic solvent and the
free radical 1.56 must include an oxidation step. Under the reaction conditions employed and
in the absence of any thiol, the free radical 1.56 can be oxidised by oxygen to cations 1.67.
This oxidation step probably occurs through the intermediacy of a peroxy radical followed by
loss of superoxide radical anion, O,". A similar mechanism has been previously proposed for
the 2’-deoxyuridin-1-yl radical.?®””! The formation of acetals 1.63a-c is likely to proceed
through a nucleophilic attack to the cations 1.67 by the solvent. The stereoselective formation
of (4°S)-1.63a indicates that the nucleophilic attack occurs from the side opposite to the
C3’-OH group. This finding might suggest that cation 1.67 can be stabilized through an

oxiranium structure (Scheme 1.13).

00
O T
‘BuO T
‘BuOH
1 63a
_ + sugar
MeOH L fragments
1 56 .5 155" 1 67 \ 1 63b /
Acid 1.65 OH i = hydrolysis

1.63c

Scheme 1.14 Oxidation of the pseudo C4’-radical 1.56 by dioxygen or by the perester 1.55 leads to the
acetal (or hemiacetal) 1.63a-C.
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Thermolysis in water / tert-butanol 3:1 in absence of O,

To obtain evidence of the role played by oxygen, reactions in H,O / ‘BuOH in oxygen-free
argon atmosphere were performed. In the absence of GSH, thymine 1.62 was formed in only
60 % yield together with acid 1.65 (10 %, Table 1.1, entry 10). On the contrary, thymine 1.62
was the only product formed in the presence of air (87%, Table 1.1, entry 7). Thus, in the
absence of oxygen, radical 1.56 can be oxidized by perester 1.55 itself, with eventual
formation of acid 1.65. On the other hand, the oxygen concentration did not have an influence
on reactions carried out in the presence of GSH, as expected, since oxidation of radical 1.56 is

prevented by the hydrogen atom abstraction from the thiol H-donor (Table 1.1, entries 11-13).
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Table 1.1 Products (%) from thermal decomposition of 1.5 mM solutions of perester 1.55

Entry

(V. I N VS TN )

O (0 |2 | D

11

12

13

Conditions

THF, air

THEF, air, PhSH (5 mol. equiv.)
‘BuOH, air
‘BuOH, air, PhSH (5 mol. equiv.)
MeOH, air

MeOH, air, PhSH (5 mol. equiv.)
H,O / 'BuOH, air
H,0 / ‘BuOH , air, GSH (1 mol. quiv.)
H,0 / ‘BuOH , air, GSH (5 mol. equiv.)
H,0 / '‘BuOH , argon

H,0 / 'BuOH , 10% oxygen, GSH (5 mol.

equiv)
H,0 / 'BuOH , 1% oxygen, GSH (5 mol.

equiv.)

H,0 / 'BuOH , argon, GSH (5 mol.
equiv.)

Results and Discussion 1.2.1

Thymine
1.62, %

46

12
15

87
46
40
60
44

45

45

30

Acetal
1.63a, %

25

24
73
33
12

10
n.d.
n.d.
n.d.
n.d.
n.d.

n.d.

n.d.

Product
1.64, %

14

58
n.d.
35
n.d.

10
n.d.
27
23
n.d.
25

26

28

Others
(%)

none

1.65 (7)
none
1.65 (8)

1.65 (10), 1:3 mixture of 1.63b + 1.66
(42)

1.65 (20), 1.66 (30)
none
1.65 (4)
1.65 (13)
1.65 (10)
1.65 (13)

1.65 (10)

1.65 (12)
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Conclusions

In conclusion, it was shown that perester 1.55 undergoes thermal decomposition leading to
both the in cage acetal 1.63a and the free radical 1.56 (Scheme 1.15). The free radical
undergoes H-abstraction by hydrogen atom abstraction from a thiol or from THF, if they are
present, to form 1.64 or can be oxidized to cation 1.67 by oxygen. In absence of oxygen the
radical 1.56 can be oxidised by perester 1.55. In turn, cation 1.67 can be stereoselectively
trapped by the nucleophilic solvent to give acetals 1.63a-c. These acetals are subsequently
hydrolysed by water, releasing the free base thymine 1.62. The oxidation of the radical 1.56
by perester 1.55 eventually yields acid 1.65 by initial SET reaction. The acid 1.65 is also
formed through analogous SET reaction between perester 1.55 and the thiol, PhSH or GSH.

In THF and in the absence of a thiol, radical 1.56 undergoes both identity hydrogen atom
abstraction from the solvent and thermal fragmentation to thymine 1.62. The mechanism of
this reaction still remains unclear, since attempts to obtain evidence of the nature of the sugar
fragments failed.

In summary, the unprecedented selective generation of the pseudo-C4’ radical was
established. The radical was studied in solution in various conditions and the pathways of

base releasing and degradation were proved and described.
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0
t _
BuO-0.__O T ‘BUO T
o a - CO, O i hydrolysis | NH
. in cage 45% N /&O
>, ) OH OH H
/ 1.55 1.63a 1.62
1.62 b
-CO,
BuoO’
T
0] T c H-donor O
4 ©OH e OH
1.56 1.64 Perester 1.55
+ R'SH
g
f  Perester 1.55 ET
"0.__0
S T X HO.__O T
‘BuO’ H, o
OH OH
1.65
T RO T
O -
+ :O: H,O r: : |i hydrolysis 1.62
(SH BuoH OH
MeOH
1.67 1.63a-c
R = 'Bu, Me, H T = Thymine

Scheme 1.15 Perester 1.55 thermally decomposes through pathways a and b. The pseudo C4’-radical
1.56 can be trapped by the H-donor (pathway ¢) or oxidized to cation 1.67 by oxygen in d
or, under anaerobic conditions, by the perester in €. The acid 1.65 is generated from the
perester through the pathway f in the absence of a thiol and through g in presence of a
thiol for the electron transfer reaction. Thymine 1.62 is generated by hydrolysis of the in
cage acetal 1.63a (pathway h), by hydrolysis of acetals 1.63a-c (pathway i) or directly

from the perester in a poorly understood mechanism (pathway j).
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1.2.2 Radical Cyclisation Approach to Cyclonucleosides

General

A generic method of cyclisation has been established in order to explore the ability of
C5’ centered radicals to undergo an intramolecular cyclisation, as described in the
introduction to Chapter 1. Two nucleoside models were successfully synthesized: thymidine
and adenosine (Figure 1.9). The studies connected with the thymidine and its cyclised
products are described here, while the complete work, including studies on
2’-deoxyribo-adenosine (dA), has been recently published.’”®! The result concerning the dA

cyclisation will be shortly illustrated at the end of this section.

NH,
N
T
>
RO NT N
51 __0
OR'
1.68 1.69

Figure 1.9 Examples of 5',6-cyclopyrimidine (1.68) and 5',8-cyclopurine (1.69) lesions (see also
Figure 1.5).

Synthesis of modified 2’-deoxynucleosides containing specific DNA lesions and their
incorporation into a defined sequence of oligonucleotides was an important approach to
investigate their biological consequences. Synthetic ODNs containing the modified

(80]

nucleosides  1.687" or 1.69%"%) as well as other similar cyclopurine and

82831 moieties were prepared by Cadet and co-workers. The synthesis of 1.68

cyclopyrimidine!
in a diastereoisomeric ratio (5'S,68,5R)/(5'S,65,5S) = 1:2.7 was accomplished by these
researchers, by tributyltin radical (BuzSn’) mediated intramolecular cyclisation of the
corresponding 5’-carboxaldehyde.’”” The (5'S)-isomer of 1.69 was prepared by the same
group in seven steps starting from a protected dA.®") The preparation of the (5'R)-isomer of
1.69 was further achieved by two additional steps, involving inversion of the configuration at

the C5' position.*
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Recent studies have shown that the chemical synthesis of these lesions and their
incorporation on specific sites of DNA are of considerable importance for the investigation of
the details of biochemical and biophysical features of the double helix lesions. #8483

A synthetically useful radical cascade process has been developed by Chatgilialoglu and
co-workers, which allows the conversion of 8-bromo-2'-deoxyadenosine (8BrdA) to
cyclic 1.69 in a one-pot procedure. Using y-irradiation as a source of solvated electrons (eaq)
in water, a diastereoisomeric ratio (5'R)/(5'S) = 6:1 was obtained. The overall yield, based on
the recovered starting bromide, was 70%,[25] whereas UV-irradiation in acetonitrile afforded a
ratio (5'R)/(5'S) = 1.7:1 in 65% overall yield.*”) However, attempts to obtain the
corresponding phosphoramidite required for the automated synthesis of oligonucleotides,
failed due to the difficulties in differentiating the two secondary hydroxyl groups by
protecting group chemistry.

In summary, synthetic approaches to obtain the cyclo-nucleotides have up to now been
hampered by several difficulties:

= Jow yields affect an efficient ODN synthesis.

= diastero-selectivity of the synthesis frequently can not be controlled.

= discrimination between the two secondary alcohols moieties in 3’ and 5° is not
practical.

Therefore, the cyclisation of 5’-carboxaldehydes 1.70 with tris(trimethylsilyl)silane
((TMS);SiH, TTMSS) as a radical mediator™®**"! under a variety of conditions is described in
this section. The main objective was to obtain a procedure for the preparation of
5°,6-cyclo-5,6-dihydro thymidine (cyclo-dhT) 1.68, which overcomes the limitations of the
existing approaches, mainly the low yield of recently employed multiple-step syntheses and
the discrimination between the alcohol moieties. In addition, a kinetic study of C5’-radical

cyclisation using free-radical clock methodology is reported here.[®*%!

Cyclisation reaction

Aldehyde 1.70 was obtained from O3’-(tert-butyldiphenylsilyl)-thymidine using a Moffat
oxidation method in anhydrous DMSO,”” which turned out to be superior to other existing
approaches.[*

The cyclisation reactions were tested employing TTMSS as radical mediator and
azobisisobutyronitrile (AIBN) as radical initiator. In a typical experiment a deoxygenated

solution of 1.70 (0.01 M) in benzene (PhH) was treated with 5 equivalents (equ.) of TTMSS
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and 0.2 equ. AIBN. The resulting mixture was stirred at 80 °C until the starting aldehyde was
reacted off, usually in less than 2 h at 80 °C. Under the same conditions, but in absence of
TTMSS and AIBN, the aldehyde 1.70 is stable over a period of 3 h. After evaporation of the
solvent, 'H-NMR spectroscopic analysis showed two diastereoisomers of the cyclonucleoside
(1.71a and 1.71b) as the only products, in a 3:7 ratio (Scheme 1.16). These compounds were
isolated by flash chromatography in 25% and 60% yield, respectively. Subsequently, a
20 mM solution of each cyclonucleosides in a 8:3 CH,Cl,/CH3OH mixture was exposed to
UV irradiation for 30 min at room temperature using a low-pressure mercury lamp (254 nm,
5.5 W).’!! The quantitative formation of the mono-desilylated products 1.72a and 1.72b was
observed The highly selective photo-deprotection allows for the discrimination of the two
secondary alcohols of the sugar moiety. This is a crucial point in the preparation of
phosphoramidite derivatives. Thus, the short and high-yielding sequence of reactions
presented here, gives an easy access to the standard protection steps required for the
automated DNA synthesis. In addition, it has been reported that (TMS);SiCl can be used for
the protection of primary and secondary alcohols.!”!! These silyl ethers are stable to the usual
conditions employed in organic synthesis for the deprotection of other silyl groups and can be
deprotected using photolysis at 254 nm, in yields ranging from 62 to 95%. The findings of the
work described here point out the strength of this method if combined with radical reactions.
Using an aldehydic function in consecutive radical reactions followed by deprotection could
be a new approach for the formation of new stereogenic centers based on the properties of the

(TMS);Si-group.***7]
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(0]
Me

| NH
N/&O

N o (TMS)5SiH
U, 471a + 1.71b
AIBN/80 °C

OR 85%
1.70 R = SiPh,tBu

(5'S,65,55) 1.71a (5R,65,55) 1.71b

h

(254Vnm)| 9% AT
l (254 nm)l

(5'S,6S,55) 1.72a (5'R,6S,5S) 1.72b

Scheme 1.16 Product studies of the reaction of aldehyde 1.70 with TTMSS under free radical
conditions and subsequent photochemical deprotection. Cyclo-dhT 1.71a and 1.71b are
formed in a 3:7 ratio.

The stereochemistry of the products

In the cyclisation reaction three new stereocenters are formed at C5°, C5 and C6. Among
the eight possible isomers (2°), only two are produced. The stereochemistry of these two
isomers was gathered from NMR analysis. The following observations led to the assignment
of 1.71a as (5°S,65,5S5)-1somer: (i) the large Js> = 9.2 Hz indicating that H5” and H6 are in a
trans-diaxial arrangement, (i) NOE on H2’ (2 %) and H3’(6 %) upon irradiation of H6. Thus,
a correlation is observed between H6 and H2’/H3’, and (iii) NOE on H4’(8 %) observed only
upon irradiation of H5. The assignment of (5’R,6S,5S) configuration to the isomer 1.71b can
be deduced from (i) the small Js: ¢ = 2.0 Hz indicating that H5’ and H6 are in an equatorial
and axial arrangement, respectively, (i) NOEs on H2’ (2 %), H5’ (5 %) and H6 (4 %) upon
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irradiation of H3’, and (iii) irradiation of H5 caused an enhancement on H6 (4 %), indicating
that H5 and H6 are in an equatorial/axial and not in a trans-diaxial arrangement as could

instead be deduced by the Js5 ¢ value of 7.6 Hz.

The mechanism

In Scheme 1.17 two radical chain reaction are described. Specifically, in the upper side of
both chains, the initiator AIBN, after thermal decomposition, abstracts a hydrogen from the
radical mediator TTMSS which generates a silyl radical (TMS);Si". The latter adds to the
aldehyde 1.70 (left side of both chains) giving the C5’-radical 1.73 (in red). The fate of this
radical depends on the conditions. In absence of any thiol (chain A) C5’-radical undergoes a
6-exo-trig cyclisation adding to the double bond of the base. The resulting C5-radical (in
blue) abstracts hydrogen from the silane, yielding the cyclo compounds 1.71a-b while
completing the radical chain. In the presence of a thiol (chain B) the C5’-radical is reduced to
1.75 via H-abstraction. The resulting thiyl radical R’S" abstracts hydrogen from the silane

closing the chain.

. AIBN, A .
(TMs);siH BN A 1vis).si - (TMS)38iH AEE:2e (TMS);si -
C5'-
170 6-exo-trig .70 RISH
A
(TMS)3S1 (TMS)3Si *
Cycle 1.71a (TMS),SiH (TME)SIH
Cycle 1.71b
Me
R=TBDPS R'=PhorBu R" = -Si(TMS); Me-8i— =TMS
Me
5 NH NH

" “NH NH
[
N/&O . o

RO RO R'O
“d k_ﬂ i >y
OR OR
1.70 c3'- 1.73 C5- 1.74 1.75

Scheme 1.17 Radical chains A (left) and B (right) for the formation of cyclic compounds 1.71a-b and
the C5’-reduction product 1.75.
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Attempts to obtain the hydrosilylated product 1.75, using high concentrations (5 M) of
TTMSS, did not yield the desired product (Scheme 1.18). Thus, the C5’-radical 1.73 abstracts
hydrogen from the silane with a rate that is much lower than the rate of cyclisation
(kc>>ksin). This is probably due to the high steric hindrance of the C5’-radical and the silane
bearing both a (TMS);Si-group. Indeed, when the above-described typical experiment was
carried out in the presence of 0.1 M PhSH, the 'H-NMR spectrum showed a quantitative
formation of the reduction product 1.75, which was isolated by flash chromatography in 95%

yield (Scheme 1.18). At such a concentration of PhSH the cyclisation reaction is slower than

the hydrogen abstraction (kc<kphsh).

Aldehyde 1.70

R = TBDPS
.. R'=Ph or Bu
(TMS);Si l R" = -Si(TMS);
0
M
© 7 NH
R'O_ . N/&O R"O
0 6-exo-trig
ke
OR 4173
R'SH (TMS)3SiH (TMS)3SiH
Kr'sy Ksi-H or
R'SH
o]
Me

| NH
NAO
@]
ke ~ KeusH
ke < KphsH

OR
Ke >> Kgi.
1.75 C Si-H

R"O

Scheme 1.18 Chemical studies on the fate of C5'-radical 1.73 under a variety of experimental
conditions and formation of reduction product 1.75 in the presence of a thiol. The
C5’-radical 1.73 abstracts hydrogen from the thiol (PhSH or BuSH) but not from the
silane. Moreover the H-abstraction from PhSH is very fast, while from BuSH it proceeds

with a rate similar to the cyclisation rate (depending on the BuSH concentration).
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Radical clock reaction

At this point the relevance of the yet unknown rate constant k¢ of the cyclisation reaction
became evident. The products of this cyclisation are lesions of the genome within the DNA.
From the kinetic data of this cyclization it could be possible to estimate the biological
conditions, such as the thiol concentration, in which C5’-radicals lead to cyclo-lesions or are
repaired to the natural nucleobase. Such kinetic data for cyclo-dhT are not yet available in
literature.

Standard methods employed to measure the rates of radical reactions include electron spin
resonance (ESR), laser flash photolysis and pulse radiolysis. Another tool for investigating the
rate of radical reactions is the radical clock methodology, introduced more than two dacades
ago by Griller and Ingold."®™ Since then, the radical clock became a very popular method
because no special instrumentation is required. Radical clocks are compounds that undergo a
radical reaction at a known rate. The use of these compounds in competition experiments with
another reaction allows the measurement of unknown rates, thus functioning as a molecular
“clock”. Classic examples of radical clock reactions include cyclisations, ring openings and
1,2-radical migrations. The application of a radical clock allows the rate costant (k) of a
reaction to be calculated from reactant concentrations, product ratio and the known rate
constant for the radical clock reaction.

In the case of the aforementioned cyclisation of thymidine, there are two competitive
irreversible reactions starting from the same intermediate, the C5’-radical 1.73 (Scheme 1.18).
In the absence of any hydrogen donor the C5’-radical yields the cyclo-dhT isomers, as already
described. In the presence of 0.1 M PhSH, the C5’-radical yields the reduction product 1.75.
The thiol acts as an effective hydrogen donor and the resulting thiyl radical (PhS’) is able to
abstract hydrogen from the silane TTMSS, thus completing the cycle of this chain reaction
[Equation 1.1 and radical chain B in Scheme 1.17].%

RS+ (TMS)3;SiH — RSH + (TMS)3Si* (eq.1.1)

A rate constant kc for the 6-exo-trig cyclisation can be provided when intermediate
C5’-radical 1.73 can react via both reaction channels outlined in Scheme 1.18 and
Scheme 1.19, that is the reaction with a hydrogen atom donor and the 6-exo-trig
cyclisation.®™®! This scenario can be achieved by replacing PhSH with 1-butanethiol

(BuSH), which is a weaker hydrogen donor. The homolytic bond dissociation energies (BDE)
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for these species are reported to be PhS-H = 79 kcal/mol, RS-H = 87 kcal/mol (R = alkyl
group), (TMS);Si-H = 84 kcal/mol and alpha-oxy CH-H = 92-93 kcal/mol.”*! Moreover, the
6-exo-trig cyclization, yielding the radical 1.74, is an irreversible reaction in this case.
Therefore, the rate of the following reactions (1.74—1.71 in Scheme 1.19), yielding
exclusively 1.71, does not affect the calculation of kc. Thus, the formation of cyclo-dhT 1.71
can be directly compared with the formation of the reduction product 1.75. A series of
experiments was conducted in which the aldehyde 1.70 was treated with a mixture of TTMSS
and BuSH. By varying the BuSH concentrations at various temperatures and in the presence

of 50 mM TTMSS and a radical initiator, it was possible to set up a radical clock reaction

(Scheme 1.19).[5%]

0 0 0
5 ;
6
Oy 5 N~ 0 R";SiO_ N~ 0 R";Si0 N° "0
o 0 0
4' 1
OR OR OR
1.70 c5'- 1.73 c5- 1.74
( _ oo 1.73 + "H=1.75
1.70 R'3Si; 173 s ) ~ 1.74 ]
ke 1.74 + "H=1.71
BUSHY o Rasih BusH| |R'sSiH | R=TBDPS
kH kSiH W
R" = TMS
1.75 L Ksush = Ku

Scheme 1.19 Radical clock reaction. Rate constant of H-abstraction from BuSH = k. Rate constant of
cyclisation reaction kc.

To determine the kinetics under pseudo-first-order conditions, a series of experiments were
conducted, in which aldehyde 1.70 was treated with a large excess of TTMSS and BuSH in
known concentrations. The quantities of the reduction product 1.75 and the cyclo-dhT 1.71
were determined by '"H-NMR and LC/MS, following the thermally initiated radical reaction.
Figure 1.10 shows the linear regression analysis at different temperatures of the ratio
[1.75)/[1.71] vs [RSH] by keeping the TTMSS concentration [TMS;SiH] constant. Since the
thiol concentration remained essentially constant during the reaction under our experimental

conditions (pseudo-first-order conditions),”*! equation 1.2 can be applied.™ The slopes of the
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lines, listed in Table 1.2, give the ratio ky / kc for each considered temperature. Kinetic data
can be also obtained from the intercepts of the lines in Figure 1.10, based on equation 1.2,

although large errors are associated with these values."”

[1.75] _ Ksin [R'5SiH] , Kt [BuSH] (eq.1.2)
[1.71] ke ke

A concentration of BuSH in the range 0.6-40 mM was chosen so that the ratio [1.75]/[1.71]
ranged between 1:1 and 5:1. Specifically, the 6-exo-trig cyclisation is favoured at high
temperature, suggesting a high activation energy for this process. Futhermore, the
diastereomeric ratio between the final cyclo-dhT isomeric products 1.71a/1.71b = 30:70 does
not depend on the temperature of the experiment, highlighting the stereoselectivity of this

6-exo-trig cyclo-addition.

T=25°C I =55°C
Ky / kC =853 ku / ke = 330

T =80°C
Ky / kg = 152

~ Tsuc
e ky / kC =91

[1.75] 1 [1.71]

T=142°C
kHch= 35

0,02 0,03 0,04 0,05
[R’SH]

Figure 1.10 The ku/kc values reported in Table 1.2 were obtained as the average of at least three
different experiments. The errors, reported in Table 1.2, correspond to a standard
deviation.
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The initial step for the experiments conducted at 25 °C involve the presence of oxygen (in
traces). The radical initiator triethylboron (Et;B) used at this temperature, reacts efficiently
with molecular oxygen to yield peroxide. The subsequent reduction, utilizing unoxidized
boron-carbon bonds, gives rise to ethyl radical (Et’), which initiates the radical chain.”

In all the other experiments, the initiation step involves the homolytic thermolysis of (i)
C-N bonds in case of di-tert-butyl hyponitrite (BuONNO'Bu, TBHN) and AIBN, (ii) O-O
bonds in case of tert-butyl peroxybenzoate (PhC(O)OO'Bu, TBPB) and di-tert-butyl peroxide
(‘BuOO'Bu, DTBP).

The dependence of the rate constants on the temperature of the reaction can be estimated

considering the ky/kc ratio. The values for temperatures and initiators used can be found in
Table 1.2.

Table 1.2 Kinetic data for the reaction of aldehyde 1.70 with TTMSS/BuSH in benzene!®!

T[°C] Initiator kulke, M1
25 Et;B 853 + 160 (4)
55 ‘BuONNO'Bu 330+29 (4)
80 AIBN 152 + 14 (5)
111 PhC(0)00Bul 91+5 (4)
142 ‘BuOO'Bul”! 3544 (3)

[a] Conditions: Aldehyde 1.70 0.01 M, TTMSS 50 mM, BuSH concentration in the
range 0.6-40 mM and initiator 2 mM (0.2 equ.). [b] Errors correspond to a standard
deviation; reactions were repeated 3-5 times (in parenthesis) for each temperature.

[c] In toluene. [d] In o-xylene.

Calculation of Arrhenius parameters
In order to calculate the kinetic parameters for the cyclisation reaction, the Arrhenius
equation 1.3 is applied in its decimal logarithm form (eq. 1.4).

-E,/RT

k= Ae (eq. 1.3)

log (K) = log (A) - 5 3E; (eq.1.4)
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The ratio ky/kc can be written in terms of log (k) as in the equation 1.5.
k H
Iogk_ =log-——._-*a —a’ (eq. 1.5)

The plot of the log kuy/kc vs the temperature T gives rise to equation 1.6 after linear
regression of the data (Figure 1.11). The intercept of this line is the log Ag/Ac and the slope is
the (E," - E.°) / 2.3 R value, with 2.3 R = 4.576 kcal/mol.

4,0

1 — Y=A+B*X
3,5
intercept A =-1.82 (0.23)
slope B=1.42 (0.08)

3,0

2,5
2,0 4

1,5

log [k]/ k]

1,0 S

0,5 4

0,0 T T T T T T T T T T T
2,4 2,6 2,8 3,0 3,2 3.4

10°/T

Figure 1.11 Linear regression analysis of a log (ku/kc) vs 1/T plot yields the relative Arrhenius

parameters given in equation 1.6 in kcal/mol.

K 50+ 0.
log ™ = _ (1,82 + 0.23) + ©:20.£0.08) (eq. 1.6)
C

¢ 23RT

The rate constant ky for the reaction of the a-silyloxy secondary carbon-centered radical
1.73 with BuSH and its temperature dependence are unknown, although they are required in
order to obtain the Arrhenius expression for k¢ from equation 1.6. However, Newcomb and
coworkers have determined rate constants very close to 2.0 x 10’ M s for the reactions
between octadecanethiol and primary alkyl- or a-methoxy secondary alkyl radicals in THF at
30 °C.% This rate can be used also for the similarly structured C5’ radical of this work.

The Arrhenius parameters for the reaction of primary alkyl radicals with ‘BuSH are: 7
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« log(A)=8.15 (AinM'sh
* E,=1.86 kcal/mol.
The combination of these data with equation 1.6 consequently yields:
« log(A)=100 (AinM's™h
* E,=8.4 kcal/mol
for the cyclisation reaction in Schemes 1.18 and 1.19. The value of k¢ can be calculated for

the first time as 7 x 10° s at 25 °C.%¥

Comparison with previous studies

It is interesting to compare the present results with the findings of Cadet and coworkers on
similar reactions using BusSnH as the reducing agent.”**! They reported that both aldehydes
1.70 and 1.76 afford analogous cyclonucleosides exclusively having (S)-configuration at C5’
position in the sugar but that only aldehyde 1.70 affords two diastereoisomers (SR/5S = 1:2.7,
Scheme 1.19). The different chemical behavior exhibited by TTMSS and Bu3;SnH prompted
us to re-investigate the reaction of aldehyde 1.70 with Bu;SnH under the conditions reported
by Cadet and co-workers.””’ The '"H-NMR analyses on the reaction mixture revealed the
presence of three cyclonucleosides in a 15:65:20 ratio. Two of these are identical with
Cadet’s work. That is, the diastereoisomers having (S)-configuration at the C5’ position and
differing in the configuration at C5 (5R/5S8 =1:4.3). The third one is the diastereoisomer
1.72b (Scheme 1.16), having (R)-configuration at C5’ position. Therefore, the cyclisation of
the BusSn-adduct radical occurred with a diastereomeric ratio (5°S)/(5’R) = 80:20, whereas
the cyclisation of the corresponding silyl substituted radical 1.73 occurred with a ratio
(5°S)/(5’R) = 30:70, The inverted diastereoselectivity observed for the two reducing agents is

probably due to the different steric demand of the (TMS);Si and Bu3Sn groups.*®*7]

0]
| NH
N/go

N
:O: BuszSnH
AIBN/80 °C

X

)

OR OR
1.70 X=Me 61% (BR/6S)=1:2.7
1.76 X=H 81%

Scheme 1.20 Product studies following the procedure described by Cadet and co-workers.!”**
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Conclusion

In this section a short and efficient synthetic sequence for the preparation of
cyclonucleosides 1.72a-b has been disclosed, based on consecutive radical reactions followed
by a photochemical desilylation. The C5’ radicals, generated by the addition of a (TMS);Si’
radical to the corresponding 5’-carboxaldehyde, are the key intermediates in these
transformations. The rate constant k¢ of the subsequent cyclisation reaction was estimated for
the first time in such systems through a radical clock reaction setup. The value of
ke=7x10°s" at 25 °C found here is strictly correlated with the C5’-radical repair reaction.
The 6-exo-trig cyclisation is effective with both pyrimidine and purine derivatives with the
generation  of  5°,6-cyclo-5,6-dihydro-2’deoxythymidine  1.68 and  5°,8-cyclo-
2’-deoxyadenosine 1.69 respectively (Figure 1.9, pag. 34). In the case of the cyclisation on
the 2°-deoxyadenosine system a rate constant kc = 3.5 x 10° s at 86 °C was calculated in the

8]

research group of Chatgilialoglu’™® following the procedure described above for the

thymidine system. For comparison, an absolute rate constant kc=1.6 x 10° s at 22 °C is
obtained by pulse radiolysis for the corresponding unprotected radical C5 in water.!**>"
Moreover, a kc = 7.7 x 10* s at 86 °C is calculated for the cyclization of the thymidine C5’
radical 1.73, which is nearly five times slower than the cyclization of the C5’ radical of dA.

These findings furnish a molecular basis for forthcoming experiments at DNA level.
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1.2.3 Independent Generation of C5’-Nucleosidyl Radicals in Thymidine

General

As highlighted in the Introduction, the chemistry of carbon-centered radicals resulting
from hydrogen atom abstraction from the sugar moieties has been the subject of many studies.
Selective generation of these species is mainly obtained by photo-reactive precursors using
nucleosides or oligonucleotides (ODNs). Indeed, generation of a single radical species on
duplex ODNSs provides a powerful tool for elucidating the role of reactive intermediates in the
formation of nucleic acid lesions. For example, C1’ and C4’ positions of 2’-deoxyribose have
been studied in detail by photolysis of the corresponding rert-butyl ketones.**>>"71%1 yp to
now there are no photolabile precursors of C5’ radicals.

In this section, the synthesis of 5’-keto derivatives as photolabile precursors for the
selective generation of the 5’-nucleosidyl radical is reported. In particular, compounds 1.77a
and 1.78 in Figure 1.12, having thymine or guanine as the base, are chosen in order to
evaluate the occurrence of a C5° radical attack to the pyrimidine or purine moieties.
Nevertheless, only the research conducted on the pyrimidine (thymidine) system is reported in
this thesis. The complete work including analogous chemistry on purines has recently been

accepted for publication.>!

o o}
N
0 tBu\fk by o ¢
N~ 0 N “ i
o} o}
OR OR
1.77a 1.78

R = tert-butyldimethylsilyl (TBDMS)

Figure 1.12. Photolabile precursors of C5’ radicals.

Synthesis of thymidine 5’-tert-butyl ketone 1.77a

The synthesis of 1.77a is shown in Scheme 1.21. The aldehyde 1.79P%!01%3) g
converted to the two 5’-isomers of 1.80 by the addition of TBDMS-CN with a yield of 82%.
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The crude product consisted of a 3:2 mixture of two isomers, 1.80a and 1.80b (Scheme 1.20).
The diastereomers were separated by chromatography. The assignment of absolute
configurations by 2D-NMR spectroscopy failed due to rotation of C4’-C5” bond.

During the a-cyanohydrin formation, under not perfectly anhydrous conditions or in the
presence of an excess of LiOEt, the 5’ hydroxy position remained unprotected. In this case, an
additional step for the in-situ 5’-TBDMS protection was achieved by a standard procedure
(TBDMS-CI, AgNOs, imidazole).

(@) tBu
RO N
HN tBu
N\
T RO N 7 T il OR
O= :o: i [:o: i 5 o) Pl 1.77a
OR OR OR v
1.79 1.80a and 1.80b 1.81a or 1.81b O\\/tBu
o :
RO o T
| b R = TBDMS
T= =
N/go OR
A 1.77b

Scheme 1.21. Synthesis of the ketones 1.77a and 1.77b: (i) TBDMS-CN, LiOEt, THF, 0 °C, 30 min,
82%. (ii) fBuLi, THF, -78°C, 2-5 min., 43% (1.81a), 38% (1.81b). (iii) for 1.77a:
THF/H,0/2N HCI1 (40:20:1), 3h, 88%. (iv) for 1.77b: CDCl;, 30 min., 70%. R =
tert-butyldimethylsilyl (TBDMS), T = Thymine.

Hydrolysis of imines.

A mixture of 1.80a and 1.80b was treated with fert-butyl lithium (‘BuLi) at -78 °C. The
reaction yields the tert-butylketone 1.77a as a single product in 45 % yield. The high
resolution mass of 1.77a is reported in Figure 1.13 and its configuration (5’R) was later
assigned by crystal structure determination of the corresponding 3’-acetate (vide infra). The
product yield, together with the absence of the (5’S)-isomer 1.77Db, indicated that the addition
reaction products exhibit different stability when originating from either diastereomer 1.80a
or 1.80b. Indeed, each isomer, after chromatographic separation, was used for the ‘BuLi

addition under identical conditions. The reaction was monitored by TLC and 'H-NMR
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analysis. This lead to the identification of two intermediate imine products 1.81a and 1.81b
(Scheme 1.21). The acid-free NMR solvent acetone-d6 was used for the characterisation in
order to avoid hydrolysis of the imines. The imine 1.81b readily decomposes even in the
presence of slightly acidic solvents such as CDCls;, when used for the NMR analysis. The
corresponding ketone (1.77b) could not be isolated as it slowly decomposes in acidic media to
unidentified fragments. Nevertheless ketone 1.77b was fully characterized in a mixture with
ketone 1.77a. On the other hand, acidic hydrolysis conditions applied to the imine 1.81a led to
a slow but quantitative conversion to the stable ketone 1.77a (Scheme 1.22).
) 'Buli + 1.80a 22, 1.81a + 1772 O 4772

H,O

'3 +
i) Buli + 1.80b 2%, 1.81b + 1.77p _13C

decomposition

Scheme 1.22. Reactivity of nitriles 1.80a-b. i) Pathway and products of the major isomer

1.80a and ii) of the isomer 1.80b. The compounds present only in traces are depicted in red.
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Figure 1.13 High-resolution mass (FTMS-ESI) of ketone 1.77a.
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Stereochemistry

The full deprotection of bis-silylether 1.77a led to the ketone 1.82 as described in
Scheme 1.23. Ketone 1.83 could be obtained from ketone 1.77a through a selective
deprotection. This compound was then protected to the 3’-acetate 1.84 and single crystals,
suitable for X-ray crystallography, were obtained from a saturated solution in ethyl acetate.
The resolution of the structure, as reported in Figure 1.14, allowed the assignment of the
(5’R) configuration for the ketone 1.84. Since the 5’-stereocenter was not involved in the
protecting group conversions, we could extrapolate the assignment of the same configuration
to the imine 1.81a and its cyanohydrin precursor 1.80a (which change to the (S) notation

according to the CIP rules).

0 Bu (@] 'Bu 0] ‘Bu O Bu
HO o RO o i RO 0 iii o
OH OR OH OAc
1.82 1.77a 1.83 1.84

Scheme 1.23. Deprotection-protection strategy for the synthesis of 1.84: (i) TBAF, MeOH, reflux, 5h,
60%. (i1) TBAF, THF, -15° C, 24h, 55%. (iii) Ac,0O, py, r.t., 24 h, 82%. R = TBDMS,
T = thymine.

Figure 1.14. Crystal structure of 1.84 (left side) and chemical structure (right side), hydrogen atoms
are omitted for clarity; selected distances [A] and angles [°] (standard deviation in
parenthesis): Si2 O8 1.659(4), O8 C30 1.419(6), 09 C31 1.206(6), N3 C39 1.466(7), C30
C36 1.500(7), C30 C31 1.552(7); C30 O8 Si2 126.5(3), O8 C30 C36 108.3(4), O8 C30
C31109.3(4), C36 C30 C31 110.8(4), 09 C31 C30 119.1(5).
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All the isomers involved in this study are depicted in Figure 1.15 with their configuration

at C5’, originating from that of compound 1.81.

HN By Oy Bu
ro AN 1
\E . RO o T RO o T
RO RO RO

5'(S) 1.80a 5(S) 1.81a 5(R) 1.77a
HN B O\\/Bu
5'(R) 1.80b 5'(R) 1.81b 5(S) 1.77b

R = fert-butyldimethylsilyl (TBDMS)
T = Thymine

Figure 1.15. Configuration of the isomers of the cyanohydrines 1.80a and 1.80b, of the imines 1.81a
and 1.81b and of the ketones 1.77a and 1.77b.

Photochemistry

Compounds 1.77a and 1.82 were used as precursors of the C5’ radical. The UV irradiation
(1000 W, Xe-lamp) of the protected ketone 1.77a was carried out in the presence of a
hydrogen donor such as 1-butanethiol in MeCN. The photolysis of the unprotected ketone
1.82 was instead achieved in water using 2.5 mM gluthathione (GSH) as H-donor. In each
assays oxygen-free conditions were used. Both photolysis led quantitatively to the formation
of thymidine 1.86 and 1.87, respectively (Scheme 1.24). Figure 1.16 shows the analysis by
reversed phase HPLC of aliquots taken during the photolysis of 1.77a (0.12 mM in MeCN) in
the presence of 1-butanethiol (2.5 mM) for 30 min. Under these conditions the half-life of
1.77a was calculated to be t;, = 6.6 min. without any cyclisation product being observed. The
resulting C5’ radical 1.85 could be obtained either by Norrish Type 1 photocleavage or by
initial formation of an acyl radical that decarbonylates with a rate constant in the range of
10°-10° s ".1"% The thiol (2.5 mM, physiological concentration of GSH) is able to trap the
C5’ radical, thus preventing it from subsequent reactions, such as the intramolecular attack

onto the C6-C5 double bond of thymine.!”®!
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O Bu
T . T T
RO S ., RO o =sy RO o
OR OR OR
1.77a 1.85 1.86
O Bu
T . T T
HO . o MO 0| mey HOM\ o
OH OH OH
1.82 1.85' 1.87

Scheme 1.24. Generation of C5’ radical from photolysis of 1.77a and 1.82. R’SH = BuSH for 1.77a
and GSH for 1.82. T = thymine.
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Figure 1.16. Time-dependent HPLC chromatogram showing the disappearance of 1.77a (red peaks)
and the formation of 1.86 (blue peaks) during photolysis (normalized peaks).
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Conclusion

A new synthetic route for the preparation of (5’R)-tert-butyl ketones 1.77 and 1.78 was
disclosed. These results demonstrate that their photolysis selectively affords the
corresponding C5’ radical. The nature of the base plays an important role in the fate of the
C5’ radical. In the presence of a physiological concentration of alkanethiol, the thymidin-5’-yl
radical is efficiently reduced, whereas the 2’-deoxyguanosin-5’-yl radical adds
intramolecularly to the C8-N7 double bond of the guanine moiety with a rate constant of ca.
1 x10°s™ (data not shown),"”! nearly an order of magnitude faster than the analogous
2’-deoxyadenosin-5’-yl radical.”*”]

These findings furnish a molecular basis for forthcoming experiments involving the
incorporation of these photolabile precursors in oligonucleotides and their application in
mechanistic studies of DNA damage. The concentration of oxygen and thiol determine the
reaction pathways of the C5’ radical, which are (i) 6-exo-trig cyclisation, (ii) repair reaction
by hydrogen abstraction from glutathione, (iii) trapping by oxygen to give the corresponding
peroxy radical. These reaction pathways can eventually be evaluated in relation to restricted
conformations of dsDNA. The photo-stability of the imine 1.81la and its capability to
hydrolyze in acidic media to the photo-labile ketone 1.77a pave the way for applying this

[32,105.106] The imine could be used as an anti

transformation in biotechnological applications.
cancer drug which is activated only in acidic media (i.e. tumor cells). A subsequent
UV-treatment would affect only the ketone generated in situ from the hydrolysis of the imine.
Thus, the active form of the drug would be present only into the cancer cells. The radical
species formed after homolysis of the ketone would then damage and eventually destroy

selectively the DNA of the tumor cells.
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1.3 Conclusions

Nucleoside-model studies for the comprehension of the generation and fate of C5’ radicals
and associated radicals have been achieved and are described in Chapter 1.

It was possible to synthesise selective thermolabile and photolabile precursors for the
pseudo-C4’ radical (section 1.2.1) and for the C5’ radical (section 1.2.3). An alternative way
to generate C5’ radicals has been explored using a silyl-radical addition to an aldehyde
allowing the access to bio-relevant DNA lesions (section 1.2.2). The cyclisation rate constant
was also determined using a radical clock reaction.

The synthetic steps required in this work have been achieved in good yields. In addition
new synthetic strategies have been applied here, such as the efficient photolytic deprotection
of TTMSS and the C-C bond formation in the cyclisation reaction. The mechanistic aspect of
the radical reaction, strictly connected with DNA damage mechanisms, has been disclosed for
the models used in this work. Kinetic parameters were also taken in account. Specifically, a
rate constant for the cyclisation reaction to cyclo-dhT in organic solvents was estimated for
the first time.

The data collected with these models represent the starting point for the investigation of
C5’ radicals in single and dsDNA. The incorporation of nucleoside models by automated or
enzymatic DNA synthesis is aimed to such an enquiry and will be facilitated by these studies

on the nucleoside level.
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2  Electron Transfer Through DNA

2.1 Introduction

The possibility that the n-stacked base pairs of DNA, with an average stacking distance of
3.4 A might function as a one-dimensional conductor or molecular wire was first advanced by

197} shortly after Watson and Crick deduced the double-helical structure of

Eley and Spivey
DNA." Interest in the wire-like behaviour of DNA was kindled in the early 1990s by a series
of reports by Barton suggesting that ultrafast, photoinitiated charge transfer (CT) between
intercalated electron donors and acceptors could occur over long distances in DNA.['%%!1%
These reports stimulated experimental studies of the photoinitiated CT processes in DNA as
well as the theoretical interpretation of the obtained data. DNA CT has since been the subject

(MO The process is in fact involved, among others, in the complex pathway

of great interest.
that gives rise to oxidative DNA damage formation. CT is also implicated in the reductive
repair of certain DNA lesions where it plays a key role in the enzymatic maintenance of the

genome.

Oxidative electron transfer

Scientific attention was first focused at the positive charge migration or hole transfer (HT)
in DNA. The research interest was sparked by the biological implications of HT.'"'" Single
electron oxidation of DNA yields a guanine radical cation (G™) in close vicinity to the initial

oxidation site. The radical cation mainly localises at guanine (G) because this nucleobase has

1 [115.116] [117,118]

the lowest oxidation potentia v-Radiolysis studies and investigations of defined

electron acceptor DNA systems have revealed, over the past decade, that G™ participates in

91221 1t was found that an adjacent G in the

long range (~200 A) charge transfer processes.
DNA duplex is able to donate an electron to the initial G™ site. The sequential electron
transfer between G-bases allows rapid transfer of the positive charge in DNA. The charge

virtually hops through DNA by using G-bases as stepping stones (Fig.2.1).!"'!""!#*]
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Oxidative Electron Transfer or
Hole Transport

(HT)
5' 3
C!::::GF
CI;:::CI-} \
CI;:.:..:GI.-F
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(I:::f:(;,
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T\f:: : =
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1::::;9A

Figure 2.1 Oxidative electron transfer or hole transport in DNA. The acceptor is the site of oxidation
of the DNA. The charge hops through G or A bases in a sequence-dependent fashion. The
final electron donor is a GG or GGG site, where the radical cation is trapped by water or

oxygen.

However the involvement of adenine (A) in the HT was found to be also significant. In the
absence of G in the sequence, the adenines (so-called A-tracts)!'**! bridge the gap between the
electron donor and the acceptor. In the case of HT the final electron donor is mainly a GG or
GGG site which provides the electron for the G™. These G-rich tracts have in fact an even
lower oxidation potential than isolated G. Thus formally the positive charge moves from G
to GG sequence. Here the charge is eventually trapped by water or oxygen. The trapping
reactions at such sites are favoured over the trapping in the isolated G, thus increasing the
probability to form a lesion.!'*’!

At short distances, typically <10 A (1-3 bps), the relative efficiency of HT was observed to
decrease exponentially, whereas at longer distances (4-16 bps) the process depends only
weakly on the distance. This fact was attributed to a change of the mechanism from tunnelling
(or superexchange) at short distances to multistep hole hopping at longer distances

(Figure 2.2).'*! Every single step of the latter mechanism can be referred to a single

superexchange transfer.
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Figure 2.2 Superexchange (top) and hopping mechanism (bottom) of DNA mediated hole transfer and

transport, respectively. D = donor, A = acceptor, B = base.”*!

These two different mechanisms are represented by the corresponding equations, the

[125-132]

Marcus-Levich-Jortner equation (eq.2.1) for the superexchange mechanism and

eq. 2.2 for the hopping mechanism.!'!!33]

ket = ko €PN (eq. 2.1)

Knop=T"" NI (eq. 2.2)

In eq. 2.1, the electron transfer rate k., depends exponentially on the distance r between the
donor and the acceptor. The B-value in eq. 2.1 represents the crucial parameter to describe the
distance dependence of CT in DNA. It depends on the nature of the bases between the donor
and the acceptor. Values of § determined for HT in DNA can be found in a wide range from
B<0.1A" to p=1.5A"1"* On average, short-range HT rates are reported to be
ke =10°-10"% s, with p-values of 0.6-0.8 A™".

56



Chapter 2 Introduction: hole transfer

At very small B-values (< 0.1 A™) the electron transfer process shows a shallow distance
dependence and it can be described by eq. 2.2, in which N is the number of hopping steps and
n (1 <n <2) represents the influence of the medium. The rate for a single hopping step from
G to GG was determined to be knop = 10°-10° s'l,mg] with the lower limit of kyop = 10° ™!
measured over 50 A through the base stack.['**! On the other hand, the rate of A-hopping has
been determined to be knop = 10071, Consequently, once the G oxidizes A (endothermic

reaction)''!

the charge is transferred rapidly along the adjacent adenines until it is trapped by
a GGG unit. The A-hopping proceeds more efficiently than G-hopping since the charge is
more slowly trapped by water or oxygen. The transfer through A-tracts is therefore almost
distance independent.'**'**! The differences between transfer through G and A bases have
been explained by taking the proton transfer in the oxidized bases into account. Specifically,
the G™ can be protonated by one of the protons of the cytosine forming the Watson-Crick
hydrogen bonds in the G:C bp. In theory the proton transfer process can occur on a time scale
comparable to the charge transfer reaction. Thus, the intra-base pair proton transfer can

influence the CT efficiency due to the separation of the radical and the positive charge.!'*!

1451 thus the reversible

The pK, value of G™ (~3.9) is very similar compared to dC (4.5),
protonation of G interferes with the CT. On the other hand, protonation of adenosine radical
cation (A™") by thymidine (T) is not favoured (A™ pK, = 1, T pK, = -5)!"*! allowing the A" to
transfer the charge to the next A or G with higher efficiency. These complex interrelations

make the HT a base-sequence dependent process.

Although this hopping process is now well established, particularly due to the fundamental
contributions by Barton,[ng] Giese,[lzo] Lewis,[146] Schuster!™” and Wasielewski,mg] the
mechanistic details of the long range hole hopping process are still under intensive
investigation and certain observations are still controversially debated.!"*"'**! All researchers
in the field, however, agree that the G reacts with water or oxygen to give oxidative DNA
lesions, which are mutagenic in vivo and responsible for cell death."®) These oxidative
lesions require efficient cellular DNA repair in order to avoid the harmful effects of oxidative

DNA damage.!"
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Reductive electron transfer

Although over the last years the knowledge about oxidative hole transfer and its biological

108,121,122,148,155]

consequences significantly improved,! much less is known about the transfer of

excess electrons - negative charges - through DNA (excess electron transfer, EET) as depicted

146,156

in Figure 2.3.! ] When an electron donor injects electrons into a duplex, negative charges

move to an acceptor site in DNA.!""” Evidences for this process were reported since the last

decade and they are believed to be a possible basis for the development of DNA as a charge

158,159] - [160,161]

transport medium! in nano-electronic devices.

Reductive Excess
Electron Transfer

(EET)
o' &
||
P - G: e |
Donor =G
e (?__C.;
9:"': :GI
A==Y]
A=<t
At
T-': = :j|\
NN,
’ Acceptor‘!‘

Figure 2.3 Reductive transfer of an excess electron through DNA.

Strong efforts are under way to create DNA-based nanoelectronic materials with

[162-165

self-organizing properties. ! The long-term goal is that such a novel material may self

assemble into complex conductive nano-wire networks with computing or diagnostic

potential.'**!%” These latter functions also rely on the superb ability of DNA to assemble into

[168,169

predictable and complex structures. J'In this context, the question of how electrons travel

through DNA is of fundamental importance.!'’”) Moreover, a very similar event is used by
certain DNA repair enzymes, which use a flavin adenine dinucleotide (FAD) cofactor to inject

[

an electron into DNA, starting an electron transfer process.!'”''7”) A deeper understanding of
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flavin induced electron transfer events in DNA is consequently not only informative in
respect to the question of how DNA mediates EET but may also allow to gain fundamental
insights into some of the nature’s most important DNA repair pathways. Investigations on
how charges move through DNA and studies of how the electron transfer can be

accelerated’® and controlled is, in consequence, an active field of research.!'””]

Flavin as electron donor in nature

Electron injection into DNA is probably achieved by nature since millions of years.

Presumably since life exists exposed to sunlight, enzymes called DNA photolyase or

(6-4) photolyasel! 7178179

[

are used by many organisms to repair genotoxic UV induced
lesions.!"®*"¥1 UV irradiation of cells induces the formation of cyclobutane-pyrimidine dimers
(CPD) by a photochemical [2n+27n] cycloaddition of adjacent pyrimidines in the double
strand (Scheme 2.1).'"*% The (6-4) photolesions are formed by a Paterno-Biichi reaction

between two pyrimidine bases to give an oxetane which decomposes to the final lesion

(Scheme 2.1).

o) o) o) o)
HNJH/ NH uv HN NH
| \fk 2+ 21
N NN - 0N N/go
o 9 . CPD-Photolyase 9 S
’. ,P\ ’, P
0 050 o oo
TpT

T=T cis-syn-dimer
uv
Paterno-Biichi

(6—4)—Photo|yaseT

O
HN
OH
N__O >80 °C 0
e
®) N & \( \f
N Enzymatic N
) 3 g rearrangement ) : S
0] ) o O Z
i—0 O ‘0—% i—0 P 0%
Nogie Kogine
oxetane (6-4) lesion

Scheme 2.1 UV light induced formation and enzymatic repair of cyclobutane-pyrimidine dimer
(CPD lesion) and (6-4) photolesions.!'””!
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The lesions are enzymatically repaired (split reaction) by electron injection from a light
excited, reduced and deprotonated flavin adenine dinucleotide coenzyme (FADH™) inside the
protein. A crystal structure of a photolyase bound to a CPD-like DNA lesion after in situ

repair was recently reported (Figure 2.4).['7)

A
'E\LFADH'*:—-D FADH" # FADH"
O—H o ,,-/ E283 H= N
= 2= A
B

Figure 2.4 (A) Mechanism of blue light-mediated repair of CPD lesion by DNA photolyase (enzyme
active site). (B) The active site of the co-crystal structure of a photolyase (4. nidulans)
complexed with a DNA substrate at 1.8 A resolution. The CPD lesion just after the

cleavage is highlighted in blue, the cofactors in yellow and the adenine moiety of the FAD
[179]

in purple.

The crystal structure (1.8 A resolution) shows, among other features, how the thymine
dimer (T=T dimer) is specifically recognised in the active site by being completely flipped out
of the duplex DNA. After substrate binding, photon absorption by an antenna pigment
(8-hydroxy-5-deazaflavin, 8-HDF) triggers the transfer of the excitation energy to the
catalytic flavin adenine dinucleotide cofactor present in the reduced state (FADH). The
excited cofactor then transmits an electron to the T=T dimer to induce splitting of the
cyclobutane ring. The resulting radical anion transfers the excess electron back to the FADH

cofactor, closing the catalytic cycle. (Scheme 2.2).['7]
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Scheme 2.2 Mechanism of the repair of natural CPD lesions by DNA CPD-photolyase.!'"””!

The postulated repair mechanism of CPD lesions is very similar to that of (6-4) lesions.

The (6-4) photolyase repair enzymes are believed to rearrange the (6-4) lesion back to the

oxetane which is also believed to be cleaved by single electron reduction. Again the electrons

are supposed to come from a reduced, deprotonated and light excited flavin.

The electron transfer process from a light excited FADH " to a T=T dimer or a (6-4) lesion

is a thermodynamically favorable process and was extensively investigated with model

183-190

compounds.! ) The reduction potential of the reduced and deprotonated FADH™ in its

photoexcited state is believed to be around E4+ =-2.6 V against NHE."11%] This value is

negative enough to reduce three of the four nucleobases (dG may be an exception) including

the T=T dimer as evident from the reduction potentials of the nucleobases listed in Table 2.1.

The reduction potentials show that thymine and the T=T dimer are most easily reduced.
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Table 2.1. Reduction potentials of some nucleobases.

Reduction potentials in V

Base E(Red)” E(Red)’ E(Red)*
dG -2.76
dA -2.45
dc 2.23 -1.09 -2.1 (DMC)
dT -2.14 -1.10 -2.1 (DMT)
U -2.04 -1.05 -2.1 (DMU)
T=T -2.2 (DMTD)

DMC = Dimethylcytosine, DMT = Dimethylthymine, DMU = Dimethyluracil,
DMTD = Dimethylthymine-Dimer. [a] Polarographic potentials in DMF versus
NHE.!"" [b] Data from pulse radiolysis experiments in water at pH = 8.5 against

NHE."¥ [c] Data from fluorescence quenching experiments in acetonitrile against

SCE.[192.193]

Theoretical studies predict the adiabatic electron affinities for the neutral and anionic forms
of the four 2°-deoxyribonucleosides in DNA.!"** The results indicate that dT is the nucleoside
with the highest electron affinity. Consequently, thymine can accept an electron more
efficiently than the other nucleobases. These values are summarized in Figure 2.5 and they are

uniformly greater than those of the corresponding isolated bases.!'””
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Figure 2.5 Predicted electron affinities for the nucleosides 2’-deoxyriboadenosine (dA),
2’-deoxyriboguanosine (dG), 2’-deoxyribocytidine (dC) and 2’-deoxyribothymidine (dT).
In parenthesis the values for the isolated bases, adenine, guanine, cytosine and

thymine.!"*”

In an aqueous environment the pK,-values of the nucleobase radical anions need to be

considered as well, because proton transfer will have a strong impact on the reduction and

oxidation potentials. Table 2.2 lists the pK,-values of some nucleobase.!'**!

Table 2.2. pK,-values of the reduced nucleobases.!'**'**

Equilibrium pK,
T == [T-H] +H 6.9
TH™ =— T+H' -5
A = [AHT+H 14
C == [CHT+H 13
CH" == C+H' 4.3
G == [G-HT+H 9.5
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The pK, of the thymine radical anion is close to 7. Protonation of the cytosine radical anion
(pKa = 13), however, is strongly exothermic (Scheme 2.3). An excess electron deposited on a
cytosine may therefore trigger rapid protonation of the radical anion C™ to give the neutral dC
radical, C(H)'". This can trap the excess electron on cytosines and disrupt any excess electron

transfer through the duplex.
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(/_(&Q-H/Q_&’NH — (/_(N-H--N)/—_QH
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O-H- NH O-H-NH
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L CcT 4+ W C(HY K, > 1013 ;
5 G —— G(H) + H' Ko=1095
| CT+G == CH) + GH) K,>1035 |
O-HNH O-H----NH
HN—( NS HN—( Ns
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\ N—H--N NH \ N—H---N NH
\=p \=
o) o)
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P TTTTTITTTTTTTTT I TTTTTTmmomommmeee e 2068
C T+ W T(H) Ka=10""
i A —— A(H) + H* Ky <1014 |
T e A —— TH) + ACHY Ka <1077,

_____________________________________________________________________

Scheme 2.3 Proton dissociation constant in GC and AT bp’s.'**'%

In summary, the data indicate that a reduced and deprotonated flavin, if light excited, is
able to inject an electron into a DNA double strand regardless of the sequence context. This
electron can be eventually transferred through the DNA strand. If it encounters a cyclobutane
pyrimidine dimer lesion it should induce ring opening. The excess electron may also travel
over C:G base pairs, but it has also larger chance to get trapped by cytosine radical anion
protonation. Alternatively it can trigger a base decomposition process leading to the formation
of reductive DNA lesions, such as 5,6-dihydrodT, with concomitant consumption of the

excess electron.
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Excess electron transfer in DNA initiated by the flavin

In recent years the knowledge about EET has broadened fundamentally due to studies
performed with a large range of different model systems that allowed detailed mechanistic

investigations. The data were obtained with direct radiolysis studies of (i) DNA, (ii)) DNA

[197 198]

1 (iii) pyrene-modified oligonucleotides! in combination

[199

modified with intercalators
with short time spectroscopy!”” and (iv) studies with defined donor-DNA-acceptor systems.
The system employed by Rokita utilises an aromatic amine as the electron donor and a
5-Br-2’-deoxyuridine (BrdU) as the electron acceptor. Upon irradiation and subsequent
electron transfer a cascade of reactions ultimately yields an alkaline sensitive site (see also
Scheme 1.3, Chapter 1). The latter eventually gives rise to a measurable strand break after hot
piperidine treatment.”*’!

[200.201] £ the studies

The following sections present an overview, based on recent reviews,
of EET conducted with the flavin electron injector. Important electron transfer features are
covered in this introduction such as the distance and the sequence dependence of the process
as well as the direction of the charge transfer in DNA. The flavin-based electron transfer was
mostly carried out in the research group of Carell and it is very relevant for the work

presented in Results and Discussion of Chapter 2.

Distance dependence

The first defined model system used to study excess electron transfer in DNA possessed a
flavin electron donor and a T=T dimer acceptor. This dimer cleaves spontaneously after single
electron reduction.”® In order to investigate over which distances an excess electron may be
able to travel in DNA a series of experiments was conducted. Oligonucleotides containing a
special T=T dimer and a flavin donor were synthesised.”* The T=T dimer building block
possesses an open backbone inducing an easily detectable strand break after single electron

reduction (Scheme 2.4).

65



Chapter 2 Introduction: excess electron transfer

5 3 5 . . .
o ] e
Ko Y — X o Y — oy
:(;!(LH lor\lH ,,,,, T— | Hf{i}NH _ | H ONH
H o Iiliq e e® ' lfi_’)' lcﬂ}“o """ T
(AT ATT— AT
|o IIIII A n - (‘0@ A_)n R (|o _)n
t‘l.) NH —_— Cl) 1';0 — cl)lNig A
£ A e A— VRN
HO HO@ oOH
° e .
— CwmG—  CwmG— T&NH G
| | | | o yts €7
—eo oo T o
—C
3 5 3 5' }_G 5

Scheme 2.4 Sequence of events occurring upon irradiation of DNA modified with a flavin electron

donor and a T=T dimer electron acceptor with an open backbone.**!

A series of such DNAs was prepared to evaluate the distance dependence of the process. In
these double strands, the distance between the flavin donor and the dimer acceptor was
systematically increased from 3.4 A to about 30 A using additional A:T base pairs between
the redox partners. Since efficient repair (splitting) of the dimer was observed, even in the
longer double strands, the experiments showed that an excess electron can travel over a
distance of at least 30 A.*®) The rather small decrease of the repair efficiency with increasing
distance gives rise to some important mechanistic conclusions. The excess electron does not
travel directly from the flavin to the dimer by a Marcus type mechanism, but hops over the
intermediate A:T base pairs, which function as temporary charge carriers. The results reported
by the authors were in good agreement with data previously obtained by other research groups
using y-radiolysis and EPR experiments.!'?72%420%]

Other different systems were provided taking advantage of a similar model for the EET
study. Among them the synthesis of DNA hairpin structures which increases the stability of
the system in which two unnatural structure-disturbing modifications (the donor and the
acceptor) are present. Hairpin-shaped oligonucleotides are DNA strands, which possess a self-

complementary stem and a loop region called the “head” of the hairpin.***?"*) DNA hairpins
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are stably folded oligonucleotides with a sharp, concentration independent melting point.
Therefore DNA hairpins are reliable models for EET studies.

Carell and co-workers prepared a series of DNA hairpins in which the distance between
the flavin donor 1 and the dimer acceptor 2 was again systematically (6.8 A to 17 A)
increased (Figure 2.6). The DNA hairpins contained the modified flavin molecule 1 as a cap
in the loop region.”®’ They consequently possessed only one helix disturbing unit, the dimer,
inside the DNA duplex region. This was considered to be an advantage because two
disturbing units are most likely hindering the DNA to adopt a B-type double helix

conformation between the donor and the acceptor.

O-DNA O-DNA
0 H Q H
QO W Q
N~""0DNA N =0 N__ =0
HO H) \CH{ i HO H CH
Fi e
1 > OH OH
o O}‘ Nil o O/ NH
N [=0 N =0
amn <
ODNA DNA-O H CH DNA-O H  CH,
Fl Fl Fl FI
Gooa0 G0 G G

T----A T----A T----A To---A
T----A T----A T----A T----A
3 5 3 5 T----A T----A
T----A T----A
T----A T----A
3 5 3 5'
6.8 A 10.2 A 13.6 A 17 A

Figure 2.6 Depiction of the DNA hairpins used to study the distance dependence of excess electron

transfer. F1 = Flavin 1, red T T = cyclobutane-thymidine dimer 2.2°!

The data collected show that dimer cleavage proceeds efficiently in all hairpins depicted in
Figure 2.6. Excess electron transfer decreases with increasing distance from 2 % repair per
minute at 5°C to about 0.1 % repair per minute in the longest hairpin. The distance between
the two redox partners increases in these hairpins from 6.8 A to about 17 A. Consequently,
the distance dependence is shallow and hence not in agreement with a Marcus type behavior,
thus supporting the hopping model. Overall, however, the distance dependence of the EET is
more pronounced than hole transfer, which is in good agreement with short time

spectroscopic studies and with data from Rokita and co-workers.*!46:1°6]
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Specifically, Marcus type electron transfer is exponentially distance dependent as reported

in eq. 2.1, described previously.

ket = ko €PN (eq. 2.1)

For DNA, B-values between 0.7 A' and 1.2 A were determined earlier.!'***' These
B values predict that the repair yield should drop by a factor of about 8 with every additional
base pair introduced between the dimer and the flavin. Transfering this data to the EET
studies, a repair yield of only 0.004% per minute should be expected for the longest hairpin in
Figure 2.6. This predicted value is, however, one to two orders of magnitude lower than the
value measured by the authors. A plot of the yields obtained with these hairpins (In y) against
the distance Ar (Figure 2.7, inset) provided a p-value of about 0.3 A™" at 5°C and at 0°C. This
is in contrast to the expected p-value of about 0.7 A™'. These data can not be explained by a
direct Marcus type electron transfer model.

In the hopping model, in constrast, the electron is not directly transferred but uses
intermediate charge carriers to hop from the donor to the acceptor. In the hopping scenario,
the transfer efficiency is much less distance dependent. With In(kgt) = -1 In(N) (eq. 2.2), the
transfer rate is proportional to the number of hopping steps (N).?'%! The proportionality factor
1 should be around 2 if the electron moves in a random walk-like process.!"'**'”) Under the
assumption that the electron uses the T bases in every A:T base pair as stepping stones, the
authors plotted the measured cleavage yields per minute In(y) against In(N) (Figure 2.7). This

plot provided an n-value close to 2 in agreement with the hopping model.l**2%!

B=0.25+0.05A"

Figure 2.7 Plots of the data obtained with the hairpins reported in fig. 2.6 using the Marcus model

[In(y) against Ar] and the hopping model (In(y) against In(N)).1**")
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Transfer direction

Controversial results about the direction of the electron transfer in DNA were obtained by

different research groups.*'"*'

If the electrons move in a random walk like hopping process,
it would be expected that the excess electron travels along a DNA duplex in both directions
(5'—3' versus 3'—5") with the same efficiency. This hypothesis was probed with a series of
PNA:DNAP"! double strands, which contain the flavin 3 electron donor in the PNA strand

and the dimer 2 in the DNA counterstrand (Scheme 2.5).2'%%4!
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Scheme 2.5 T=T dimer cycloreversion operated by flavin 3 used in the experiments with DNA:PNA
hybrids.

The measured cleavage yields obtained from the authors after irradiation of the DNA:PNA
hybrids show that the dimer cleavage proceeds efficiently in all investigated double strands
even over the rather large distance of about 24 A.*'? In agreement with previous results, the
dimer cleavage is not very distance dependent even in these intermolecular cases. In fact, the
distance dependence in these DNA:PNA hybrids influences the EET process by only a factor
of 2, which can be considered almost negligible. Comparing the cleavage data obtained with
PNA:DNA hybrids in which the electron transfer proceeds in the 5'—3' direction with the
hybrids in which the electron transfer proceeds in the 3'—5' direction, no significant
difference in repair yield was observed. These data led to the conclusion that the repair of a
T=T dimer even over rather large distances of 24 A is independent of the electron transfer
direction. This result nicely supports the idea that EET in duplexes is a thermally activated
random walk-like process in which the electrons hop along the DNA duplex without showing
any directional preference. Nevertheless this observation strongly contrasts with the data
reported by Ito and Rokita.***''*"*) Using a N, N, N’, N'-tetramethyl-1,5-diaminonaphtalene
as photoexcitable electron donor and BrdU as electron trap, these authors reported a strong

influence of the process on the electron transfer direction. Comparing nearly identical
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sequences, a more efficient EET was observed in the 3'—5' direction. The complementary
process HT favours migration in the opposite direction (5'—3"),1'®! but this process also
involves electron migration in the 3’ to 5’ direction. An asymmetry in the highest occupied
molecular orbital (HOMO) overlap of nucleobases acting as charge carriers has been
proposed as an explanation for the directionality of HT.*'® An equivalent suggestion based
on the lowest unoccupied molecular orbital (LUMO) overlap has been proposed for EET.*'!!
The controversial results obtained by Carell on the one side and by /fo and Rokita on the
other side can be ascribed to the different models used to study the EET in DNA. The transfer

direction as well other features of EET such as the sequence dependence can be drastically

influenced by the donor and/or the electron trap used in such models.

Sequence dependence

The question how the sequence influences the excess electron transfer process was initially
controversial as well. The outcome of the experiments was again dependent on the system

(2112172181 A gequence study carried out with a series of DNA

used to study this phenomena.
hairpins was reported by Carell and co-workers.””'”! Taking advantage of the well established
synthesis, irradiation and analysis methods developed in the previous works, the authors
investigated whether the base sequence between the donor and the acceptor influences the
T=T dimer repairing yield. To this end another series of flavin 1 capped hairpins containing
the T=T dimer 2 with an open backbone was synthesised. The distance between the donor and

the acceptor in such hairpins ranged between 13.6 A and 17.0 A (Figure 2.8). This rather large

separation ensured that the electron transfer has to proceed by charge hopping and not by

direct transfer.['%21%
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Figure 2.8 Depiction of the DNA hairpins used to study the sequence dependence of the excess

electron transfer. FI = Flavin 1, red T T = cyclobutane-thymidine dimer 2.1*'”
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The T=T dimer cleavage by EET again proceeded highly efficiently in all hairpins
described. The data presented by the authors clearly indicates that the sequence between the
flavin and the T=T dimer does not influence the dimer splitting yield. Thus, the reductive
cleavage of a T=T dimer in DNA hairpins is not sequence dependent over a distance of 17 A.
However, this conclusion is in contrast to the results reported by /fo and Rokita. Using the
above mentioned diaminonaphtalene derivative as electron donor and BrdU as electron
acceptor, it was demonstrated that the EET is less efficient through G:C bp sequences.**""!
The authors suggest that the radical anion C™ can be protonated with a rate constant that
competes with the rate constant of the entire electron transfer process. The EET studies
carried out by Wagenknecht and co-workers on the sequence dependence furnished very

(28] The model used in the last case consists of phenothiazine-modified

similar conclusions.
DNA containing BrdU as electron trap. Therefore, two different electron donors
(diaminonaphtalene and phenothiazine derivatives) bearing different features show very
similar EET performance in combination with the same electron acceptor (BrdU). In contrast,
the combination of a flavin electron donor with a T=T dimer acceptor leads to divergent

results, suggesting that the trap system might play a key role in the analysis of EET. A model

that contains flavin as donor and BrdU as acceptor could elucidate this issue.

Repair pathway

Another crucial question associated with the excess electron transfer process is the exact
repair pathway. Electrons can, as described in detail before, hop through the DNA using the

pyrimidine bases as stepping stones. Alternatively it can be envisioned that charges diffuse

along the double helix as solvated electrons (e,q) 1220

In order to gain more insight into the excess electron transfer pathways Carell and

[221

co-workes prepared the series of DNA hairpins depicted in Figure 2.9.7*!! The hairpins again

contained the flavin electron donor 1 as the cap structure, while in the stem region one of the
two different oxetane units 4 or 5 is used as the electron acceptor. Oxetanes have the

advantage that they cleave very rapidly and irreversibly after single electron reduction with

27,183,188,190,222-228

well established rate constants between 107 s and 10% ¢! ] Furthermore,

71731 i the generation

oxetanes are belived to be natural substrates of the (6-4) photolyases
and repair of (6-4) lesion, as already described (see also Scheme 2.1). The cleavage of
oxetanes with various electron donors already served as a model to investigate the (6-4)

photolyase mechanism of repair.!'**19%-2]
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Figure 2.9 Hairpin sequence for the study of the electron transfer pathways in DNA. Fl1= flavin 1,

X =4 or 5, the two oxetane acceptors used in the work.**"!

The repair mechanism is assumed to involve single electron donation followed by cleavage
of the oxetane intermediate. The hairpins in Figure 2.9 containing the oxetane 4 have the
electron acceptor positioned close to the duplex. In contrast, the oxetane 5 is located outside
the duplex. A semi-flexible propargylamide spacer places the electron acceptor at a distance
of about 10 A away from the nucleotide stack. Thus, the oxetane acceptor 5 points out of the
major groove into the surrounding medium. The cleavage of oxetanes 4 and 5 after single
electron reduction is followed by the release of benzophenone with formation of
HPLC-detectable hairpins, which can be distinguished from the unreacted oxetane-containing
hairpins. The design of such oxetane-containing models was aimed at investigating the
electron pathways, from the donor to the acceptor. With such a system it was enquired if the
surplus electron hops through the duplex using the bases as stepping stones, or if electrons
travel externally along the DNA duplex as e,q species, which could consequently cleave 5 as
well. Although the electron trap positioned outside the duplex was efficiently repaired, one
could exclude that the excess electrons move along the DNA as solvated species. This claim
was based on control experiments carried out in presence of a well known quencher (N,O)

able to react promptly with any e,q present in solution.
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In N,O-saturated solution (~ 0.02 M), e,q are efficiently transformed in HO' radicals with

a rate constant of k; = 9.1 x 10° M s™! (eq. 2.3).

€aq + NoO %» N, + OH" (eq. 2.3)
OH" + BUOH —2~ (CHy)C(OH)CH; + Hy,O (eq. 2.4)

Subsequently, in the presence of a tertiary alcohol, HO' radicals are scavenged efficiently

with a rate constant of k» = 6.0 x 10 M s™! (eq. 2.4) .12

Single electron donor

The cyclobutane reversion caused by the excess electron on the T=T dimer leads to one
neutral thymidine and one thymidine radical anion. In principle, the excess electron can be
either trapped or it can continue to proceed through the DNA duplex. In the latter case the
excess electron can be detected by a second trap or, in terms of DNA lesion repair, it can
cleave a second T=T dimer at another position. In that case a catalytic repair process, i.e.
initiated by the electron injection from a DNA-photolyase could be assumed.

In order to investigate the fate of the injected electron, investigations were performed with

(2301 1 contrast to the flavin electron

the electron injector developed by Giese and co-workers.
injector, Giese’s single electron donor (SED) 6 transfers only a single extra electron into the
DNA double strand upon irradiation. The basis for the new injector is the less negative redox

5194231 compared to dialkylketone radical 7.% Thus, a ketyl radical

potential of thymine
anion (8) produced in close proximity to a thymine by a Norrish type I cleavage was used to

prepare a single thymine radical anion inside a DNA duplex (Scheme 2.6).

_ 0
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Scheme 2.6 Photolysis (A = 320 nm) of ketone 6 (SED) and generation of thymine radical anion 8 via

the dialkylketone radical 7, proven by ESR spectroscopy at 75K.[*"
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Interesting results were achieved by the irradiation (A = 320 nm) of the double strand A in
Scheme 2.7. One strand contains two T=T dimers in a row separated by a single A:T base
pair. Upon irradiation of double strand A, cleavage at the proximal and in addition at the
distal T=T dimer site was observed. This process leads to the shorter strands B and C in
Scheme 2.7. Surprisingly, the cleavage yield at the distal site (C = 11 %) was more than two
times higher than at the proximal site (B = 4.5 %).

3I=GCGCGCGTAAAAAAATTCGCGCGC=Y5
5«=G CGCA S T|T=T|TIT-=TIAAGC G C=3

A

cleavage l lcleavage

5=-GCGCAS* TT=3 5-TAAGCGC=3
B (4.5%) C (11%)

5« G C GCAS*T|T=T|T T=3'
D (3%)
B:C=1:24

Scheme 2.7 Experiments with two T=T dimers (in the red and blue squares) in a row per strand gave

hints that the electron is not trapped at the first dimer. The single electron donor before (S)
[230]

and after irradiation (S*) is depicted in green.

If an electron migrates to the distal thymine dimer only after the proximal dimer has been
cleaved, the yield ratio C/B can not be larger than 1.0. The observed C/B ratio of 2.4 requires
that a different mechanism must be involved in the electron transport to the distal T=T dimer.
In this new hypothetical scenario the proximal T=T dimer is not readily cleaved, as confirmed
by the detection of the cleavage product D (3%). In this strand the proximal T=T dimer is still
intact, while the distal dimer was obviously cleaved. This result led the authors to the
conclusion that the cleavage of the T=T dimer radical anion is as fast as or at least comparable
with the overall electron transfer process. The electron can hop over the first T=T dimer
without causing any cleavage. Thus, the transition state energy of the charge detection by the
thymine dimer is at least as high as that of the electron transfer steps or, with other words, the
charge transfer rate may be in the same range than the T=T dimer cleavage rate. Thus, dimer

cleavage may be rate determining (Scheme 2.8).
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Scheme 2.8 Competition between cleavage and electron transfer for T=T dimer radical anion 8./**"

The cleavage rate of a T=T dimer in a duplex in absence of any photolyase is not well
established, but data from Falvey point to a value of kit = 10° s! for the reductive cleavage
of a thymine-dimer model."® If the electron transfer is faster than 10°s™ the flavin-T=T
dimer system is unable to detect any sequence differences, as this would in turn be the
rate-determining step. Ito and Rokita used BrdU as electron acceptor.®**'”) This acceptor
system has a less negative redox potential than thymine or the T=T dimer.!"*”! Therefore, the
BrdU electron-detection system might be faster than the T=T dimer trap. This difference
could explain why the assay used by /fo and Rokita is able to report, as aforementioned, the
influence of the base sequence and of the electron transfer direction on the EET, while with
the T=T dimer system these effects are not detectable. The EET through DNA is then
sequence and distance independent within the time frame of the system, which may be
defined by the dimer splitting rate. Recent studies on the T=T dimer at the nucleoside level

suggest a kgl higher than 106 57t [2]

But the ki value inside a duplex DNA is not yet
known. Using a faster electron acceptor, such as BrdU, in combination with the T=T dimer
detection system may strengthen the results reported by Giese and co-workers. Moreover, this
proposed model containing two different acceptors (T=T dimer and BrdU) could be able to
clarify the functionality of the T=T dimer as EET electron trap and, in principle, enable an

extimation of k.
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2.1.1 Aim of Chapter 2

Whereas hopping of electrons through DNA is now a generally accepted model, it
remained to address the conflicting data about the sequence dependence, as well as the
direction of electron transfer and the role of the electron acceptors used in this process. In

summary, investigations of the electron transfer process using DNA modified with either

[33,215,219 [218,234]

arylamines, I pyrenes or phenothiazines as electron donors and BrdU as electron
acceptor pointed out that G:C bps, in contrast to A:T bps, reduce the efficiency of the excess
electron transfer through the duplex. Studies with a flavin as electron donor and a T=T dimer
as electron acceptor, in contrast, showed in contrast no sequence dependence.”'” Giese and
co-workers ascribed the divergent results to the rate of the T=T dimer cycloreversion, which
might be too low to fully report the EET process.!**”! However new pulse radiolysis studies,
carried out at the nucleoside level in solution, suggest a very fast and irreversible dimer

s1).12* This value would be in contrast to the

opening close to the diffusion range (> 10"
observation described in the previous paragraph and reported in Giese’s work. These and
other open questions are the subject of the Results and Discussion of Chapter 2 as

summarised as follows.

= Different electron acceptors (i.e. BrdU) were planned be used in combination with
the widely employed flavin donor, allowing a systematic study of the function of
electron traps in the EET.

» A sequence dependence study of the EET was planned to be undertaken in order to
disclose the capacity of the flavin-containing system to fully report the process.

= The single electron donor developed by Giese was intended to be used in
combination with the T=T dimer and BrdU for a more in-depth investigation of the
dimer splitting process.

= A parallel study was planned to be achieved, using the flavin in order to compare
the two electron donors and evaluate the role of their redox potentials in the EET
process.

= A new model for DNA-based nano-wire applications will be described and tested.

The first two points have been achieved in collaboration with Sascha Breeger (from the

Carell group).
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Before the results are presented, a short introduction about the electron acceptors features
used in this work is necessary. The driving forces for the selection of such molecules as

electron traps in the EET process are here described.

Electron acceptors: BrdU

Replacement of thymidine in DNA by BrdU has long been known to enhance

photosensitivity with respect to DNA-protein-mediated photo-cross-linking, "

[236

single- and
double-strand breaks”® and creation of alkali-labile sites.”*”! In addition, the effect of a
BrdU substitution in DNA is well known for a long time.'*** This residue is nearly isosteric to
thymidine and typically pairs with adenosine when incorporated into DNA, although
occasional mispairing with guanine contributes to its mutagenic effect.****! The nature of
the photolability of BrdU was intensively studied and is described now as a process that
involves three main steps: acception of an electron, elimination of a bromine anion and
generation of an intermediate uridinyl radical. The fate of this radical depends on specific
reaction conditions, the local structural and solvent environment.!>* 7?41

Saito and co-workers reported a highly efficient reaction at 5’-A®'U-3’ sequences vs.
5°-GP'U-3’ in a series of direct oligonucleotide irradiation experiments (*'U = BrdU).!**®!
Further investigations carried out by the research group of Greenberg indicated that halide

(2421 The mechanism of

elimination may compete with charge migration and recombination.
degradation of BrdU-containing ODNs upon UV irradiation (302 nm) was already reported in
Scheme 1.3 of Chapter 1.

The uridine-5-yl radical, generated after debromination of the photoexcited BrdU /dA
couple or after single electron reduction, abstracts hydrogen from the vicinal sugar moiety,
specifically from the position C1’ and/or C2’. The carbon centered radicals so formed
undergo a succession of rearrangement and elimination reactions yielding alkaline labile
intermediates and eventually to strand breaks (Scheme 2.9). In the presence of a hydrogen
donor (H-donor) the uridine-5-yl radical eventually gives rise to the 2’-deoxyuridine (dU)

after H-abstraction. The C1” and C2’ radical chemistry has previously been described in more

detail in Chapter 1.

77



Chapter 2 Electron acceptors

-Br 0O
+ ey ; H-dom% \;5-“

s e o ey

| | | |

0 0] 0
o f W(o B c2uH 2 o B C1H \%o B
v abstraction H o abstraction y
J — )
o]
He L 0=P-0

H
5 |
Strand break =" l l !

AN
(hot piperidine) Strand break (hot piperidine) b

Scheme 2.9 Pathways of degradation of BrdU-containing oligonucleotides upon single electron

injection.

All the halogenated pyrimidines are expected to exhibit higher electron affinities than their

[156243] and all have been observed to capture an electron during

natural counterparts,
nanosecond pulse radiolysis.***! Specifically, the radical anion of BrdU is highly transient and
decomposes with a half-life of 1.7 ns.***! The adiabatic electron affinity was calculated using
the density functional theory (DFT). For solvatated 5-Br-uracil (no sugar unit) it is in the
order of 2.44 eV while 2.02 eV were determined for the natural uracil.**' Thus, BrdU is
expected to be more easily reduced than dU (or dT).

As already mentioned, BrdU was efficiently used in excess electron transfer studies by
Rokita and Ito in ODNs containing a N, N, N', N'-tetramethyl-1,5-diaminonaphtalene
(TMDN) as electron donor.***'¥ The low energy excited state (Amax = 325 nm) of this strong
reductant (E*,x =-2.8 V vs SCE) enables a selective excitation of the chromophore without

direct excitation of DNA bases.’!

The reduction potential of the flavin used in the previously
described EET experiments is reported to be very similar (E*, ~-2.6 V vs SCE).""!l All
these factors persuaded to test BrdU as electron transfer acceptor in flavin-containing hairpin

systems.
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Electron acceptors: BrdA

The selection of 8-bromo-2’-deoxyadenosine (BrdA) as electron acceptor derives from
numerous studies about this compound and the products of one-electron reduction. The above
mentioned cyclonucleosides, illustrated in Chapter 1, are among these products. For example,
in the case of the 5°,8-cyclo-2’-deoxyadenosine (CydA), the cyclisation was triggered by
radiolytic or photolytic methods.'**! Specifically, reactions occurring upon single electron
reduction of BrdA were investigated. Using calculations (DFT-B3LYP), pulse radiolysis and

product studies, Chatgilialoglu and co-workers described kinetic and thermodynamic

properties of this reaction, summarized in Scheme 2.10.2°273
dA
NH> H—donorT NH,
N AN N X
N N
_e an
N N/) N N/)
HO HO
0 k;=16x10""M-"s ! 0
+ €74, - Br-
OH OH
8-Br-dA 1,6-radical
NH, translocation NH,
H N SN N A
N
T .
NN N™ >N
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-
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5',8-Cyclo-dA dA

Scheme 2.10 Reaction of BrdA with solvated electrons. k; was determined by measuring the rate of

the optical density decrease of e,q at 720 nm (e =1.9x 10*M's™") as a function of

nucleoside concentration.?>"!

Briefly, the rate constant for the reaction of solvated electrons (e,q) with BrdA was
determined by measuring the rate of the optical density decrease of e,y at 720 nm
(e=1.9 x 10* M"'s™) as a function of nucleoside concentration. The bimolecular rate constant
was found to be &k =1.610'"M™" s". Comparing the analogous reaction with the natural
adenosine (dA, k=8.2 x 10° M s, the presence of bromine increases the rate constant of

the reduction by a factor of 2.1*°
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With a rate constant of k; = 1.6 X 10" Mm™! s'l, BrdA was chosen as fast electron sink in the
following EET studies. Moreover, BrdA it is also known not to affect the stability of duplex

DNA adversely,***! whereas its use as electron acceptor in EET is unprecedented.

Electron acceptors: BrdG

8-bromo-2’-deoxyguanosine (BrdG), like BrdU and BrdA, reacts comparably fast with
electrons.**”) For this reason it has been selected as electron acceptor in these EET studies as
well. As already mentioned in Chapter 1, the one-electron reduction of BrdG and the ribose
analogue 8-bromo-guanosine (BrG) does not follow the same pathway as BrdA. The reduced
adduct undergoes protonation at C8 and tautomerization to afford the one-electron oxidised
2’-deoxyriboguanosine or riboguanosine (Scheme 2.11).°*°*?*! Nevertheless, BrdG reacts
with solvated electrons very fast. A rate constant of &} = 1.1 x 10" M 57! was determined for
the reaction of BrdG with e, by measuring the rate of the optical density decrease of €, as a

function of the concentration of the nucleoside added.”!

o o]
N — 10 pp-1e -1 N
Br4 :\“)J\NH k1=11x10""M"'s Br—(f | ._NH
N /)\ eaq N /)\
I N NH2 H+ | N NH2
S S
8-Br-dG radical-anion
o’ H* o
(Nf\/rt tautomerization R QNf\JlN\
X >~
N N7 UNH N N7 NH,
S S
S = sugar one-electron

oxidized guanine

Scheme 2.11 Reaction of BrdG with solvated electrons. Pathway of one-electron oxidised guanosine

formation. k, was determined as for BrdA.*"

[249

BrdG was also used as electron acceptor in EET investigations in G-quadruplex** and in

double stranded DNA .**7!
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The choice of BrdG as an electron acceptor in the following studies was driven by the
necessity to have a larger variety of acceptors. Furthermore, the reduction of Br-purines in a
duplex can yield important information for the cyclo-purine generation pathway in DNA.

In summary, the bimolecular rates of the reaction of a solvated electron with all three
selected electron acceptors (BrdA, BrdG and BrdU) are known, and they are in the diffusion
controlled regime!®® with about 1-2 x 10" M s™.12***%! The reduction is followed by a
prompt release of Br.*>***72*!l The flavin donor that will supply the electrons in the
Br-nucleosides containing models has a reduction potential of E*,x~-2.6 V vs SCE.1U
Thus, the redox-properties of the selected Br-acceptors have to be taken into account.
Although not all of the redox potential of the Br-substituted bases are known, it can be
roughly assumed, based on the reduction potentials of the unmodified nucleobases, that they
follow the order BrdU > BrdA > BrdG. Thus, BrdU is the easiest to reduce, followed by BrdA
and BrdG. The redox potentials E° of the nucleobases are reportedas T=1.7V,C=1.6 V, A
=14V, G=13V vs NHE,[HS] whereas their rate constants (dT, dC, dA and dG) with
solvated electrons are all in the diffusion controlled region of 0.6-1.8 x 10'° M 5™ 2% BrdU
is reported to be 40-50 mV easier to reduce than dT.1?! Thereby, BrdU, BrdA and BrdG
possess the correct features for an applications as electron acceptors in combination with the

flavin electron donor.
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2.2 Results and Discussion

2.2.1 Flavin/ Br-nucleoside model systems

Synthesis of the flavin donor

The flavin used in the following EET studies is introduced during the solid phase
oligonucleotide synthesis as H-phosphonate because flavin phosphoramidites were found to
be efficiently oxidized under aerobic conditions.>****! The synthesis of the H-phosphonate

flavine 1 was achieved according to the previous work,>>"

as depicted in Scheme 2.12 and
will not be discussed in detail in this thesis. The synthesis started with the reaction between
the dimethyldinitrobenzene and 1-amino-hexan-6-ol. The nitro group of the product was
subsequently hydrogenated and the resulting amine was added, without prior isolation, to a
solution containing alloxan and boric acid in acetic acid. The standard dimethoxytrityl
protection of the free alcohol was followed by the alkylation at N(3) with 1-iodopropan-3-ol,
using CspCOs3 as base in DMF. The final conversion of the hydroxyl group into the

H-phosphonate gave the flavin H-phosphonate, ready for the incorporation into

oligonucleotides.
0
NO N
> a),b),9 D N
e PN
N02 H\ N N (@]
H,N XOH [L¥\
XOH XODMT
x=6 X =6;57 % x=6,92%

| 1 Y
\>)

- e o v

|%4§OH

ODMT ODMT HNE%
y=3 Xx=6y=3,84% Xx=6;y=3;46 %

a) pyridine, 19 h reflux; b) H, Pd/C; c) HOAc, B(OH); alloxan, r.t.; d) DMTrCI, pyridine, r.t.
92%; e) Cs,CO3 DMF, 16 h, 84%; f) PCl; triazole, N-methylmorpholine, 46%.

Scheme 2.12 Synthesis of the light-triggered flavin electron injector as H-phosphonate salt.***!

82



Chapter 2 Results and Discussion 2.2.1

Synthesis of flavin-containing ODNs

The synthesis of the oligonucleotides containing the flavin H-phosphonate was performed
on an Expedite 8900 DNA synthesizer using a mixed phosphoramidite/ H-phosphonate/
phosphoramidite coupling protocol (Scheme 2.13).°°! This unusual protocol is required
because flavin phosphoramidites were found, in previous works, to be efficiently oxidized
under aerobic conditions.>****! The synthesis of the flavin ODNs therefore started with
standard phosphoramidite chemistry. After cleavage of the DMT-protecting group from the
nucleotide that is prior to the flavin, the synthesizer was programmed to pump simultaneously
the flavin H-phosphonate and adamantoyl acid chloride, the H-phosphonate activator.
Coupling time of the flavin building block was extended to about 10 min (2 min for standard
phosphoramidite chemistry). After coupling of the flavin, the oxidation of the H-phosphonate
to the phosphate was achieved using iodine (I;) in H;O / MeCN / lutidine. For a full oxidation
an additional oxidation step was necessary at the end of the synthesis using I, in MeCN and
N-methylmorpholine in H,O as first oxidation solution and I, in MeCN and NEt; in H,O as
the second one. The DNA synthesis continued with phosphoramidite chemistry, even in the
presence of the unprotected phosphate. Cleavage of the DNA from the solid support and of all
nucleobase protecting groups requires, at the end of the synthesis, the treatment of the solid
support with a solution made up of NHj3(gq) (28 %)/EtOH 3:1 (v/v) at 20°C for 16-20 h. In the
presence of Br-nucleotides, incorporated in the oligos from the commercially available
phosphoramidite derivatives, the final deprotection step needs to be ethanol free, in order to
avoid the nucleophilic substitution of the bromine. Thus, NH3(.q) (28 %) is added to the solid
support for 20-24 h, before filtration and evaporation of the solvents. All the oligonucleotides
were subsequently purified by reversed phase (RP) HPLC, on a C18 Nucleosil reversed phase
column, or by ion exchange chromatography, on a Nucleogel SAX column. After fraction
collection, they were characterized by RP HPLC, MALDI-Tof or ESI FT-ICR mass
spectroscopy, UV-melting point studies and circular dichroism (CD) spectroscopy.
Quantification was generally achieved by UV-spectroscopy of the synthesised ODNs.[2>"]
More details about the analytic methods and results are reported in the Experimental Part

(Chapter 4).
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Scheme 2.13 DNA synthesis cycle using a mixed phosphoramidite / H-phosphonate / phosphoramidite

coupling protocol.

Single strand test-oligonucleotides

The first attempt to test the validity of the new donor-acceptor couples was achieved by the
synthesis of two simple single strands. In these test-oligos the electron donor (flavin) and
electron acceptor (BrdA and BrdG respectively) are next to each other (T1 and T2 in Figure
2.10). This design was aimed at disclosing the ability of the flavin to reduce the selected
acceptors. The distance from the flavin to the brominated base is minimal and the
oligonucleotide in solution is probably in a random coil conformation. Thus, the expected
electron transfer can be addressed to be in the superexchange regime. Nevertheless, these
single strands were needed to adjust the irradiation conditions and to set up the appropriate

analysis of the products.
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3—A-A-A-FI-®A-A-A-A—5 3—A-A-A-FI-®G-A-A-A—5
T T2
B’A = BrdA Fl = Flavin G = BrdG

Figure 2.10 Sequence of the two single strand oligonucleotides T1 and T2 used as test-probes.

The purified strands T1 and T2 were irradiated separately to induce the electron injection
by the flavin. To this end they were separately dissolved in irradiation buffer (150 mM NacCl,
10 mM Tris-HCL, pH = 7.4) to a final concentration of [DNA] =20 uM. The solutions were
filled into 1 mL fluorescence cuvettes stoppered with a rubber septum. Argon was then
bubbled through the solvent for typically 20 min in order to establish anaerobic conditions.
Subsequently, a basic 9.8 mM sodium dithionite solution (Na;S;04, pH = 8) was added to
reduce the flavin to the required strong electron donor. Argon was bubbled through the
solutions for additional 10 min and finally the solutions were irradiated with a 1000 W xenon
lamp equipped with a cooled (10 °C) cut-off (A =340 nm) filter. A continuos low flow of
argon was maintained during the whole irradiation experiment to ensure the homogeneity of
the solutions as well as anaerobic conditions. During the irradiation, small aliquots (20 uL)
were removed from the assay solutions and shaken for 10 min in the dark exposed to air to
reoxidise the flavin. The samples were finally analysed by RP HPLC. Figure 2.11 shows the

HPLC chromatograms of these first two irradiation experiments.
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Figure 2.11 HPLC chromatograms of the irradiation experiments of (A) the test single strand T1
containing FI-BrdA and (B) the test single strand T2 containing FI-BrdG. The parent
strand peaks are highlighted with red-lines while the peaks of the debrominated strand

have blue-lines.
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Interestingly, already after 1 min of irradiation the single strand T1 containing the
BrdA-trap was fully debrominated whereas the strand T2 with the BrdG-trap could be
debrominated to only 70 % in the same time range (Figure 2.11). The analysis of the starting
materials (t = 0) and of the final products of T1 and T2 (t =5 min and 10 min respectively)
was achieved by MALDI-Tof mass spectrometry. The spectra, reported in Figure 2.12, are in
a good agreement with the calculated molecular weights. In both cases the debrominated
strands (T1-Br and T2 -Br) are the only products formed upon irradiation (in blue,
Figure 2.12 A and B respectively). Control experiments established that in absence of
dithionite or light no debromination is observed. Consequently, an electron transfer occurs

exclusively from the light excited, deprotonated and reduced flavin to the Br-nucleotide traps.

A B
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o] I o . .
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Figure 2.12 MALDI-Tof mass analysis of (A) T1 before (red) and after (blue) 5 min of irradiation and
(B) T2 before (red) and after (blue) 10 min of irradiation.

This positive result was further confirmed by irradiation of two longer single strands, T3
and T4 depicted in Figure 2.13. The irradiation experiments were carried out under the same
conditions as previously described. Again the samples removed from the assays were

analysed by RP HPLC. However, a clear separation of the peaks was not possible in those

Cascs.
3—A-A-A-A-FI-A—-A-®"A-A-A-A—5’ 3'—A-A-A-A-FI-A-A-®'G-A-A-A—5’
T3 T4
®’A = BrdA FI = Flavin ®'G = BrdG

Figure 2.13 Sequence of two single strand oligonucleotides T3 and T4 used as test-probes.
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The HPLC chromatogram series reported in Figure 2.14 refers to the irradiation of T4,
which represents the longest oligo with which it was still possible to, at least partially,
separate the brominated from the debrominated strand by HPLC. It became clear at this point
that, for further investigations, longer oligonucleotides had to be analysed with a different

method.
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Figure 2.14 HPLC chromatogram series of the BrdG-containing single strand T4. The peaks are
highlighted with red (parent strand) and blue (debrominated strand) arrows.

Although the quantification of the debrominated T4 strand was not optimal by HPLC
analysis, it was possible to integrate the peaks and plot them versus the irradiation time. The
corresponding points describe the curve depicted in Figure 2.15. The slope of this curve
through the zero point gives rise to the debromination yield per time of irradiation (so-called
Y, in % min™"). This value can be correlated to the efficiency of the electron transfer process
from the flavin donor to the BrdG acceptor. Although the Y does not correspond to the
absolute rate of electron transfer, it gives a relative estimation of how the electron moves
through the DNA. Modulating, i.e., the sequence or the distance between the donor and the
acceptor and comparing their resulting Y values it is possible to deduce some important
features of the EET process, such as the sequence or the distance dependence as described in

the introduction.
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Figure 2.15 Debromonation rate relative to the irradiation of T4. The amount of debrominated strand

was plotted versus the irradiation time. Y = debromination yield per time of irradiation.

In contrast to the ambiguous HPLC, the MALDI-Tof mass analysis allowed for a better
interpretation. The sample removed from the irradiation assay after 5 min showed the peaks
(without and with counter-cations) corresponding to the debrominated T4 (B in Figure 2.16,
blue peaks). Also the analysis of the irradiation of T3 gave similar results. The sample
removed from the assay after 5 min clearly showed the peaks corresponding to the

debrominated T3, in which BrdA is converted to dA.
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Figure 2.16 MALDI-Tof mass analysis of (A) T3 before (red) and after (blue) 5 min of irradiation,
(B) T4 before (red) and after (blue) 5 min of irradiation.

Although these first experiments were limited to test the feasibility to synthesize and

analyse oligonucleotides containing both flavin and a Br-nucleotide, they highlighted some
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main features: (i) the light excited, deprotonated and reduced flavin is able to transfer
electrons to both BdA and BrdG acceptors; (ii) the process is, for short oligos, very efficient;
(ii1) the analysis of the chemical transformation (debromination) occurring upon electron
transfer shows that the process is a clean conversion (i.e., no alkaline digestion); (iv) in
contrast to the mass analysis, the HPLC analysis of the irradiated samples is limited to short
oligos, since the loss of bromine in a large DNA fragment does not allow a full separation of

the product from the parent strand.

Hairpins containing a flavin donor and a BrdU acceptor

The next point was to prepare more complex oligonucleotides, which would allow a more
profound investigation of the EET process. To this end the hairpin l1a in Figure 2.17 was
prepared using the same oligonucleotide synthesis mixed-protocol previously described. This
hairpin contains the flavin electron donor in the loop region and the BrdU acceptor in the stem
region. This structure resembles the flavin-containing hairpins of the EET studies described in

the introduction.!”
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Figure 2.17 Sequence of hairpin 1a and structures of the flavin-donor and the BrdU-acceptor.

The hairpin was designed to ensure that the electron transfer proceeds through a hopping
mechanism where the intermediate base pairs function as charge carriers."'**'Y Four A:T
base pairs between the flavin donor and the BrdU acceptor were used to this end, affording a
distance of about 17 A. Moreover, the tail of the hairpin is G:C rich in order to enhance the
stability of the duplex part. After the automated solid phase synthesis, the deprotection from
the solid support was achieved using mild conditions (NH3aq) (28 %), 24 h) as already
described for the test-oligos. The HPLC purification yielded a clean hairpin as reported in

Figure 2.18, where the chromatograms of 1a are depicted before and after the purification.
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Figure 2.18 Analytical HPLC chromatograms of hairpin 1a after solid phase synthesis (A) and after
HPLC purification (B).

Further analyses were needed in order to evaluate the stability and the conformation of the
hairpin in solution. To this end the hairpin 1a was dissolved in the appropriate buffers (see
Experimental Part for buffer compositions) and analysed by UV and CD spectroscopy. The
melting point resulting from the thermal denaturation monitered by UV spectroscopy at
260 nm was found to be very high (> 74 °C) indicating a relatively undisturbed duplex
structure (Figure 2.19, A). On the other hand, the CD spectrum shows bands at ca. 280 nm
(maximum) and at ca. 250 nm (minimum), typical for a B-DNA conformation (Figure 2.19,

B)_[zss]

A B

0,62

| [1a M p. 74.33°C

6/ mdeg

1 20 4 T ' T ' T v T T 1
100 225 250 275 300 325 350

Wavelength / nm

Figure 2.19 UV melting curve (A) and CD spectrum (B) for the purified hairpin 1a.
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Finally the MALDI-Tof mass spectrometry confirmed the nature of la with a mass of
6040 Dalton (M + Na), which is in a good agreement with the calculated mass of 6021 Dalton
(Figure 2.20).
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Figure 2.20 MALDI-Tof spectrum of the purified hairpin la.

Hairpins containing a flavin donor and BrdU, BrdA or BrdG acceptors

Based on the positive results obtained with the hairpin 1la, three series of five
flavin-containing hairpins were prepared. They contained the usual light dependent flavin
electron injector placed in the loop region of the hairpin and one of the three electron
acceptors selected for this work (BrdU = series a, BrdA =seriesb and BrdG = series c)
positioned in the stem region at a distance of about 17 A to the flavin. While the tail is
maintained in every hairpin, the region between the donor and the acceptor was systematically
changed in order to study the sequence effects on the EET and the influence of different bps
on the trapping efficiency. In Figure 2.21 the hairpin sequences are depicted together with the
structure and the position of the electron traps used. The hairpins type-1 (1a, 1b and lc,
Figure 2.21, B) contained a homo-A:T stretch between the flavin donor and the Br-nucleotide
acceptors (BrdU, BrdA and BrdG respectively). In hairpins type-2 and type-4 one of the A:T
bps was replaced by a G:C bp at different positions. Finally, in hairpins type-3 and type-5 two
of the A:T bps were replaced by two G:C bps at different positions. During the hairpin design
it was also intended to compare the EET efficiency through homologous sequences, such as

hairpins type-2 and type-4 and hairpins type-3 and type-5. This design was aimed at
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evaluating how the G:C bp position in the sequence would affect the efficiency of the EET

process.
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Figure 2.21 DNA hairpin models 1-5. (A) Blue rectangles represent the flavin electron donor in the
reduced and deprotonated form. The red squares represent the three different electron
traps: a = BrdU. b = BrdA. ¢ = BrdG. The trap counter bases are indicated as X. (B)
Sequences of hairpins 1-5 for the three series (a, b and c). In blue and red the flavin and
the traps, respectively. Highlighted in green are the number and the position of G:C bps.
Melting points and calculated (italic) and found (bold) masses of the hairpins.

All 15 hairpins depicted in Figure 2.21 were synthesised, purified and characterised by the
same procedures as used for the previous hairpin la. All of them show melting points
significantly above room temperature (Figure 2.21). The MALDI-Tof mass analyses are in
good agreement with the calculated values as reported in the lower part of Figure 2.21. In

addition, the circular dichroism measurements of all the hairpins show positive bands around
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280 nm and negatives bands around 250 nm, consistent with the formation of a B-DNA

structure in solution in all cases (Figure 2.22).

240 260 280 300 320 340
Wavelength / nm

Figure 2.22 Selection of CD spectra from the hairpins used in this work.

Reduction of the flavin

As already described, in order to have a strong electron donor it is necessary to light-excite

the reduced and deprotonated flavin. The flavin was reduced with dithionite (Na;S,04) in

[203,209,256

previous studies and in the aforementioned test-oligos. I However, it was observed in

the first experiments carried out with the test-oligos and the hairpins of Figure 2.21 that

dithionite reduction inhibits the EET process at longer than 5 min irradiation times,

[219

confirming previous data reported by Ifo and Rokita.*'”? Although a clear explanation for this

inhibition was not object of extensive inspection, it might be ascribed to some kind of radical

[259,260]

reaction initiated by S,04" or SO," formed upon irradiation of Na,S,04, which possess

a maximum absorption at 330 nm. Adducts between SO, and tertiary amines have also been

[261]

observed, as well as the formation of H, from the irradiation of aqueous dithionite

[262

solutions.”®” In order to achieve the flavin reduction in a more stable and consistent medium,

a sodium salt of the ethylenediaminetetraacetic acid (EDTA) was used during the

photoreduction process.**!

The principle of EDTA-photoreduction was clarified by flash photolysis studies more than

[263

20 years ago.*®! It consists of several steps, depicted in Scheme 2.14, starting from the

photo-excitation of the flavin in its oxidised form, Fl,, with blue light (450 nm).
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Fl,* + EDTA
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Scheme 2.14 Mechanism of EDTA-mediated flavin photo-reduction.***!

The excited oxidised flavin Flo* receives an electron from the EDTA salt (step I,
Scheme 2.14). The EDTA radical undergoes an irreversible decarboxylation (step II) followed
by an internal 1,6-hydrogen shift (step III). These fast processes change the redox properties
of the radical making a further donation of an electron possible (step IV). The acceptor of the
second electron is the Flox which is regenerated by disproportionation of the flavosemiquinone
HFI', generated in the primary one-electron transfer process. From the disproportionation of
the flavosemiquinone HFI', the reduced flavin HFl.4 is also generated. Thus, two electron
equivalents are transferred from the EDTA to the flavin in the overall reaction to yield the
reduced flavin. The whole process is very efficient and can afford the reduced and
deprotonated (for pH > 6.7) flavin within a few seconds.

In a typical irradiation experiment EDTA (20 mM) was added to a DNA-hairpin solution
(IDNA] =20 uM, 10 mM Tris-HCI (pH = 7.4) 150 mM NacCl) and irradiated in fluorescence
cuvettes under anaerobic conditions for 1 min with white light to photoreduce the flavin. The
photoreduction can be monitored by fluorescence spectroscopy following the quenching of

the emission band at A, =520nm (A =366 nm). A more simple monitoring of the
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photoreduction is achieved by visual inspection of the mixture containing the hairpins, which
turns from yellow colour (flavin in the oxidised form) to colourless (flavin in the reduced
state). After photoreduction, the samples were further irradiated with a 1000 W Xe-lamp,
equipped with a 10 °C cooled 340 nm cut-off filter, as previously described. For the analysis,
10 uL samples were removed from the assay solution after defined time intervals, aerated for
10 min, desalted and analysed by capillary electrophoresis as described in the next section.
Although the initial Y values determined using dithionite are very similar to that obtained
using EDTA, the latter reduction method allows the establishment of a stable, fully reduced
flavin-hairpin system for > 1h. In Figure 2.23 an example of irradiation data using dithionite
as the chemical flavin-reductant (blue points) or EDTA as photo-reductant (red points) is
reported. In the graphic the points represent the percentage of debrominated hairpin formed
upon irradiation under anaerobic conditions. The results in Figure 2.23 confirm that for the
first 5 min of irradiation the debromination yields increase with the same efficiency for both
reduction systems. The blue (dithionite) and the red (EDTA) points significantly diverge for
irradiation times > 5 min. The presence of dithionite clearly inhibits the debromination

process at higher irradiation times. The EDTA-containing assay allows longer irradiations.
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Figure 2.23 Example of irradiation analysis after dithionite-based chemical- (blue) or EDTA-based
photo-reduction (red) of the flavin-containing hairpin 1b. The inset shows a first order
exponential fitting to the points.
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Capillary electrophoresis

As already mentioned, the analysis of the data by HPLC was not appropriate for the long
hairpins used in this study. The capillary gel-electrophoresis (CE) analysis was found to be a
good alternative. With this technique some nanoliters of the sample are introduced via an
electrokinetic injection into a 30 cm fused silica capillary filled with 6 % polyacrylamide gel
in 0.1 M Tris-borate buffer and 2 mM EDTA at pH = 8.4. The very small amount of sample
used for the CE analysis allows, when needed, to inject several times the same mixture.
Subsequently, for the separation of the mixture, a voltage is applied at the ends of the
capillary, typically 9 kV for 40-50 min. This method allows the separation of very small
volumes of sample-mixtures. Additionally, the separation power of the CE is based on the
different mobility of the compounds present in the mixture. The mobility as a function of the
molecular weight, the applied electric field and polymer concentration into the capillary is a
peculiar feature of every molecule. This CE properties permitted a full analysis of all the
hairpins (1-5)a, b and c, before and after irradiation. An example of a CE analysis of an

irradiation experiment performed with the hairpin 1a is given in Fig. 2.24.
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Figure 2.24 Irradiation of hairpin 1la. Time-dependent debromination of the acceptor inside hairpin
la. The parent and the debrominated strand are highlighted in blue and red, respectively.
The inset shows the debromination rate (Y =10.5 % per min) calculated by peak area

integration and linear approximation of the data.
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In the past, the evaluation of excess electron transfer through DNA with BrdU was
performed by observing the strand cleavage induced by hot alkaline treatment before the
electrophoretic gel analysis. The alkaline labile site is in this case localised next to the original
BrdU trap. The neutral dU radical, generated after one-electron capture, is responsible for
such alkaline site formation, as previously described.**”! Capillary electrophoresis in contrast
allowed the direct detection of the loss of Br anion within the intact 19-mer hairpins after
electron capture, as evident from Figure 2.24. CE analysis in the study of EET through DNA
is unprecedented and has many advantages compared to the commonly used gel
electrophoresis. The gel electrophoresis analysis of the irradiated and alkaline digested

strands, reported in early studies,?*?'®*!!

was not able to fully report the chemical
transformations upon irradiation of the hairpins used in this work. Two main problems
prevent the use of the latter analytical technique in the present studies. The first concerns the
nature of the strands. Hairpins with a flavin-loop are largely shifted in the gel, making the
rationalization of the data difficult. A second but even more important problem concerns the
products formed upon irradiaton. In the present experimental conditions the main product of
the irradiation is the debrominated hairpin, in which the bromine of the acceptors is replaced
by a hydrogen (BrdU = dU). These hairpins, not including any unnatural bases, are obviously

not sensitive to the hot alkaline treatment. This means that strand break and the subsequent

DNA fragmentation will not occur with loss of information.

Analysis of the products

In order to confirm the nature of the products derived from the electron transfer process,
MALDI-Tof analyses were carried out. Due to the low amount of sample injected in the CE
capillary, the same samples used for CE analysis could also be analysed by MALDI-Tof mass
spectroscopy. The resulting molecular weights are in a good agreement with the calculated
values for the brominated and debrominated strands. A representative example is reported in
Figure 2.25, where the hairpin 1a is analysed before and after the irradiation. It is worthwhile
noting that EET through hairpin 1a induces a complete debromination of the strand within the
first 10-15 min (75 % after 7 min, Figure 2.24). After 20 min of irradiation, no other main
peaks were detected by MALDI-Tof beside the peak corresponding to the debrominated
hairpin (1a —Br). This is in sharp contrasts with previous data reporting the formation of an
alkaline labile site, generally an abasic site, generated from BrdU after one-electron capture.

The reason of such a difference between the present results and the previously reported data
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using BrdU as electron acceptor™>*'®*!"! can probably be attributed to the media used for the

assay.
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Figure 2.25 Comparison of the MALDI-Tof spectra of hairpin 1a before (blue) and after 20 min of

irradiation (red).

The hydrogen atom needed for the reduction of the nucleobase radicals formed upon
one-electron capture is quite likely to be donated by the EDTA present in the solution. With
these results a new scenario can be described in which the neutral radical generated from the

debromination of the Br-nucleoside acceptors does not generate an alkine labile site.

One-electron reduction of BrdU

In the case of BrdU, the neutral radical probably abstracts a hydrogen atom from the

EDTA present in high concentration in the solution (Scheme 2.15).
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Scheme 2.15 Generation of uridin-C5-yl radical and its reduction by hydrogen abstraction from
EDTA.
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As an alternative, hydrogen abstraction is possible from adjacent sugar mojeties as
described in Chapter 1 and in Scheme 2.9 (pag. 26). Nevertheless, also in this case it is
possible to assume a subsequent hydrogen abstraction from the reducing medium (EDTA). A
small part of sugar-radicals that diverge from this pathway are probably responsible for a
small percentage (< 10%) of hairpin degradation. Degradation products were in fact detected

by CE analysis, but only for the BrdU-containing hairpins.

One-electron reduction of BrdA

In the case of the BrdA acceptor the neutral C8 radical can mainly react via two different
pathways. A direct hydrogen abstraction from EDTA vyields the detected natural dA,*”
whereas an intramolecular hydrogen abstraction (or radical translocation) gives rise to the C5’
radical (Scheme 2.16)**”7®] The latter radical translocation can be strongly affect by the

DNA streric demand.

NH, NH, NH,
N\y)\ N\'/&
DNA Br—<’N\'i)§N ona ¢ N DNA ]| )N
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Scheme 2.16 Generation of adenosine-C8-yl radical and the two possible pathways for the formation
of the detected 2’-deoxyadenosine, dA. The formation of 5°,8-cyclo-2’-deoxyadenosine
(CydA) is not favoured by the kinetic data in which k¢ < ky.

If generated, the C5’ radical could attack the N7-C8 double bond in the above mentioned
cyclisation reaction with a rate constant of kc =2.5 10° s™! at the nucleoside level.*® On the
other hand, the rate constant for the reaction of the C5’ radical with EDTA to give the natural
nucleobase is unknown, but expected to be in the order of ky=10* M s™'. Since during the
irradiation experiments the EDTA concentration is relatively high (20 mM), the H-abstraction

could be favoured and the cyclisation process does not take place. The analysis carried out by
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MALDI-Tof is not able to reveal the presence of the 5°,8-cyclo-dA inside the irradiated
hairpin since only two mass units distinguish the cyclo compound from the natural dA.
However, also the LC-MS analysis of the enzymatic total digestion of irradiated mixtures did
not show any cyclic compound. The formation of the C5’ radical by radical translocation,
verified at the nucleoside level,”>*®! has probably a minor effect in the DNA environment.
The geometric organisation of the nucleotides inside the DNA structure may interfere with
such intra-molecular hydrogen abstraction reaction, favouring alternative pathways for the
C5’ radical.

The source and position of the hydrogen (C8 or C5’) in the acceptor nucleobase might
reveal important mechanistic features. Experiments carried out in deuterated media, followed
by total digestion and mass analysis, could not clarify this point. In an alternative approach to
solve the problem, the use of reducing media should be avoided in order to avoid the

reduction of the radical. Therefore, a different electron donor is required to this end.

One-electron reduction of BrdG

When BrdG is reduced by the addition of one electron, elimination, protonation and
tautomerization may occur as already described in Scheme 2.11. (pag. 28)4 The resulting
neutral radical chemically corresponds to the one-electron oxidised and deprotonated dG
(Scheme 2.17). This radical requires an electron to generate the reduced form, the natural dG.
In the hairpin-systems used in this work, the flavin injects electrons constantly upon
irradiation, providing the electrons necessary to reduce the one-electron oxidised dG- to the

natural dG.

N N
N” °NH, . N~ “NH, N™ 'NH;
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- Br
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"“DNA rToTTTTTTTT ! O DNA “DNA

BrdG ! \ ' one-electron detected product
| ' oxidised guanosine dG

Scheme 2.17 Generation of one-electron reduced BrdG corresponding to the one-electron oxidised dG
(dashed box) and the detected reduction product, dG.
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Data collection

The data of all 15 hairpins (1-5)a, b and ¢ were collected in the same way as descibed for
hairpin la. In summary, the samples removed from the irradiation assay were shaken in the
dark in presence of air and subsequently desalted. The latter step was required in order to have
a clean electrokinetic injection, in which charged species, such as DNA molecules, move to
the capillary driven by an applied voltage difference (typically 10 kV for 2 sec). Thus, the
presence of large amounts of salts in solution interfers with the electroinjection. After CE
separation, the peaks were integrated using the instrument software and the percentages of
debrominated product hairpins were obtained. Plotting these percentages versus the
corresponding irradiation time gave rise to a series of points which describe the progression of
the debromination as a function of the reaction time. Thus, the value Y describes the rate of
debromination that is strictly connected with the efficiency of the EET process. The case of
hairpin 1a is reported in Figure 2.26, many other examples can be found in the Experimental

Part, Chapter 4.
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Figure 2.26 Plot and fitting of a linear progression of the debromination yields, obtained by CE peak
integration, versus the corresponding irradiation time. The slope of the line gives rise to

the debromination rate, Y, in % per min.

The Y values obtained for all 15 hairpins (1-5)a, b and c, are depicted as bar graphs in
Figure 2.27. The cylinders related to the debromination rate of the hairpins containing BrdU

(series a) are depicted in blue, whereas in red and in green the BrdA- (series b) and
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BrdG-containing (series c¢) hairpins are presented, respectively. They show the
time-dependent formation of the debrominated 19-mer hairpins as average values obtained

from at least three independent experiments for each hairpin.

series a
12 . 5Br-dU
series b
8Br-dA
10 i
series c
8Br-dG
8
6
4
2
series a
0

Figure 2.27 Graphic bars for the debromination rates of the hairpins (1-5)a, b, ¢. The three different
series are highlighted in blue (series a, BrdU), red (series b, BrdA) and green (series c,
BrdG). The calculated repair rates are given as % of debrominated hairpin formed per
minute. Analyses were performed by CE of at least three independent measurements per
hairpin. The calculation was carried out by peak area integration of the data up to 5 min of

irradiation time followed by linear approximation of the data (for an example see
Figure 2.26).

The cylinders in Figure 2.27 give a first idea how large the difference between the three
electron acceptors used in this work is. Considering that analogous sequences were exploited
for each acceptor, the shown differences are remarkable.

In Figure 2.28 the numeric values of the debromination rate (Y in % min™) along with the
sequences of the analysed hairpins are reported. The errors are calculated as standard

deviations of three separate measurements per hairpin.
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Debromination rate
Y

( % min-1)

series a 10.55 +0.78 5.50 +0.98 2.80 *0.28 1.45 *0.07 0.55 +0.07
series b 2.05 t0.14 1.40 +0.14 0.70 t0.28 0.48 +0.04 0.28 10.18
series ¢ 2.00 0.28 112 +0.11 0.65 +0.21 1.10 £0.07 0.75 +0.21

Figure 2.28 Debromination rate values (Y, % min™) for series a, b and ¢ of hairpins type-1-5 and
depiction of the sequence between the donor and the acceptor. The complete 19-mer

sequence is reported in Figure 2.21.

Strength of the acceptor

First of all, it is worth to notice how the nature of the acceptor influences the
debromination yield and therefore the EET process analysis. The hairpin series type-1
possesses just A:T base pairs between the flavin donor and the Br-nucleotide acceptor. The
data show that the debromination rates strongly depend on the kind of the acceptor used in the
system. The fastest debromination is observed with BrdU (Y-1a=10.5 % min™) followed by
BrdA (Y-1b=2.0% min") and BrdG (Y-1¢c=2.0 % min™). This trend reflects the ease of
reduction of these acceptors, but not their one-electron reduction rate constants. The latter are,
in fact, all within the diffusion controlled regime, that is 1-2 x 10" M1 g1 2393251 g
experimental evidence indicates how the redox properties of the species involved in the EET
play a major role in the efficiency of the process. Moreover, the differences shown by the
traps indicate that the reduction of the acceptor can indeed be the rate determining step. Thus,
in the process of electron migration through DNA, which involves electron injection,
migration and capture, the latter step might determine the final efficiency of the whole

2301 put, to

process. Similar conclusions were previously suggested by Giese and co-workers,
date, the present work is the first systematic study of how different electron traps influence

the EET.
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Base sequence dependence

Another very important point concerns the base-sequence dependence of the electron
transfer. This feature was studied with the hairpins type-2 and type-3, where one or two A:T
base pairs are replaced by G:C base pairs (Figure 2.29). The three different electron acceptors
react to these changes in a similar way. For the BrdU acceptor strands 2a (Y-2a =5.5 % min’
") and 3a (Y-3a=2.8 % min™) it could be observed that the Y value drops down by 50 %
with every G:C base pair. These data are in agreement with previous studies conducted with

4332182190 1 oo

the same electron acceptor, but with other donors, as already mentione
therefore possible to detect a clear EET sequence dependence in flavin-containing systems for
the first time. This observation confirms that in flavin-T=T dimer systems the acceptor and

not the electron hopping process may determine the results.

12

==BrdU series a

=8=BrdA series b
~#=BrdG series ¢

104 =#~BrdA series b

=3 BrdG series ¢

ui
u}

f

L3

f

Figure 2.29 Planar profile of the debromination rates. Trends of the EET sequence dependence for the
15 hairpins. The three coloured lines correspond to the three series (a, b and c). The five
hairpin sequences used are depicted at the bottom of the Figure. The numbers on the
points are the Y values in % min™'. The inset shows an enlargement for the series b (BrdA)
and ¢ (BrdG).
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For the purine acceptors BrdA (series b) and BrdG (series c) the data lead to similar
conclusions. The Y values of 2b and 3b (Y-2b = 1.4 % min™' and Y-3b=0.7 % min™) and of
2¢ and 3¢ (Y-2¢ = 1.1 % min™' and Y-3¢ = 0.6 % min™") indicate that the EET efficiency drops
by 50 % for the second G:C bp added to the sequence. This trend is maintained also in the
case of homo-A:T sequences. Thus, hairpins type-1 compared with hairpins type-2 show an
almost doubled debromination efficiency (Y-la-b-c = 2Y-2a-b-c), although the absolute Y
values of series b (BrdA) and series ¢ (BrdG) are more than 4 times lower than for the

corresponding BrdU-containing sequences (series a).

G:C bp position-effect

Very important is the unprecedented observation that the position of the G:C bps in the
sequence significantly influence the efficiency of the process. Surprisingly, this
position-effect seems to be even more important than the number of G:C bps for the EET
efficiency. If either one G:C bp or both G:C bps are shifted in a position so that they directly
stack on top of the acceptor, dramatic Y reductions are observed. In the hairpins of series a
(BrdU), Y values drop from Y-1la=10.5% min™ to about Y-4a = 1.4 % min™ with one G:C
bp and again to Y-5a= 0.6 % min" with two G:C bps. The same was observed when BrdA
was used as acceptor, although the reduction of the Y values were much less pronounced in
these cases (series b). It is worth to note that the aforementioned G:C position-effect could not
be observed when BrdG was used as electron acceptor (series c). The inset in Figure 2.29
shows the Y values of the hairpins of series b (BrdA, in red) and of series ¢ (BrdG, in green).
The red line decreases from Y-1b = 2.0 % min™ to Y-5b = 0.3 % min™', showing a clear G:C
position-effect when Y-2b and Y-4b or Y-3b and Y-5b are compared. The green line (series
¢, BrdG, Figure 2.29) instead shows a discontinuous trend. The first three points follow the
same tendency of the red line with a decrease of about 50 % for every G:C bp added. The last
two points rather show an enhancement of the Y values. In these cases there is no influence of
the G:C position-effect on the Y values as clearly evident when Y-2¢ and Y-4c or Y-3c and
Y-5¢ are compared. Indeed, their values are almost identical. Thus, the replacement of A:T
bps with G:C bps reduces the Y values, but the G:C position does not affect this reduction
when BrdG is the trap.
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Interstrand vs intrastrand EET

The last point considered in these flavin-based EET studies concerns the influence of the
interstrand vs intranstrand electron transfer. All the previous hairpins used up to this point,
were designed in order to have the pyrimidine bases (carrying the negative charge) in the
3’->5’ direction from the flavin donor in the same strand (Figure 2.30, left side Scheme). This
choice was aimed at using the most efficient negative charge propagation pathway. In order to
investigate the interstrand vs intranstrand dependence the hairpin laj,, was prepared and
irradiated following the same procedures as the previous hairpins. This hairpin was designed
to have the same sequence of hairpin 1a, but in 1a;,, an A:T bp was converted into a T:A bp
(Figure 2.30, highlighted in orange). This change ensures that, if the changed base pair is
involved in the hopping process, the electron transfer through the A:T bp thymidine will

proceed in the counter strand (Figure 2.30, right side Scheme).

e P
B i i
I " T \
) N NH . - ,.) o NH, -
Hl)"'f% o F N[j‘;’r’“f\z"% ot
L3 u N N - Tk
5 A = HNﬁ.@ LA T _@ T 0 A N= HNTN c;r
o-p=0 2 el &) @0 A @ oro f LA
o " e Oﬁ/l\i: o-RO —A) (T —T) (Al é )Y N . ORC
o WG | [ ET Al (T o L
- = ﬁ A @ ®ew HA @ s SN N'@l\
ofp—o o | _ _@ (T _jz] (T =0 o
d ¢ <NH2 o O=P\;3 —(G) [C (G ([C) Oé NG N | o {0
oat \ & &1 8 & el o
:Q}’ N=' HN\H/\" T —(G) (C) —G) ([C] AN I:;N HN SN=( T
0 I\ o . o N \Q,) o
3 e
S i s 1a 1 a0y 3 e /_,-" ? 5
y—5 74.3 M.p. (° C) 73.3 5—=3 and 3-8
M 1
10.5 (% min™") 55

Figure 2.30 Electron transfer interstrand vs intranstrand dependence. In the hairpin 1a;,, an A:T bp is
replaced by a T:A bp (highlighted in orange). Melting points (M. p.) and debromination
rates (Y) are reported at the bottom. On the left and right side a schematic representation
of EET through dTs for intranstrand and for interstrand transfer respectively is reported.

The melting points of 1a and laj,, were almost identical, thus the alteration in the sequence
of the second hairpin does not influence the stability of the duplex. Surprisingly, in the second
hairpin (1ajny) the rate of debromination Y compared to 1a was almost halved (Figure 2.30).
This single data reveals an important feature of the EET, namely the dependence of the
process on the transfer pathway even in flavin-containing systems. A quantification of this

effect is also possible and can be compared with the effect of a G:C bp in the sequence.
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Conclusions

Three different Br-nucleotides were used as electron acceptors for EET investigations in
hairpins containing a flavin donor. From these studies it is now clear, that a G:C bp between
the donor and the acceptor reduces the excess electron transfer efficiency approximately by a
factor of two. The reason for such a decrease can be ascribed to the partial protonation of the
cytosine radical anions C”, generating neutral radicals C(H)", which are unable to transfer the
charge further on. This process is in accordance with the cytosine pK, as already described
and was previously suggested (see Introduction). However, the base sequence dependence is
only fully reported with very efficient acceptors such as BrdU and, to a smaller extent, BrdA.
Weaker electron acceptors provide systems with a rate determining electron capture step
unable to fully report the process. This is the case for the T=T dimer, as Giese and co-workers
already described, or the BrdG investigated in this work. The latter seems to lie on the border
between strong and weak electron acceptors, where a strong acceptor is able to fully report
every modification on the electron transport efficiency of the system. Such divergence
between electron acceptors with almost the same one-electron reduction rate constants is
probably ascribed to the redox property differences. The efficiency of the traps reflects the
ease of one-electron reduction of the the traps. In fact, BrdU is the most efficient and BrdG
the last in the reduction potential scale.

More important is the unprecedented observation that the position of G:C base pairs
between the donor and the acceptor strongly influences the efficiency of the process.
Although every G:C bp reduces the EET efficiency by about 50 %, the position of a single
G:C bp in proximity to the trap can decrease the efficiency by more than 85 %. This effect is
not observed when BrdG is the electron acceptor, underscoring the role of the trap in the EET
efficiency. In order to measure the G:C position-effect, a fast electron trap is required, while a
slower trap, such as BrdG, seems to represent the rate determining step of the process.
Theoretical studies have suggested that the electron affinity of halouracil residues may depend
on their neighboring base pairs and local conformation of the DNA.**! Thus, another reason
to explain the detected G:C position-effect could again be a modulation of the redox potential
of the acceptors by the stacking environment. These results are similar compared to what was
observed in the hole transfer process (HT), where stacking of guanines renders the oxidation

of nucleobases more efficient.
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2.2.2 SED: Single electron donor and multiple acceptors

To further investigate the EET through DNA, it was chosen to initiate the process by the
injection of one single electron per strand. Taking advantage of the one-electron injector

2 . . . .
(2301 3 series of experiments were designed in order to

developed by Giese and co-workers,
further clarify the acceptor role in the EET mechanism. The previous results obtained with
two T=T dimers in a row opened a new scenario for the repair pathway of this UV-lesion and
required a deeper investigation. Furthermore, the availability of very efficient alternative
electron acceptors such as BrdU and BrdA represent the appropriate tools for such an enquiry.

DNA duplexes and hairpins containing one electron donor and two different electron
acceptors in a row were synthesised. The incorporation of the single electron donor (SED) in
the DNA duplexes, developed by Giese, ensures the donation of only a single electron into the
base-stack of the DNA. A first electron acceptor (T=T dimer) was followed by a second trap
(BrdU). The latter was selected for this study due to the higher electron affinity shown in the
previously reported experiments. Flavin-capped hairpins, containing two electron acceptors in
a row, were synthesised as well. The design of these hairpins was aimed at comparing the

electron transfer process initiated by one electron in the SED-containing duplexes with the

process in which the flavin ensures a continuous electron injection into the base-stack.

Synthesis of the SED

The synthesis of the single electron donor, reported here only briefly, was achieved
following the procedure reported in the PhD-Theses of Barbara Carl and of Thomas Carl
from the Giese group (University of Basel, Switzerland).***"]

The pivaloyl acid 8, which represents the photo-labile radical precursor, was coupled to an
amino-modified thymidine 3 for the subsequent incorporation into the oligonucleotide. The
compounds 3 and 8 in Figure 2.31 are the building-blocks for the convergent synthesis of the

SED.
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Figure 2.31 Thymidine and pivaloyl building blocks for the synthesis of SED.
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The synthesis starts from the TBDPS-protected thymidine 1, which was brominated by the
addition of a bromine-radical generated from the photolysis of N-bromosuccinimide (NBS) in
CCly. A silica gel purification leads to the brominated compound 2 with good yields. The
amination step was achieved using DMF saturated with ammonia in the presence of a base.
The amino-thymidine 3 was isolated pure after silica gel purification with a yield of 52 %

(Scheme 2.18).
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TBDPS = tert-butyl-di-phenylsilyl. a) TBDPSCI, Imidazole, DMF, r.t., 12 h, 96%.
b) NBS, CCly hv (254 nm), 30 min, 60%. c) NH3 DIA, DMF, r.t., 24 h, 52%.

RO

Scheme 2.18 Synthesis of the amino-thymidine 3.

The synthesis of the pivaloyl acid 8 required some challenging steps due to the high
polarity of the products and reagents involved. Specifically, the extraction of the acid 5 from
the water phase was performed by a liquid-liquid exstraction over 48 h. The resulting dark oil
was dehydrated in an dessiccator over NaOH under reduced pressure conditions. The lactone
6 was purified by distillation (132 °C, 10 mbar) with 55 % yield for these first steps from
alcohol 4. The addition of tert-Butyl lithium at -100 °C gave a 5:1 mixture of mono- and
bis-adducts, which was used for the next oxidation reaction to the acid 8 without separation of

the products (Scheme 2.19).
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MeCN, pH 6.8-Buffer, 35 °C, 82 %.

Scheme 2.19 Synthesis of the pivaloyl acid 8.

The coupling step between the modified amino-thymidine 3 and the pivaloyl acid 8 was
achieved by a standard amino-acid coupling procedure with a yield generally higher than
70 %. The subsequent total deprotection of the alcohol moieties in 3’ and 5 positions was
carried out efficiently with tetrabutylamoniumfluoride (TBAF) in THF for 12 h. The
3’-O-dimethoxytrityl protection was achieved in dry piperidine using the standard
dimethoxytrityl chloride (DMTr-Cl) procedure. The subsequent synthesis of the
5’-phosphoramidite was finally performed using 2-cyanoethoxy-N,N-diisopropylaminochloro
phosphoramidite (CED-CI) leading to the building block 12, ready for the automated
phosphoramidite DNA synthesis (Scheme 2.20).

For the detailed experimental part of this multi-step synthesis the reader is referred to the

original works of B. Carl and of T. Carl.2***°!
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TBDPS = tert-butyl diphenylsilyl. a) EDC, HOBt, DMF, 0 °C, 48 h, 70%. b)
TBAF, THF, r.t, 12 h, 70%. c) DMTr-CI, Py, r.t., 2.5 h, 52%. d) CED-C,
DIA, CH,Cly, r.t., 52%.

Scheme 2.20 Synthesis of the 3°-DMT, 5’-CED-phosphoramidite SED 12.

Synthesis of ODNs containing the SED

The electron injector 12 was used for the automated synthesis of the oligonucleotide S1
containing two other modifications (Figure 2.32). The phosphoramidite 12 was dissolved in
dry dichloromethane (DMC) for the automated synthesis instead of the standard dry
acetonitrile (MeCN) because of solubility problems. Again, the commercially available BrdU
phosphoramidite was used. The T=T dimer acceptor, prepared by Claudia Grdf (Carell
group) possesses an open back bone that allows a fast analysis of the dimer cleavage process,
as described in the Introduction. The T=T dimer phosphoramidite was incorporated into the
ODNss with the open back bone protected as a cyclic silyl ether, as previously reported.2**2%")
The only modification of the previous procedure concerns the final cleavage of these ODNs
from the solid support. The presence of BrdU forces to use mild cleavage conditions (NH3(aq)
(28 %) in the absence of ethanol). In this case, the deprotection of the silyl protecting group
present in the T=T dimer proceeded much slower. Thus, a mild cleavage over five days at

24 °C was necessary to fully remove the T=T dimer silyl group.
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Figure 2.32 Oligonucleotide containing the SED as injector system. On the right side of the Figure the
structures of the single electron injector (S), the first electron acceptor (T=T) and the

second acceptor (BrdU) are depicted.

The distance of 17 A between the SED donor and the first acceptor (T=T dimer),
calculated for the 4 bps in an ideal B-DNA, ensures that the electron transfer proceeds
through a hopping mechanism.'">! A dC was also placed among the dTs of the first 4 bases
after the donor. The second electron acceptor (BrdU), positioned two bases after the T=T
dimer, is 30.6 A away from the SED donor. Also this distance is calculated for an ideal
B-DNA conformation with a bp stacking distance of 3.4 A. Moreover, in the double strand the
BrdU is positioned one complete turn of the helix away from the SED donor. This unusually
large distance requires a really efficient EET process to cover the distance between the donor
and the acceptor. This necessitated the selection of the very efficient BrdU as second electron

acceptor.
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The purification of S1 was achieved by RP HPLC and the characterisation by MALDI-Tof
mass analysis and UV-visible spectroscopy. In Figure 2.33 the HPLC chromatograms before

and after purification of the strand are reported.
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Figure 2.33 RP HPLC chromatograms of the single strand S1 before (A) and after HPLC purification
(B).

The mass analysis of the purified strand S1 shows a neat peak in good agreement with the

calculated mass (Figure 2.34).
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Figure 2.34 MALDI-Tof spectrum of S1 as single strand after RP HPLC purification and desalting.

The purified oligonucleotide S1 was hybridised with a full length matching counter strand

(S1-cs). After UV calculation of the concentration, a 1:1.3 mixture of S1 and S1-cs in buffer
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(see Experimental Part for details) was hydridised. Subsequently the solution was analysed
by CD spectroscopy in order to explore the ability of the oligo S1 containing three
modifications to form a double strand (dsS1) in the B-DNA conformation. Indeed, the CD
spectrum of the dsS1 showed the typical positive band around 280 nm and the negative band
around 250 nm consistent with the formation of a B-DNA helix (Figure 2.35).2°%!
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Figure 2.35 CD spectrum of dsS1.

Irradiation experiments

The irradiation at 320 nm of SED-containing dsS1 initiates, as mentioned in the
Introduction, a cascade of homolysis, charge translocation and deprotonation enabling the
final electron injection into the DNA base stack. This process is initiated by a Norrish type 1
photolysis of the fert-butyl a-hydroxy ketone of the SED moiety. The product of such a
photolysis after one-electron injection is the dicarbonyl-SED depicted in Figure 2.36.
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Figure 2.36 Mechanism of photoinitiation of the electron transfer through the irradiation of
SED-containing DNA. The photolysis of the injector and the subsequent charge transfer

irreversibly transform the SED donor into an inactive dicarbonyl.

The irradiation experiments of dsS1 for EET studies were accomplished under anaerobic
conditions using a 1000 W Xe-lamp equipped with a cooled (10 °C) 320 nm cut-off filter.
Quartz cuvettes sealed with a rubber septum to allow sampling were used as reaction vessels.
Different concentrations of DNA have been tested ((DNA] = 3-30 uM in 0.01 M Tris, pH =
7.4, 0.15 M NaCl). For the analysis, 10 uL (CE) or 20 pL. (HPLC) samples were removed
during the irradiation from the assay solution after defined time intervals, desalted and

analysed by CE or RP HPLC.

HPLC analysis

In Figure 2.37 the HPLC chromatograms of a typical irradiation experiment are reported.
The chromatograms of dsS1 before (black) and after 40 min (red) of irradiation are overlayed

in order to detect the newly formed peaks.
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Figure 2.37 Comparison between the dsS1 HPLC chromatograms before (black line) and after
irradiation (red line). In A the full scale chromatogram, in B the enlargement of the low

intensity signals. There are no relevant differences between the two chromatograms.

As can be seen from the enlargement B in Figure 2.37, it was not possible to determine the
presence of new peaks after the irradiation of dsS1 using HPLC chromatography. Although
the chromatogram in red (after irradiation) does not perfectly match with the black trace

(before irradiation), it is possible to ascribe every red peak one of the original dsS1 DNA.

CE analysis

An alternative analytic method was required in this case as well, even though, small
fragments are supposed to be cleaved off during irradiation.

The samples removed from the irradiation assay were analysed by capillary
electrophoresis, after an additional step to remove the excess salt, as described above. The
resulting electrophoretic chromatograms are reported as a time-dependent series in
Figure 2.38. It is worth to note that the retention time is not a reliable parameter in the CE
analysis. In fact, the mobilities of the analytes are the deciding values of the CE, but it is
common use to report the analysis in a HPLC-like form. Moreover, a minor limitation of the
CE analytic method is the gel inside the capillary that must be exchanged every 5-7 runs.

Consequently, the homogeneity of the resulting retention time of the peaks can be affected.
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Figure 2.38 CE chromatogram series from t =0 min to 40 min of dsS1 irradiation as full scale in A

and enlargement in B.

The two main peaks in A of Figure 2.38 at the irradiation time of t = 0 are the single strand
S1 and its counter strand (S1-cs, in excess). During the irradiation only the S1 peak is
consumed to generate other peaks, as evident from the enlargement (B in Fig. 2.38). After
5 min of irradiation the S1 peak gives rise of a second peak with a similar retention time.
Simultaneously new “fragments” are formed. The latter are 4-5 peaks, increasing size in the
10 min and 30 min chromatograms. For a longer irradiation time of 40 min the original S1
peak became a broad signal where it is not possible anymore to clearly distinguish individual
peaks. The “fragment- peaks” at 40 min of irradiation are broadened as well. Although the
detection of new peaks arising from the irradiation was possible by CE analysis, the nature of

these peaks still remains unclear.

Mass spectrometry

In Figure 2.39 the expected fragments deriving from the irradiation of dsS1 are depicted.
The corresponding calculated masses are listed underneath the double strand. Fragment 7, for
example, corresponds to the original S1 after photolysis of the labile SED moiety, thus the

mass of S1 minus the mass of a tBuCO(+H) group was calculated.
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Figure 2.39 Calculation of the fragment masses deriving from the irradiation of dsS1. The masses in
red are the fragments clearly detected by MALDI-Tof analysis (see below).

The mass analysis performed by MALDI-Tof is reported in Figure 2.40. The S1 single
strand mass (A, blue) is compared with the mass of dsS1 (B, red). The latter is much less
defined than the first due to the presence of salts necessary for the hybridisation with the
S1-cs and for the irradiation of dsS1. These salts were not completely removed even after a
desalting step. The third mass spectrum (C, green) corresponds to the sample removed from
the irradiation assay after 40 min. It shows the presence of at least three new peaks and two of
them are small fragments of S1. Although the intensity of such peaks is not very high, they
are clearly visible in the subsequent enlargement (Figure 2.40 and 2.41). Moreover, the long
S1 oligo was designed to ensure the electron transfer through a hopping mechanism and only
one electron is injected per strand. Thus, very low yields in the fragmentation products are

expected.
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Figure 2.40 MALDI-Tof spectrum of (A) S1 as single strand; (B) dsS1 in the irradiation buffer at
irradiation time t = 0 min; (C) dsS1 in the irradiation buffer at irradiation time t = 40 min.
The peaks labelled as fr. 6, fr. 4 and fr. 8 represent the fragments 6, 4 and 8 reported in
Figure 2.39.

In order to envisage clearly the above-mentioned peaks, an enlargement between 2200 and
3400 m/z of the MALDI-Tof spectrum series is reported in Figure 2.41. The green spectrum
(after irradiation, C, Figure 2.41) clearly shows the presence of two main peaks (a third one
for a K'-salt adduct) that are not present in the red spectrum (before irradiation, Figure 2.41,
B). The calculated mass for the fragment 6 (Calc. 2351.4 Da, ft. 6) is in excellent agreement
(2353.5 m/z) with one of these peaks. The second main peak has a mass of 3111.1 m/z which,
most likely, corresponds to the fragment 4 (Calc. 3108.6 Da, fr. 4). From the enlargement in
Figure 2.41 it is also possible to observe a small peak which might be associated to

fragment 5 (Calc. 2429.3 Da, found 2430.3 m/z, fr. 5).
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Figure 2.41 MALDI-Tof spectrum as enlargment between 2200 and 3400 m/z. (A) S1 as pure single
strand; (B) dsS1 in the irradiation buffer at irradiation time t= 0 min; (C) dsS1 in the

irradiation buffer at irradiation t = 40 min.

Such a fragmentation of S1 occurring upon irradiation is in contrast with the final
conclusions reported by Giese and co-workers.®” The presence of fr.4 and fr.6 in the
irradiation mixture can be explained by the sequence of events described in Scheme 2.21. A
single electron is injected from the SED donor in the base pairs stack upon irradiation. The
electron hops through the DNA using thymidines and one cytidine base present in the
sequence and reaches the T=T dimer. The latter undergoes a cyclo reversion causing the
strand to break under formation of fr. 4. The charge (radical anion) partially remains localised
on the thymidine of this fragment and partially on the other thymidine. In the first case fr. 5
will also be a product of the irradiation. In the second case the electron transfer proceeds to
BrdU, where the fast release of the bromo anion (Br’) stops the electron transfer process and
yields fr. 6.

It is worth to note the large distance between the SED donor and the second acceptor BrdU
(> 30 A). The presence of the debrominated fr. 6 in the irradiation mixture confirms the low
distance dependence of the EET and proves the catalytic properties to the single injected
electron. Thus, one electron is able to hop through a mixed sequence and reacts with two

electron traps located more than 30 A away from the injection site.
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hv
(320 nm)

_T_

=

~T-T-T-®U-T-C-G-C— &’

; T=T dimer split
3-G-C-G-A-§*-T-T-C-T-T-§' /i

|M __;“vg_\f:. | fr.5 I

3—T-T-T-*U-T-C-G-C—5’

debromination BrdU& -Br

3—T-T-T-U-T-C-GC— &’

S$* = SED after irradiation

Scheme 2.21 Trradiation of dsS1 and formation of fr. 4 by a T=T dimer cycloreversion and fr. 6 by
subsequent debromination. The formation of fr. 5 is possible when the charge remains on
the first T of the opened T=T dimer. The counter strand cs of S1 is depicted in light green
colour and corresponds to S1-cs of the MALDI-Tof spectrum reported in Figure 2.42.

The enlargement of Figure 2.40 in the mass region between 5300 and 5900 m/z is reported
in Figure 2.42. Also in this case the peaks resulting from the irradiation of dsS1 are depicted

in green (C), while the original DNA is in red (B).
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Figure 2.42 MALDI-Tof spectrum as enlargment between 5300 and 5900 m/z. (A) S1 as single strand;
(B) dsS1 in the irradiation buffer at irradiation time t = 0 min; (C) dsS1 in the irradiation

buffer at irradiation time t = 40 min.
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The main peaks detectable in the mass analysis of the irradiated mixture in Figure 2.42 are
the counter strand (fr. 2, 5563.2 m/z with the sodium (5583.5 m/z) and potassium (5602.5 m/z)
adducts), the S1 peak (5623.1 m/z) and the peaks corresponding to fr. 8 and its potassium
adduct at 5466.6 m/z and 5505.3 m/z, respectively (Figure 2.42, C). The presence of the latter
peaks (fr. 8) supports the partially rate determining T=T dimer cyclo reversion mechanism

[230

suggested by Giese and co-workers.*”! A schematic representation of the possible pathway

involved in the formation of fr. 8 is depicted in Scheme 2.22.
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fr. 8
S§* = SED after irradiation

Scheme 2.22 Schematic representation of the formation of fr. 8 by the single electron injection. The
S1 counter strand ¢S is depicted in light green colour and corresponds to fr.2 of the
MALDI-Tof spectrum reported in Figure 2.42.

Also in this case the process starts with the injection of a single electron into the base stack
of the duplex. The electron transfer proceeds via the hopping mechanism along the four base
pairs separating the donor from the T=T dimer. The resulting T=T radical anion can undergo a
cyclo reversion with formation of the fragments in Figure 2.41 or can transfer the charge to
the following base pair. The latter pathway is responsible for the formation of fr. 8, since
BrdU releases a Br anion very rapidly and in an irreversible way. In this case, one electron
injected into the duplex by SED reaches the BrdU trap located a full helix turn away from the
site of injection, using also the T=T dimer as a stepping stone. This observation is again in

agreement with the previous study,>"’

confirming that the T=T dimmer cleavage can be the
rate determining step in the EET investigations, in which it is used as electron acceptor. Thus,
the rate of the T=T cyclo reversion is smaller or comparable to the rate of the electron transfer

in DNA.

122



Chapter 2 Results and Discussion 2.2.2

HPLC and mass analysis

In order to confirm these results an irradiation experiment was carried out with a solution
containing a high concentration (30 uM) of dsS1. Proceeding as in the previous experiments,
the solution was degassed with argon for 30 min and irradiated with the same apparatus
previously described. Only two samples, at time t =0 min and t =40 min were taken. Both
samples were used for the RP HPLC analysis and the resulting fractions were collected. The
fractions were concentrated and analyzed by Maldi-Tof mass spectrometry. A fraction of the
irradiated sample corresponding to the HPLC peak with the retention time at 41 min shows
the mass of fr. 6, deriving from the T=T dimer cleavage followed by the debromination of

BrdU (Figure 2.43).
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Figure 2.43 Analysis of the 41 min fraction (HPLC) by MALDI-Tof spectroscopy. The inset shows
the enlargement of the spectrum between m/z 2000 and 2750.

The isolation of this peak validates the previous MALDI-Tof mass analysis of the
irradiation mixture in which the same peak was detected as a weak signal. Thus, the
above-mentioned fragmentation pathways are confirmed by the combination of HPLC and

mass analysis as well.

Synthesis and irradiation of flavin-hairpin containing two electron acceptors

In order to gather insight into the pathways involved in the mechanism of T=T dimer

repair, the SED donor was replaced by the flavin donor. A new flavin-capped hairpin was
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prepared. This hairpin possesses an identical sequence between the donor and the two
acceptors previously used in S1. The same flavin donor already described and used in this
work was incorporated in a sequence containing the T=T dimer as first acceptor and BrdU as
second one. Also in this case the synthesis was achieved by a mixed phosphoramidite/
H-phosphonate protocol as previously described, followed by a mild deprotection step
(NH3(aq), 28 %, 5 days). The hairpin F1 is an analogue of the dsS1 where the single electron

donor is replaced by a donor able to provide a continuos electron flow upon irradiation

(Figure 2.44).
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Figure 2.44 The flavin-capped hairpin F1 containing two electron acceptors together with the dsS1
previously described. The sequence starting from the donors is identical with that of dsS1
in which SED is the donor.

The irradiation of hairpin F1 was accomplished in a quartz cuvette, with a 1000 W
Xe-lamp as previously described for hairpins (1-5)a, b, ¢. The EDTA-photoreduction, the
subsequent irradiation at 340 nm and the sampling through the rubber septum were performed
in the standard conditions of this work. The MALDI-Tof mass analysis of the samples before

and after irradiation are reported in Figure 2.45.
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Figure 2.45 Maldi-Tof spectrum of F1 before (A) and after 15 min of irradiation (B).

The mass analysis shows that a sample of F1 (Figure 2.45, A) generates a set of fragments
upon irradiation (Figure 2.45, B). In both cases, before and after irradiation, it is possible to
dectect the doubly charged F1 hairpin (4217 m/z, z = 2) along with the mass of F1 (8437 m/z).
After irradiation two new peaks are formed. The first, with a value of 6005 m/z can be
assigned to a fragment (carrying the flavin) in which the T=T dimer underwent the cyclo
reversion, resulting in the strand break. The second peak, with a value of 2432 m/z, is in good
agreement with the small fragment generated after T=T dimer splitting (Calc. 2429 Da)
containing the second acceptor. Surprisingly, in this fragment the second electron trap
remains integral. Therefore, the electrons injected by the flavin do not reach the BrdU trap.

This result strongly contrasts the previous results obtained with the SED.

125



Chapter 2 Results and Discussion 2.2.2: Conclusions

Conclusions and outlook

In this section 2.2.2 the use of a single electron donor (SED) was alternated with the use of
the flavin donor in systems containing two electron acceptors in a row. The results obtained
upon irradiation of the SED-containing duplex are in agreement with the data observed in a

2% Moreover, a long distance EET, initiated by a single electron donation

previous work
event, was proven. On the other hand, the results observed upon irradiation of a
flavin-containing hairpin, provide an astonishing result. The chemistry that is triggered by a
charge in DNA depends on how the charge was initially injected at least in systems in which
the charge is detected not to far away from the donor. In excited state systems, the injected
electron has to fight against the efficient charge recombination process, which seems to limit
and bias charge propagation. If, however, ground state chemistry is employed to inject the
charge, no recombination trap is present. In this case, the charge can move freely. Excess
electrons injected by such a system can trigger more than one reaction, establishing a catalytic
electron, and they can hop over acceptors if their triggering mechanism is slower than the
hopping step. A side reaction involving the direct photo-reduction of BrdU was detected in
control experiments. The amount of such side reaction was quantified to be around 1 % and
5 % during the irradiation at 320 nm. These experimental evidences support the choice of
different single electron donors, which may be irradiated at higher wavelengths. A clear
explanation of this data however requires a deeper investigation using, for example,
competitive reactions occurring at two acceptors located at the same distance from the donor.
An accurate design of such systems should allow to investigate important information
concerning the T=T dimer splitting mechanism and the rate. Some examples are depicted in
Figure 2.46. The hairpins F2, F3, F4 and F5 could eventually elucidate the influence of the
direction (3’ = 5’ vs 5° = 3’) in the EET process as well while the fluoresceine tag would

increase the detection power of the fragments formed upon irradiation.
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Figure 2.46 Depiction of flavin-capped hairpins F3, F4, F5 and F6.
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2.2.3 M-MEET: Metal-Mediated Excess Electron Transfer

Introduction

Nanoscaled structures, such as molecular wires, may take advantage of the unique

self-organisation properties of the DNA.I'®) Nevertheless, the lack of electrical conductivity

[

of natural DNA limits its use as molecular wire.!"®"**2" Thig limitation can be overcome by

DNA metallisation, which might increase the conductivity and potentially be fine-tuned.**!

Nonetheless, random external DNA metallisation techniques disrupt the extraordinary DNA

properties preventing reversible self-assembling features.”*® The improvements achieved in

selective DNA metallisation,!**!

[270]

in concert with the development of methods for conductivity

investigation, ' may allow in the future the design of DNA-inspired molecular wires.

271,272 273,274

Recently Carell and co-workers! I"and the group of Shionoya ! I reported a

controlled assembly of metallised DNA in which one or more natural base pairs are replaced
by nucleosides carrying flat metal complexes. This new concept, called metal-base pair, is not

275,276

more than few years old.! ' A graphical example showing a salen metal complex inside

the DNA duplex is depicted in Scheme 2.23.2""

metal cation (Q N

Scheme 2.23 Assembly of a DNA strand in which the replacement of natural base pairs by a

metal-base pair gives rise of an internally metal complexing DNA. Two salicylic

aldehydes form a salen ligand in the presence of ethylendiamine. The addition of an
[271]

appropriate metal cation forms the salen metal complex.

Up to ten metals atoms were lined up by the DNA self-ssembling scaffold.”’"! Selective
metal complexation could be achieved as well. Different metal ions, such as copper(Il) and
mercury(Il) ions have been arranged in a programmable fashion using the salen complex and
a mismatched T-T site. (Figure 2.47).28 The latter is known since the 1960s to be able to

complex Hg?* [27280)
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Figure 2.47 Alternating assembly of 5 Cu®*" and 5 Hg*" into the DNA base-stack. T = thymidine;
S = salicylic aldehyde.”*”®!

Although magnetic properties have been recognised in DNA containing five metal-base

s 273
pair in a I'OW,[

I this DNA-inspired bio-inorganic materials need a deeper investigation. In
collaboration with Clever, a new system to explore the excess electron transfer (EET) was
designed and the electron transfer in such metal-derivatised DNA need to be measured.

Taking advantage of the systems developed within the Carell group, ***"" a series of
DNA hairpins containing the light dependent flavin electron donor and the fast electron
acceptor BrdU were designed. A salen-metal complex between the donor and the electron
acceptor was introduced during the oligonucleotide solid phase synthesis in order to establish
the influence of one metal in the electron transfer process.

The design of hairpins H1, H2 and H3 in Figure 2.48 was aimed at exploring the electron
transfer through the salen-metal complexes in the context of mixed sequences. The effect of
only one metal per DNA was investigated in this proof of concept study, in which only the

nature of the metal and the irradiation conditions were systematically changed.
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Figure 2.48 Hairpins H1, H2 and H3 and their modifications.
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Synthesis and characterisation of the hairpins

The synthesis of hairpins H1, H2 and H3 was accomplished using a mixed
phosphoramidite/ H-phosphonate/ phosphoramidite protocol applied in a standard automated
oligonucleotide synthesis.”>® An additional ligand deprotection step was needed at the end of
the synthesis as previously described.”’'*’?! High-resolution mass spectrometry was used to
characterize the hairpins. The internal metal complexes are formed, as extensively
described,””"*’" by addition of ethylendiamine, followed by the addition of a salt of the metal
in question. Hairpins before (HX, with X = 1, 2 and 3) and after addition of ethylendiamine
(HX-en, with X =1, 2 and 3; en = ethylendiamine) and after addition of metal (HX-M, with
X = 1,2 and 3; M = metal cation) are described in the following text. Examples of high
resolution mass analysis are reported for the hairpin H1. More spectra are included in the
Experimental Part, Chapter 4.

The analysis of metal-containing oligonucleotides is best performed using electron spray
ionisation (ESI) high resolution mass spectrometry technique. Attempts to use the
MALDI-Tof mass analysis, as in the previous sections, failed due to the lability of the
complexed metal towards the laser ionisation method.

In Figure 2.49 the ESI spectrum of the hairpin H1 after RP HPLC purification is reported.
A list of the calculated molecular weights of the ion patterns on the top of the Figure

accompanies each of the following ESI spectrums.
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Figure 2.49 High resolution ESI mass spectum of H1. (A) spectrum between m/z 500 and 1050; (B)
spectrum between m/z 664 and 667 for the [M-9]" peak and (C) spectrum between m/z
748 and 750 for the [M-8]* peak.

The ion patterns found in this analysis are in excellent agreement with the calculated
molecular weights. Thus, the synthesis of H1, containing four modifications, was effectively
achieved. Similar mass analyses were performed for the other hairpins with equally clear

results.

Synthesis of metal-containing hairpins

Samples of the purified hairpins were used for the complexation with different metals. This
base-metal formation was achieved, as previously described, through the addition of
ethylendiamine followed by the metal salt. Hairpins containing Cu*, for example, were

formed by addition of CuSO,, the hairpins containing Mn®* were generated by addition of
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MnSO; (and spontaneous oxidation to Mn®" occurs successive to the salen-complexation).
Also other metal cations (Fe’*, VO*") were incorporated into hairpins H1, H2 and H3
(Figure 2.50). Thus, the capability of two salicylic aldehyde ligands developed by Clever to

complex a large assortment of metals is also higly efficient in the presence of other

modifications.
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Figure 2.50 Hairpins H1-M, H2-M and H3-M along with the salen-metal complex and the metal
cations used in this work.

In the following Figure 2.51 the ESI spectrum of H1-Cu is reported, whereas the spectrum
of H1-Mn is included in the Experimental Section. Also in these cases the formation of the
desired product is confirmed by the agreement between the calculated and the found

molecular weights. Two of the ion patterns are enlarged and reproduced below the full

spectrum for a better visualisation of the data.
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Figure 2.51 High resolution mass spectum of H1 after addition of en and Cu** (H1-Cu). (A) spectrum
between m/z 200 and 2000; (B) spectrum between m/z 674 and 677 for the [M-9]° peak
and (C) spectrum between m/z 758 and 763 for the [M-8]* peak.

Irradiation of metal containing hairpins

The irradiation experiments were carried out under anaerobic conditions, as previously

reported in this work.”") However, the analysis of irradiated hairpins was now accomplished

by using high-resolution mass spectrometry. The irradiation of H1, was performed under

several conditions. As control experiment the hairpin H1 was irradiated before the addition of

ethylendiamine and the metal. Surprisingly, after 20 min of irradiation, it was possible to

observe the corresponding debrominated hairpin (H1 —Br) as the expected product of the

electron transfer process initiated by injection of an electron from the irradiated flavin

(Figure 2.52). As control, the experiment was repeated in absence of any reductant to prevent

the electron injection. The flavin, in fact, injects electrons into the hairpin base pairs stack in
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the deprotonated, reduced and light-excited state. In the control experiment the debrominated
product was not observed. This data validates the assumption that efficient electron transfer
between the flavin-donor and the BrdU acceptor is possible also through a mismatch as

established by the salicylic aldehydes.
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Figure 2.52 High resolution mass spectum of H1 before (A) and after (B) irradiation. The [M-5]"
peak is highlighted in red for the parent strand and in blue for the debrominated strand.

To further investigate the control experiment, en was added to a fresh solution containing
H1. The addition of en to the hairpins is reversible, forming iminic bonds with the two
salicylic aldheydes present in the sequence and slightly increasing the melting point and the

271

stability of the formed duplex.*”"! The irradiation of H1 in presence of 10 equivalents of en

(H1-en) yielded again a debrominated hairpin, detected by ESI mass analysis (Figure 2.53).
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The data show that the salen ligand being formed upon addition of en, remains intact in both

the parent (H1-en) and the debrominated hairpin (H1-en —Br).

M-3]3" | [M-4]*" | [M-5]5" | [M-6]6~ | [M-717"| [M-8]8" | [M-9)2~ | [M-10]"®"

N =BrdU|2000.3430| 1500.0053| 1199.8026|999.6675 | 856.7139| 749.4986 | 666.1090 | 599.2965

N = dU [ 1974.3730| 1480.5278| 1184.2206| 986.6825 | 845.5839| 739.7599| 657.4523 | 591.5055

A FTMS - ¢ ESI Full ms [ 500,00-2000,00]

Relative Abundance

1208,00

205 ! !
=
10 TN
17378 117918 118781 [ L
Lo |
1170 1180 1190 1200 1210 1220 1230 1240 1250 T A
miz -’- ..... +
B FTMS - c ESI Full ms [ 500,00-2000,00] - X ..... A
IE'I'E. X =BrdU é _&
| 1
¢ ¢
C---- G
| |
H 5 3
=
3
H H1-en
F-]
o
]
=
=
]
4

1170 1180 1180 1200 1210 1220 1230 1240 1250

Figure 2.53 High resolution mass spectum of H1 after addition of ethylendiammine, (H1-en) before
(A) and after (B) irradiation. The [M-5]" peak is highlighted in red for the parent strand
and in blue for the debrominated strand.

The salen-metal complex was finally formed inside the hairpin H1 following the previous
works, by adding 10 equivalents of en and 5 equivalents of CuSO,. The stability of the
formed hairpin H1-Cu, was improved as evident from the increased melting point due to the
new coordination bonds formed.

The irradiation was carried out under the same photoreaction conditions of the control
experiments and the analysis was achieved again by ESI mass spectrometry (Figure 2.54).
Although the presence of Cu®’ inside the the duplex appears to influence the amount of

by-products deriving from the irradiation, it was possible to clearly identified the ion patterns
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of the debrominated hairpin (H1-Cu —Br). This data is the first proof of the concept that the

electron transfer can hop through a base-metal stack. Thus a metal-mediated excess electron

Results and Discussion 2.2.3

transfer (M-MEET) is observed here for the first time.

However, ion patterns in which the mass of Cu>" was not any more included in the hairpin
structure were also found. These peaks correspond to the parent hairpin (H1-Cu —Cu”") and to

the debrominated hairpin in two forms: with en inside (H1-Cu —Br —Cu*") and without en

H1-Br—Cu®" —en).
(
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Figure 2.54 High resolution mass spectum of H1 after addition of ethylendiammine, Cu®" (H1-Cu)
and before (A) and after (B) irradiation. The [M-4]" peaks are highlighted in red for the
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parent strand and in blue for the debrominated strand.

The partial release of Cu®" was only observed after the irradiation experiments. The
1000 W Xe-lamp used for the photoreaction was filtered by a cooled 340 nm cut-off glass

filter in order to excite the reduced and deprotonated flavin, without any excitation of the
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Chapter 2 Results and Discussion 2.2.3

nucleobases. Nevertheless, a maximum absorption peak at 360 nm is known to be typical for
Cu?"-salen complex © 2> m* transitions.?’% Therefore, the excitation of the Cu**-salen
complex could explain the loss of the metal from the complex. Such a limitation can be
overcome by using different metals in the salen-complex.

The question how efficient the electron transfer proceeds through the Cu**-base pair must
be addressed in a different way, in which the photo-electron injection event does not interfere
with the metal-complex. Many injectors are known in literature as for example the
above-mentioned diaminonaphtalene (TMDN, E*,x = -2.8 V vs SCE; Amax = 325 nm) used in
excess electron transfer studies,[33’2“’215]

(SED, Amax = 320 nm).

or the previously reported single electron donor
The investigation of the physical properties of DNA containing metal-base pairs can surely

take advantage from EET studies carried out with covalentely bound electron injectors and

acceptors.
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2.3 Conclusions

The Br-nucleosides used in the first part of Chapter 2 revealed many details of the excess
electron transfer process, such as the base sequence and direction dependence and the
influence of different acceptors on the charge transfer efficiency. It was also possible to
establish, for the first time, a strong influence of the G:C bp position on the trap efficiency.
The capillary electrophoresis technique was applied successfully for the first time in an EET
study. Furthermore the Br-nucleoside system assay can represent an alternative and
convenient method to investigate the fate of the in situ generated radicals. Specifically, BrdU
can be used to explore the C1’ and C2’ radical formation and fate within a duplex, without the
involvement of a direct UV irradiation. BrdA represents a valid precursor of C8 radicals that,
at the nucleosides level, undergo a cascade of reactions yielding cycloadenosine lesions. It is
not yet well established if the C8 radical can evolve analogously when generated inside a
duplex. Finally, BrdG as shown to act as a one-electron oxidised guanine precursor. This
behaviour is of great importance for the investigation of oxidative damage in DNA. An
appropriately designed assay, containing for example SED and BrdG, might provide an
important tool for the selective generation of oxidative lesions and their study.

In the second part of Chapter the effect of one electron injected into DNA was studied.
Two electron acceptors in a row were used. The data corresponds with that of a similar model
from Giese. Moreover, when a flavin is used as donor an astonishing result is obtained. The
chemistry that is triggered by a charge in DNA depends on how the charge was initially
injected. In excited state systems, the charge recombination process seems to limit the charge
propagation. If, however, ground state chemistry is employed to inject the charge, no
recombination trap is present. In this case, the charge can move freely. Excess electrons
injected by such a system can trigger more than one reaction.

In the last part a new DNA-based device was developed and tested in this work. The
so-called M-MEET represents the first step towards a real application of the recently
developed DNA metal complexation method.
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3 Molecular Beacons for DNA-Photography. Selective
Detection of a Target
3.1 Introduction
There is a great need in the medical, scientific and non-scientific community for rapid and
simple diagnostic assays able to detect biomaterials such as oligonucleotides (ODNs), DNA,
RNA and proteins. The methodologies available today are possible thanks to expensive
equipment and technologies and they are mostly suited for specialised users. In the case of

(2811 (PCR) or comparable target-amplification

DNA detection, the polymerase chain reaction
methods are still the most widely used and well known for their reliability and sensitivity
(5-10 DNA molecules). In some cases these methods exhibit short-comings in terms of
specificity and require an expensive multi-component assay. Direct detection methods were
developed recently using complex technologies such as fluorescent, chemoluminescent,
electrochemical, radioactive processes, using partially sophisticated materials such as

[189282287] Although these new assays can detect selected

micro-arrays and nano-particles.
ODN:s in the pico-, femto- and even atto-molar range, their application requires a specific
scientific background, thus limiting the method to highly specialised laboratories. A novel
approach to detect DNA and RNA without any specific scientific background would be a
landmark in the desire to extend these kinds of diagnostics to a large variety of applications.
Such a method should cover the fields of human in vitro diagnostics such as testing for
infectious diseases and bioterrorism agents or testing for oncological applications.

The work reported in Chapter 3 was aimed at developing an easy to use method for all
these fields without the involvement of sophisticated and expensive instrumentation. In order
to achieve this goal the final method should not require the use of a specialised laboratory.

A very basic chemical laboratory, accessible even for non-specialised users, is a dark room
for photographic development. Such rooms can be set up rapidly and are widely available
even after the advent of digital photography. In order to run a dark room a profound scientific
knowledge is not required even though the chemistry behind the photographic process is
relatively complex and involves chemicals and materials such as silver halides and different
dyes. It can be assumed that one of the most simple and small chemical labs ever
commercialised was the Polaroid® camera. The technology described herein is inspired by
such techniques. Based on the black-and-white (b/w) photographic process we developed a
novel method for the direct detection of DNA with high sensitivity levels of 300

attomoles.”®! However, several steps of this technology are still to be optimised. This new
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application based on the very old idea of photography could be able to satisfy the needs

outlined above.

Photography

The irradiation of a photo paper or of an emulsion containing silver halide crystals

(289) These clusters are selectively enlarged by the

generates Ags nuclei as latent images.
subsequent reductive development process. This development step can be seen as the
amplification of the original signal, the latent image, by a factor of more than 10".**) The
sensitivity of such emulsions or papers is called intrinsic sensitivity and is limited to
wavelengths absorbed by the silver halide. The process called spectral sensitisation adds
sensitivity to longer wavelengths of the visible spectrum. This requires the addition of dyes

[290

called spectral sensitisers to the emulsion grains.® Cyanine, merocyanine and pinacyanol

dyes constitute the majority of spectral sensitizers employed thus far, though many other
molecules were used in photography before the cyanines were recognised as the best class of

dyes for this application.**!)

DNA-Photography

Taking advantage of the working principle of b/w photography, a facile method for highly

sensitive DNA detection was realised and called DNA-photography (DP) by the Carell

[288

group.”™ An application of the DP method to detect DNA os possible in many fields even

for non-specialised users. There is no need for a professional laboratory. This working

principle is illustrated in Figure 3.1.
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Figure 3.1 Schematic representation of the envisaged DNA detection method using the methods of
black and white photography. A) commercial photopaper loaded with different
concentrations of the labelled ODN. Graphical representation. B) photopaper after
irradiation and development. Visual detection of the labelled ODN at three different

concentrations. Spotted 1 puL (x 4) (scanner reproduction).
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A series of ODNs and dsDNA were labelled with one or more pinacyanol dyes. The
labelling was achieved, as reported recently, using the ability to modify oligonucleotides with
the help of the Cu (I) catalysed azide/alkyne cycloaddition (click chemistry).”*?%) The
building blocks for the synthesis of the pinacyanol labelled ODNs are depicted in Figure 3.2.
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Figure 3.2 Building blocks used for the synthesis of ODN 1-3.12"!

The solutions containing such ODNs were individually spotted on commercially available
photographic paper (Ilfospeed RC Deluxe, Ilford) lacking any spectral sensitiser. The
irradiation and the standard development of the photo paper allowed the detection of the
labelled DNA in picomolar sensitivities (300 attomoles, Figure 3.3). These preliminary

results, together with the work presented here, are part of a publication.[**"!
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Figure 3.3 Photo strips with sensitizer-modifed ODNs: (a) ODN-1; (b) ODN-2; (c) ODN-3; (d)
Cy5-ODN; (e) Cy3-ODN. Amounts of DNA (1 uL each): 1:10pmol, 2:1 pmol,
3:300 fmol, 4: 100 fmol, 5:30 fmol, 6: 10 fmol, 7:3 fmol, 8:1 fmol, 9: 300 amol,
10: 100 amol, 11: 30 amol, 12: H,O. The black box shows the detection limit.***!

140



Chapter 3 Introduction

Molecular Beacons in DNA-Photography

The astonishing result achieved using the new straightforward detection method DP
encouraged a deeper investigation. A specific DP application was designed that allows the
detection of a selected DNA sequence. There are many techniques suitable for this purpose,
but not all of them are compatible with the principle of b/w photography and with the intent to
keep this method as simple as possible. Many of these methods involve the highly selective
hybridisation step between the target (ODN, DNA or RNA) and the probe. One of these
techniques, extensively documented in literature, uses modified ODNs called molecular
beacons (MBs).”*”! These compounds (Figure 3.4) are single-stranded oligonucleotide
hybridization probes able to form a stem-and-loop structure (hairpin). The loop contains a
probe sequence that is complementary to the target sequence. The stem is formed by the
annealing of complementary arm sequences that are located on either side of the probe
sequence. A fluorophore (or reporter) is covalently linked to the end of one arm and a
quencher is covalently linked to the end of the other arm. Molecular beacons do not fluoresce
when they are free in solution. However, when they hybridise to the target nucleic acid strand
containing a complementary sequence, they undergo a conformational change that enables

them to fluoresce brightly.

A
— ;Dﬂm];i # %
Target D 4
DNA/RNA 1
-': L g

Fluorescence
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rr—
Denaturing
agents

——
Temperature (°C)

Figure 3.4 MB working principle. a) Two different pathways to denature the hairpin structure of MBs,
by a target annealed to the loop region of the hairpin (top) and by temperature, denaturing
reagents or ssDNA binding proteins (bottom). b) a typical temperature denaturation
monitored by fluorescence spectroscopy of a MB in its open (red line) and closed (green

line) conformation.

Some fluorophores used for these probes are the same dyes used in the b/w photography as
spectral sensitisers.”>™ The MB working principle takes advantage of the fluorescence

resonance energy transfer (FRET) process between the two dyes covalently bound at the ends
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of the MB. In the absence of targets, the probe does not fluoresce, because the stem places the
fluorophore closely to the nonfluorescent quencher. Thus the dyes transfer the excitation
energy to the quencher by FRET, eliminating the ability of the fluorophore to fluoresce. When
the probe encounters a target molecule, it forms a probe-target hybrid that is longer and more
stable than the stem hybrid. The rigidity and length of the probe-target hybrid precludes the
simultaneous existence of the stem hybrid. Consequently, the MB undergoes a spontaneous
conformational reorganization that forces the stem hybrid to dissociate and the fluorophore
and the quencher to move away from each other, restoring fluorescence (Figure 3.4).

This class of oligonucleotides carrying a spectral sensitizer and a quencher could be the
perfect candidate to set up a DP-based application. In the following work a clear correlation
between fluorescence measurements of MBs and the signals detected using the DP detection
method was verified (Figure 3.5). This technique was then called Molecular Beacon DNA
Photography (MBDP).
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MB
Deposition on the Deposition on the
photo paper Exclusive detection of the target. photo paper
Actual sensitivity = 600 fmol
Irradiation and Irradiation and

Development

9 Off O.n a T

Figure 3.5 Schematic representation of the DNA-photography working principle based on MBs,
MBDP. Only the mixture to analyse, in which MB is annealed with the target T gives a
positive signal as a black spot on the photo paper. The closed form of MB gives no signal

on the photo paper.
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3.2 Results and Discussion
Materials and Methods

To prove the MBDP concept and its validity an ODN sequence associated with the
Yersinia pestis bacteria (5’-AGCCACGCCTCAAGGG-3’) was chosen as the Target (T).
This bacteria causes the infectious disease plague in animals and humans, which is of current

(2993001 gpecifically, a molecular beacon was designed that binds to amplicons

importance.
generated from the 16S rRNA genes of Y. pestis. Commercially available MBs were
purchased and called MBX (X =1 -4, Figure 3.6). They all posses the same sequence, 5'-
Dye-CGCTGCCCCTTGAGGCGTGGCTGCAGCG-Quencher-3', in which the underlined
bases form the stem region of the MB. The loop region of MBX has a sequence
complementary to the 16mer ODN gene of Y. pestis, T. The non-modified 16 mer ODN T’ in
Figure 3.6 was designed to be complementary with T and to trap it when required by
competitive hybridisation. The commercially available Cy3-ODN was used as reference

ODN. The complete sequences are reported in Figure 3.6 along with the dyes used and their

absorption and emission wavelengths.

R W
MBI = 5°-Cy3-sequ.-BHQ2-3’ Target T
MB2 = 5°-Cy5-sequ.-BHQ3-3’ 5’-AGCCACGCCTCAAGGG-3

Amplicon of a short segment of thel6S
MB3 = 5’-IR700-sequ.-BHQ3-3" rRNA genes of Yersinia Pestis
MB4 = 5’-Tamra-sequ.-BHQ2-3’
(e
MBs

sequ. = -CGCTGCCCCTTGAGGCGTGGCTGCAGCG-
5-CCCTTGAGGCGTGGCT-¥

The underlined sequence forms the stem region of the MBs
Counter Strand of the target T

' Dye Abs (nm) Em (nm) |

Cy3 550 570 Cy3-ODN

L Cys 640 670 = . ,
| R700 685 700 | 5-Cy3-GCGCTGTTCATTCGCG-3
Tamra 550 580 Reference oligo

Figure 3.6 Graphical representation of MBX (X=1-4), T, T’ and Cy3-ODN along with their
sequences. On the bottom-left side the absorption and emission wavelengths of the dyes

used in this work are listed.
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Selection of a reporter / quencher couple

Many dyes have been reported in literature in conjunction with MBs. The widespread use
of MB probes is also due to the large variety of dyes and quenchers able to accomplish, i.e.,
multiplex detection of different target sequences. Some of these dyes are used, as free
molecules, as spectral sensitizers in photography because of their capacity of being adsorbed
into the photo paper transferring energy to the silver halide crystals. In order to link the MB
detection method with the DP, four different reporters were tested. The dye/quencher couples
were selected on the basis of the relative quenching efficiency (i.e. Cy3/BHQ2 or
Cy5/BHQ3).”*™ For such tests the same MB target sequence for Y. pestis strand T was used.
Always following the same procedure, four different MBs, MB1, MB2, MB3 and MB4, were
first analysed by fluorescence spectrometry before being tested on the photo paper. In
Figure 3.7 the chemical structures of the dyes and the quenchers tested in this work are

depicted.
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Figure 3.7 Chemical structures of the dyes (Cy3, Cy5, IR-700 and Tamra) and the quenchers (BHQ2
and BHQ3) used in the MB experiments.

After irradiation with the appropriate wavelength, only MB1 containing Cy3 and BHQ2
showed positive results in the DNA-photography experiments.
The cyanine dyes, such as the Cy3 (in MB1 and Cy3-ODN, Figure 3.6), are the dyes of

choice in commercial photography. Covalently linked to the 5’-end, Cy3 is the reporter in
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MB1. The black hole quencher (BHQ2), linked to the 3’-end of the same hairpin, establish a
good quenching efficiency of 97 %.*"

The ability of MB1 to identify its target was first tested using a fluorescence spectrometer.
MB1 hybridises with an excess of T in the presence of a salt concentration over 5 mM.
Different hybridisation buffers and salts were tested as mentioned above using different
concentrations to obtain the best result with the minimal salt concentration in solution. The
salt concentration indeed influences the sensitisation process of the photo paper. Furthermore,
the nature of the salt and its anion were shown to play a major role for MBDP sensitivity
whereas MB1 hybridisation properties were influenced only slightly. The fluorescence
behaviour of MB1 was generally consistent with the data reported in literature.”*" In

Figure 3.8 an example of fluorescence analysis of MB1 is reported.
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Figure 3.8 Fluorescence spectrometer measurements (emission at 570 nm). Green curve: MB1
0.2 uM (from 25 °C to 85 °C). Red curve: after the addition of 1.2 uM of T to the same

solution. Crude data.

Photographic experiments

In a typical MBDP experiment 1 puL of the solution to analyse is placed on the photo paper.
The evaporation of the solvent and the penetration of the sample into the resin protecting coat
of the paper can be achieved slowly at room temperature (30-60 minutes) or quickly (1-5
minutes) at higher temperatures. In the latter method the loaded photo paper is placed on a
warm surface (30-40 °C). Higher temperatures can damage the photo paper. The latter method

seems to improve the adsorption of the sample into the photo paper as highlighted by the
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slightly enhanced sensitivity. It is worth noting that only the dye adsorbed to the silver halide
surface is effective as sensitizer.[*’!)

Once the 1 puL drops are adsorbed onto the photo paper, the irradiatiation is performed with
white light through a 550 nm cut-off filter and a 2 times “density” filter (0.5 OD). The
development of the photo paper was achieved using standard and commercially available
solutions as described in Experimental Part (Chapter4). The complete procedure is

performed in a dark room. The only instrumentation needed for experiments not included in a

standard dark room consisted of a micro-pipette for the sample deposition.

Detection of 10 picomoles of target T

In a preliminary experiment a solution of 1 uM MBL1 in a solution containing Tris-HCI
(pH 8, 10 mM) and MgCl, (1 mM) was prepared. To one batch of this solution was added a
large excess of T (10 uM). Both mixtures and a solution containing only T (10 uM, 10 mM
Tris-HCI pH 8, 1 mM MgCl,) were warmed up to 80 °C for 5 minutes and then cooled down
slowly (hybridisation procedure). All the samples were analysed by fluorescence
spectrometry and in parallel with the new MBDP technique. The latter simply consists of
spotting 1 uL. of each of the three solutions, plus a reference solution containing only the
hybridisation buffers, on the commercially available photo paper as described before.

The results of this first experiment are shown in Figure 3.9. Under these non-optimised
conditions it is already possible to distinguish between the closed form of MB1 (1 pL of
1 uM sol. = 1 pmol) in spot 3 and the open form in which MB1 is annealed with T (1 uL of
10 uM sol. = 10 pmol) in spot 4 (Figure 3.9, a’ and b’). Although spot 3 gives a weak positive
signal as well, this is due to the high concentration used in this first experiment and to the
non-quantitative quenching of the dye. There is indeed a residual fluorescence signal of MB1
in its closed form (detectable also by fluorescence spectroscopy) even at low temperatures
(previous Figure 3.8). Spots 1 and 5 are the references and their white colour (false negative)
is in contrast with spot 2 relative to the target T (1 uL of 10 uM sol. = 10 pmol) in which the
sensitiser (dye) is missing. It is reasonable to conclude that the white aspect of the reference
spots is due to the so called salt-effect, namely the interaction of chloride anions present in the
reference solution (10 mM Tris-HCI pH 8, 1 mM MgCl,) with the silver cations of the photo
paper. Indeed using these conditions (high CI' conc.) when the concentration of any
Cy3-labelled ODN is below 0.05 uM it is possible to detect a negative white signal. Above
this concentration the spectral sensitisation of the paper due to the dye of the labelled ODN
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outperforms the negative effect of the salts. Unlabelled ODNs give weak false positive results
(dark spots) for concentrations higher than 50 mM (50 nmol per microliter). In the light of
this experimental evidence it is possible to explain spot 2 relative to the solution of the
target T. It does not appear white as the blank because of the presence of an ODN in high a

concentration.

a

Figure 3.9 Scanner reproduction of two typical photo-experiments. In a and b in the lane ref. a Cy3-
labelled ODN (Cy3-ODN) is spotted in a dilution series from 10 uM to 100 fM. In @’ and
in b’ the enlargements relative to the MBDP experiments are reported. Spots 1 and 5 =
hybridisation buffer; spot 2= 10 uM T; spot 3=1 uM MB1; spot 4 =MB1 + T (1:10).

With such an easy experiment it was verified that the molecular beacon principle is
applicable for the DNA-photography technique detecting 10 picomoles of T. Afterward
different conditions were investigated to improve the signal / background ratio and many
other parameters in order to extend the applicability of this method to the detection of

sub-picomoles (< 107 moles) of target.

Screening of different hybridisation buffers

Various buffers and salts were tested in order to achieve the hybridisation of MB1 with T
with a minimal salt-effect on the photo paper. A list of selected buffers used for this purpose

is reported here.

B =1M Tris-HCI pH 8§, 100 mM MgCl, B5  =1M Na-Acetate
B1 =1M Tris-HCI pH 8§, 400 mM MgCl,, 150 mM KCl B6 = 1M tri-Na-Citrate
B2 =900 mM NaCl, 90 mM Na-Citrate B7 = 1M Na-tetraborate
B3 =1M KH,PO, B8 =1MK,COs

B4 =1 M Na-Formate
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None of these buffers improved the performances already achieved using the salt
composition of buffer B for the MBDP application although many of them showed good
hybridisation properties monitored by fluorescence (Figure 3.10). Some examples of

photographic experiments are reported in lane A (Figure 3.11).

28| — mB1+T+B
1| —— mB1+T+B2
26__ MB1+ T+ B6
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Figure 3.10 Fluorescence emission time acquisitions at 570 nm of the addition of 1.2 uM of T to
solutions containing 0.2 uM of MB1 and different hybridisation buffers in different

colours.

Lane B in Figure 3.11 is the reference Cy3-ODN. Here this ODN is simply dissolved in
water and is spotted in a dilution series from 10 uM to 100 fM. To investigate the salt-effect a
concentration of 0.2 uM MB1 was used and only a 3-fold excess of T was added (lane A,
Figure 3.11). This small excess of T is enough for an efficient hybridisation as shown in A3
and A4 (Figure 3.11) and as confirmed by fluorescence monitoring. Interestingly, when
tri-Na-Citrate (H6) or KH,PO,4 (H3) were used as hybridisation salts, the corresponding spots

in A6 and A7, respectively, appeared to be quenched, but no white spot was noticeable.
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1 2 3 4 5 6 7 8 9 10 1 12
AlHo T MBT (MB11_;T} T (MBHT)** (MBHT)** HoO*
B[ C3 ¢3 cC3 C3 c3 C3 c3 c3 cC3 c3 C3 Hy0
10pyM 1pM 100nM 30nM 10nM 3nM 1nM 100pM 10pM 1pM  100fM
c Bg B6 B1+T)#
H,0 B1 B2 B3 B4 B5 B6 conc, MB1+T)

[MB1]=0.2mM C3=Cy3-ODN *=[B]/400 **=[B6]/400 ***=[B3]/100 +[B6]/200 #=[B3]/200

1 2 3 4 5 6 T 8 9 10 11 12

Figure 3.11 Scanner reproduction of the buffer screening photo paper. The samples used are listed in
the table.

In lane C of Figure 3.11, solutions containing only water and the buffers are spotted in the
same concentration used for the hybridisation experiments. It is worth noting that only the
Cl'-containing salts give a white spot on the photo paper supporting the assumption that CI’
anions strongly interact with the Ag" cations of the paper. Moreover, some of the buffers
sensitised the photo paper even in the absence of any dye. In some cases it was even possible
to detect a positive result as for K;CO3; (B8) in C8 and for a concentrated solution of
tri-Na-Citrate (B6) in C9 of Figure 3.11. As a conclusion, the nature of the salts employed in

these experiments and their concentration can strongly influence the sensitivity of the method.

Detection of 600 femtomoles of target T

In spot A4 of Figure 3.11 a clear detection of 600 fmol of T by the hybridisation with
200 fmol of MB1 was reported. In Figure 3.12 the MB1 concentration was decreased to
0.1 pM (100 fmol per pL) in order to test the minimum amount of “reporter” able to sensitise
the photo paper. T was used in a 6-fold excess and the buffer concentration was decreased to
5 mM of Tris-HCI pH 8 and 0.5 mM of MgCl,. Under such experimental conditions it was
still possible to detect the target T present in spot 4 in a concentration of 0.6 uM, when added
to the MB1 (0.1 uM). Thus, the direct detection of 600 fmol of T was achieved using

100 fmol of MB1 and a commercial, standard photo paper. Spots 7 and 8 were used here as
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references. They contained the commercially available Cy3-ODN in the concentrations of

1 uM and 0.1 uM, respectively (5 mM Tris-HCI pH 8 and 0.5 mM MgCl,).

1 2 3 4 5 6 7 8
Buter wMB1 T VBT ypy Buffer  Cy3-ODN  Cy3-ODN

1:6 1 uM 0.1 uM
[MB1] = 0.1 uM

Figure 3.12 Direct detection of 600 fmol of T in 1 uL sample containing 100 fmol of MBL1 (spot 4).
At these concentrations MB1 gives no signal on the photo paper. Buffer = 5 mM of
Tris-HCl pH 8 and 0.5 mM of MgCl,. Irradiation wavelength > 570 nm (cut-off filter),
standard development.

Control experiment

The sensitisation of the photo paper by an adsorbed dye gives rise to a black spot as shown
in the previous Figures. In the case of a molecular beacon, a quencher such as BHQ?2 is able
to inhibit the sensitisation process initiated by a dye such as Cy3. The addition of a sequence
complementary to the loop region of the MB results again in the sensitisation of the photo
paper, visualised by a black spot formation (after irradiation and development). In order to
verify the MB principle associated with the photographic sensitisation, a control experiment
was carried out in which T was added to MB1, removed by T’ addition and re-added to the
MB1. This sequence of additions was monitored by fluorescence spectroscopy, while the
mixture was spotted onto the photo paper at each step. The interpretation of the low intensity
spots in this on-off experiment was fully confirmed by the parallel use of the fluorescence
spectrometer. This lack of resolution on the photo paper was ascribed to the low concentration
of the samples and to the above-mentioned salt-effect. Once the MB1 was annealed with its
target T (spot 4 in Figure 3.13) it was possible to “switch off” the signal generated by the
addition of the counter strand T’ in excess (spot 5). This strand hybridises with T in
competition with MB1. The T/T’ hybridisation will be favoured over the T/MB1

hybridisation by the large excess of T’ used and by thermodynamic factors (MB1 can form a
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stable hairpin). In spot 6 the fluorescence of the mixture in the fluorescence spectrometer and
the spot on the photo paper were restored again by the addition of T. The unlabelled DNA
formed by T/T’ hybridisation gave a negative spot on the photo paper (spot 7), even for high

concentrations of 1.2 uM used here.

1 2 3 4 5 6 7 8
MB1 MB1+T MB1+T+T MB1+T+T +T T+T
Buffer Buffer
1:6 1:6:12 1:6:12:24 1:2
[MB1]=0.1 uM

. T
T,

—
T arget T
e * ~ ——" + ooooo : ~ + coooo
Target T =
OFF ON QFF ON

1 2 .3 ‘4 5. 6 7 8

Figure 3.13 Scanner reproduction of the photo paper after development. [MB1] = 0.1 uM; [T] =
0.6 uM (6-fold excess). T’ = (5’-CCCTTGAGGCGTGGCT-3’) counter strand of T.
Buffer = 5 mM of Tris-HCI pH 8 and 0.5 mM of MgCl,. Irradiation wavelength > 570 nm

(cut-off filter), standard development.

Detection in presence of genomic DNA

In order to prove the feasibility of the MBDP to detect a target in samples, such as a gene
in a complex mixture, a simplified experiment was designed. The experiment was aimed to
prove if the detection of a target was possible in the presence of genomic DNA (gDNA). The
target T and the molecular beacon MB1 were used as first test for a better evaluation in
comparison with the aforementioned collected data. The clear detection of 600 fmol of
Y. pestis gene (T) was achieved in a complex mixture by adding gDNA to the buffer solution
(5 mM Tris-HCI pH 8 and 0.5 mM MgCl,) containing 0.2 uM MB1 and 0.6 uM T. The
genomic DNA was previously fragmented by sonication. The majority of the resulting
fragments ranged from less than 0.5 kb to up to 2 kb (1 kb = 1000 bases). The extraction and
the digestion of gDNA were performed by Melanie Maul of the Carell group. More details
are reported in the Experimental Section. The concentration of gDNA in the following

experiments ranged between 9 (Figure 3.14) and 30 ng/uL (Figure 3.15).
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Figure 3.14 Lane A: photopaper loaded with 1 puL of 1) buffer (5 mM Tris-HCI pH 8 and 0.5 mM
MgCl,); 2) T 0.6 uM in buffer; 3) MB1 0.2 uM in buffer; 4) and 5) two different batches
of MB1 0.2 uM plus T 0.6 uM in buffer; 6) as in spot 1. Lane B: the photopaper was
loaded with 1 puL of 1) buffer (5 mM Tris-HCI pH 8 and 0.5 mM MgCIl2) plus 9 ng/uL of
gDNA; 2) T 0.6 uM plus 9 ng/uL. of gDNA in buffer; 3) MB1 0.2 uM plus 9 ng/pL of
gDNA in buffer; 4) and 5) two different batches of MB1 0.2 uM plus T 0.6 pM plus
9 ng/uL. of gDNA in buffer; 6) as in spot 1. Irradiation wavelength > 570 nm (cut-off
filter), standard development.

Figure 3.15 Photopaper loaded with 1 pL of 1) buffer (5 mM Tris-HCI pH 8 and 0.5 mM MgCl,) plus
30 ng/uL of gDNA; 2) T 0.6 uM plus 30 ng/uL. of gDNA in buffer; 3) MB1 0.2 uM plus
30 ng/uL of gDNA in buffer; 4) and 5) two different batches of MB1 0.2 uM plus T
0.6 uM plus 30 ng/pL of gDNA in buffer; 6) as in spot 1. Irradiation wavelength > 570 nm
(cut-off filter), standard development.

For higher concentrations of gDNA false positive signals were detected (Figure 3.16). For

a comparison, the concentration of 0.6 uM T corresponds to 3 ng/uL of T in solution.

Figure 3.16 Photopaper loaded with 1 puL of (for both lane A and B). 1) buffer (5 mM Tris-HCI pH 8
and 0.5 mM MgCl,) plus gDNA; 2) T 0.6 uM plus gDNA in buffer; 3) MB1 0.2 uM plus
gDNA in buffer; 4) and 5) two different batches of MB1 0.2 uM plus T 0.6 uM plus
gDNA in buffer; 6) as in spot 1. In lane A [gDNA]=50ng/pL; in lane B
[gDNA] = 80 ng/pL. Irradiation wavelength > 570 nm (cut-off filter), standard develo-
pment.
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3.3 Conclusions and Outlooks

A novel method to detect ODNs/DNA was established using the principle of black and
white photography. Picomolar sensitivity levels could be achieved without extensive
optimisation. A technique suitable for practical applications of this new method was
established based on the highly specific hybridisation properties of DNA. Preliminary
experiments showed that this technique is easy to use and inexpensive although astonishing
results could already be achieved with it. So far the detection limit using the above-mentioned
commercial photo paper and the conditions reported here is 600 femtomoles of target T per

1 uL of solution analysed.

It is easy to believe that the so-called MBDP could be the base technology to develop new
assays and new transportable instrumentation for the in sifu detection of a large variety of
biomolecules. In the introduction the “Polaroid®” camera was cited as one of the less complex
chemical laboratory ever commercialised. A similar device (a camera) could be used for a
MBDP application in which a built-in sampler deposits the analytes on the photo paper.

Different targets can be detected using different MBs at the same time since the specificity

[302

of these probes is well established in literature.*®” MBs are indeed applied in single

nucleotide polymorphism (SNP) studies and in multiplex detection of different targets as

well.P%! Reported modification of the MBs structure as in the locked nucleic acid based MBs

305]

(LNA-MBs)P*! or of the dye / quencher couples as for MBs with superquenchers®®®*! or with

303]

gold-quenchers®®*! make these MBs the perfect candidates for many applications.
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4 Experimental Section

General

All solvents were of the quality puriss. p. a., or purum. Purum solvents were distilled prior to
use. The commercially available reagents were purchased from Sigma-Aldrich, ACROS or
Lancaster and used without further purification. Analytical thin-layer chromatography (TLC)
was carried out using aluminum-based plates Silica 60 Fys4 from Merck. Plates were
visualized under UV-light (A =254 nm) or by staining with anisaldehyde solution or with 2,4-
dinitrophenylhydrazine solution in ethanol. Flash chromatography was carried out using
Merck Silica 60 (230-400 mesh) with N, overpressure. Samples were applied as saturated
solutions in an appropriate solvent. 'H-NMR spectra were recorded on Bruker DRX 200
(200 MHz), AMX 300 (300 MHz), ARX 300 (300 MHz), AMX 400 (400 MHz), AMX 500
(500 MHz), AMX 600 (600 MHz), Varian Oxford 200 (200 MHz) and Varian XL 400
(400 MHz) spectrometers. The chemical shifts were referenced to (CH3),CO (6 = 2.05 ppm)
in (CD3),CO-dg, DMSO (6= 2.50 ppm) in DMSO-ds and CHCl; (0 =7.26 ppm) in CDCls.
BC-NMR spectra were recorded on Bruker ARX 200 (50 MHz), AMX 300 (75 MHz), ARX
300 (75 MHz), AMX 500 (125 MHz), AMX 600 (150 MHz) and Varian XL 400 (100 MHz)
spectrometers. The chemical shifts were referenced to (CHj3),CO (6 =30.83 ppm) in
(CD3),CO-dg and CHCls (6 = 77.00 ppm) in CDCls. Standard pulse sequences were employed
for 'H, 'H and 'H, "°C correlation studies. Mass spectra and high-resolution mass spectra were
measured on Finnegan TSQ 7000, Finnegan MAT 95S, Finnegan MAT 95Q, Finnegan MAT
90 (FAB), Finnegan LTQ-FT, PE Sciex Q-Star Pulsar and Bruker Autoflex II (MALDI-TOF).
Irradiation Experiments were achieved using a 1000-W Xe Lamp (254 nm). Fluorescence
cuvettes stoppered with a rubber septum and cooled at 10°C during irradiation were used as
reactors. The solutions were bubbled with Argon before (30 min) and during irradiation in
order to establish anaerobic conditions. Analytical HPLC was performed with Merck-Hitachi
systems equipped with L7420 UV-Vis and L-7455 DAD detectors. Analytical separations
were performed with a CC 250/4 Nucleosil 120-3 C8 column with a isocratic flow
(MeCN/H,0 80:20).
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4.1 Nucleoside models for the study of C5’-radicals fate associated with oxidative
damage of DNA

NMR spectra were recorded with a Varian 400 instrument using MesSi as an internal
standard. HPLC analyses were performed with a Waters X-Terra C18 MS instrument
equipped with a C18 column and a diode array detector. Mass spectra were recorded with a
VG 7070E instrument using electron spray ionisation both in positive (ES+) and negative

(ES-) ionization..

4.1.1 Formation and fate of the pseudo C4’-radical

306]

Thymidine and thymine were commercially available. Thymidinoic acid 1.65"°! and the

reduced product 1.648307

were identified by comparison with spectral data reported in the
literature. The tert-butylacetal 1.63a was characterized by NMR and MS spectral analysis.
The methylacetal 1.63b was not separated as a pure compound; its characterization came from

'H NMR and MS spectral analysis of a mixture of 1.63b and 1.66.

3’ 5’-O-(tert-Butyldimethylsilyl)thymidine 1.585%!

13991 thymidine (1.00 g, 4.10 mmol) was dissolved in a

Following the procedure of Ogilvie
1:1 mixture of dry THF/DMF (15 mL), then imidazole (1.10 g, 16.50 mmol), AgNO; (1.55 g,
9.10 mmol) and tert-butyldimethylsilyl chloride (TBDMSCI, 1.40 g, 9.10 mmol) were added,
in this order, under nitrogen atmosphere and the mixture was stirred at room temperature for
3h. The reaction mixture was filtered, diluted with ethyl acetate (20 mL), washed with several
portions of water, dried over MgSO4 and concentrated under reduced pressure. The resulting

residue was chromatographed on silica gel column by gradual elution with ethyl
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acetate/hexane mixture (up to 20% ethyl acetate). 3°,5’-O-(tert-Butyldimethylsilyl)thymidine
was obtained as a white solid (1.90 g, 4.05 mmol).

3’-O-(tert-Butyldimethylsilyl)thymidine 1.595"!

0
\fJ\NH
N)*o
HO
0
o _

B pyridinium p-toluenesulphonate (PPTS; 4.10 g,

Following the procedure of White
16.20 mmol) was added to a solution of 3°,5’-O-(ftert-butyldimethylsilyl) thymidine 1.58
(1.90 g, 4.05 mmol) in methanol (30 mL). The resulting mixture was stirred at room
temperature until t.l.c. showed disappearance of starting material (16-20 h), then the solvent
was evaporated under reduced pressure. The residue was dissolved in ethyl acetate(10 mL),
washed with several portions of water, dried over MgSQO4 and concentrated under reduced
pressure. Crude 3’-O-(tert-butyldimethylsilyl) thymidine 1.59 was obtained as a white solid

(1.00 g, 2.80 mmol) and reacted without further purification.

3’-O-(tert-Butyldimethylsilyl)-5’-carboxythymidinoic acid 1.601*?

\fJ\NH
Nko
HO_ _0O
0
O,
S|/

Following the procedure of Piancatelli et al..’” tetramethylpiperidinium-N-oxide (TEMPO;
0.10 g, 0.60 mmol) and bis-acetoxyiodobenzene (BAIB; 2.15 g, 6.70 mmol) were added to a
solution of 3’-O-(tert-butyldimethylsilyl) thymidine 1.59 (1.00 g, 2.80 mmol) in 1:1
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MeCN/H,0 (20 mL). After stirring at room temperature for 2 h, the reaction mixture was
diluted with ethyl acetate (10 mL), washed with several portions of water, dried over MgSQOy4
and concentrated under reduced pressure. The resulting residue was chromatographed on
silica gel column by gradual elution with ethyl acetate/hexane mixture (up to 40% ethyl
acetate). 3’-O-(tert-Butyldimethylsilyl)-5’-carboxythymidinoic acid 1.60 was obtained as a
white solid (1.00 g, 2.75 mmol).

3’-O-tert-Butyldimethylsilylthymidine-5’-carboxylic acid tert-butyl perester 1.61

Carbonyldiimidazole (CDI; 0.45 g, 2.75 mmol) was added to a solution of 3’-O-(tert-
butyldimethylsilyl)-5’-carboxy thymidinoic acid 1.60 (1.00 g, 2.75 mmol) in dry THF (20
mL). The solution was stirred at room temperature for 1 h under nitrogen atmosphere, then
cooled at 0°-5°C (ice bath) and fert-butyl hydroperoxide (~-BuOOH; 5M solution in decane;
1.20 mL, 6.05 mmol) was added dropwise. The reaction mixture was stirred for 20 minutes,
then diluted with diethyl ether (20 mL), washed with several portions of cold brine, dried over
MgSO4 and concentrated under reduced pressure. The oily residue was chromatographed on
florisil column by gradual elution with diethyl ether/hexane mixture (up to 70% ether). The
title product 1.61 was obtained as a white solid (1.10 g, 2.50 mmol).

[0n (CDCl3) 9.2 (1H, br s, disappeared on D,O shake; NH), 8.0 (1H, s, H6), 6.57 (1H, dd,
J1=95,],=48 Hz, H1"), 4.54 (1H, d, ] = 4.0 Hz, H3"), 4.43 (1H, s, H4’), 2.29 (1H, A part
of an ABX system, Jag = 13.0 Hz, Jox = 4.8 Hz, H2”), 2.04 (1H, B part of an ABXY system,
Jas = 13.0 Hz, Jgx = 9.5 Hz, Jgy = 4.0 Hz, H2"), 1.93 (3H, s, CH3), 1.35 (9H, s, -Bu0O), 0.9
(9H, s, #-BuSi), 0.12 (3H, s, CHsSi), 0.11 (3H, s, CH3Si); 6¢ (CDCls) 0.00 (CH3Si), 0.03
(CH3Si), 17.57 (CHs), 22.96 (q), 30.60 (CH3), 31.03 (CHs), 44.40 (CH,), 80.84 (CH), 87.93
(CH), 89.63 (q), 91.33 (CH), 116.63 (q), 140.86 (CH), 115.87 (q), 168.83 (q), 174.02 (q); MS
(ES) m/z 441 (M-1)", MS(ES") m/z 465 (M + Na)']
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Thymidine-5’-carboxylic acid tert-Butyl perester 1.55

O]

\fk
N
%*O—O 0]
@)
OH
To a solution of 3’-O-tert-butyldimethylsilylthymidine-5’-carboxylic acid fert-butyl

perester 1.61 (1.10 g, 2.50 mmol) in dry THF (10 mL) tetrabutylammonium fluoride (TBAF;
IM solution in THF, 2.75 mL, 2.75 mmol) was added dropwise at 0°-5°C (ice bath) under

NH
o)

nitrogen atmosphere. The reaction mixture was stirred for 30 min, then cold brine (5 mL) was
added. The resulting mixture was extracted with diethyl ether (5 x 10 mL), the organic phase
washed with cold brine (5 mL), dried over MgSO4 and concentrated under reduced pressure
to give the tert-butyl perester of 5’-carboxythymidinoic acid 1.55 as a white solid (0.40 g,
1.25 mmol).

[m.p. 85-86° C; du (CDCl3) 9.1 (1H, br s, NH), 8.0 (1H, s, H6), 6.6 (1H, dd, J; = 8.5, J, =
4.5 Hz, H1’), 4.65 (1H, d, J = 4.0 Hz, H3’), 4.6 (1H, s, H4’), 2.5 (1H, A part of an ABX
system, Jag = 13.0 Hz, Jax = 4.5 Hz, H2”), 2.1 (1H, B part of an ABXY system, Jag = 13.0
Hz, Jgx = 8.5 Hz, Jgy = 4.0 Hz, H2"), 1.95 (3H, s, CHs), 1.4 (9H, s, t-Bu); 6¢ (DMSO) 15.57
(CHs3), 28.90 (CH3), 53.16 (CH,), 68.94 (q), 74.34 (CH), 84.76 (CH), 86.09 (CH), 110.47 (q),
136.51 (CH), 151.21 (q), 164.30 (q), 169.39 (q); MS(ES") m/z 327 (M-1)"; UV Ama= 266 nm].
The perester 1.55 was found to be stable for several days at —14 °C in the solid state, whereas
it underwent smooth decomposition in solution [t;» (~-BuOH, 30 °C) = 11 h; t;»(MeOH, 20
°C)=2h]

Thermal decomposition of tert-Butyl perester of 5’-carboxythymidinoic acid (1.55)

General Procedure. A 1.5 mM solution of perester 1.55 (5 mL) in the appropriate solvent
(THF, methanol, fert-butanol, 3:1 water/tert-butanol) in a sealed tube was bubbled with the
appropriate gas (air, 10% oxygen, 1% oxygen or argon), then kept in a thermostatic bath a 85
°C for 1 h, unless otherwise stated. In all cases qualitative and quantitative analyses of

reaction mixtures were performed by HPLC. When appropriate, reactions were repeated on
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50 mL scale, the solvent eliminated under reduced pressure and the residue chromatographed

on silica gel column by gradual elution with ethyl acetate/n-hexane.

Thermal decomposition of tert-Butyl perester 1.55 in THF

The reaction was carried out on analytical scale both in the absence and in the presence of
thiophenol (4 puL, 5 molar equiv). Yields of reaction products, determined by HPLC analysis,
are given in Table, entries 1 and 2, respectively. Attempts to analyse reaction mixtures by

GC/MS were unsuccessful: no peaks were detected.

[(S)-4-Hydroxy-(S)-5-tert-butoxytetrahydrofuran-(R)-2-yl]thymine 1.63a

The reaction in the presence of thiophenol was carried out on preparative scale. Column
chromatography separated pure samples of the reduced product 1.64, the acid 1.65, and 1.63a

as a white solid.

0
\fJ\NH
N
; {_J
OH

[0u (CDCl3) 9.0 (1H, br s, NH), 7.7 (1H, s, H6), 6.65 (1H, t, ] = 7.0 Hz, H1"), 5.3 (1H, s,
H4%), 4.2 (1H, d, J = 4.0 Hz, H3"), 2.4 (1H, A part of an ABX system, Jag = 14.0, Jax = 7.0
Hz, H2”), 2.1 (1H, B part of an ABXY system, Jag = 14.0, Jgx = 7.0 Hz, Jgy = 4.0 Hz H2’),
2.0 (3H, s, CH3), 1.3 (9H, s, t-Bu); dy (DMSO) 11.2 (1H, br s, NH), 7.6 (1H, s, H6), 6.35 (1H,
t,J =8.0 Hz, H1"), 5.35 (1H, d, J = 4 Hz; collapsing to s upon irradiation at 6 4.0; H4’), 5.15
(1H, s; disappeared on D,O shake; C3’-OH), 4.0 (1H, t, J = 4.0 Hz, H3’), 2.1 (1H, A part of
an ABX system, Jag = 13.5, Jax = 8.0 Hz; collapsing to A part of an AB system, J = 13.5 Hz,
upon irradiation at 6 6.35; H2”), 2.0 (1H, B part of an ABXY system, Jag = 13.5, Jgx = 8.0
Hz, Jgy = 4.0 Hz; collapsing to B part of an ABX system upon irradiation at 6 6.35; H2’), 1.8
(3H, s, CH3), 1.2 (9H, s, t-Bu); 8c¢(DMSO) 13.05 (CHs), 29.07 (CH3), 37.85 (CH>), 75.59 (q),
75,91 (CH), 85.46 (CH), 103.92 (CH), 110,26 (q), 137.02 (CH), 151.33 (q), 164.34 (q);
MS(ES") m/z 307 (M + Na)"; MS(ES") m/z 283 (M-1)"; UV Amax= 266 nm].
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The reaction in the absence of thiophenol was repeated on analytical scale in deuterated
d8-THF. HPLC analysis showed a peak with the same retention time of 1.64, which was
identified as the deuterated d-5. Compounds d-5 and 1.63a were present in 2% and 14%

yield, respectively.

Thermal decomposition of tert-Butyl perester (1.55) in tert-butanol

The reaction was carried out on analytical scale both in the absence and in the presence of
thiophenol (4 uL, 5 molar equiv). Yields of reaction products are given in Table, entries 3 and
4, respectively. The reaction in the absence of thiophenol was carried out on preparative scale.
Column chromatography separated the (4’S)-acetal 1.63a as the main reaction product

together with minor amounts of thymine 3.

Thermal decomposition of tert-Butyl perester (1.55) in methanol

The reaction was carried out on analytical scale both in the absence and in the presence of
thiophenol (4 uL, 5 molar equiv). In both HPLC analysis (Table, entries 5, 6) showed peaks
due to thymine 3, tert-butylacetal 1.63a, the reduced product 1.64, and acid 1.65, in addition
to an unknown peak X. Both reactions were repeated on preparative scale both in the absence
and in the presence of thiophenol. Column chromatography separated the product responsible
for the peak X. In the reaction carried out in the presence of thiophenol the product X was

identified as pure methyl ester 1.66.°"!

Thymidine-5’-carboxylic acid methyl ester 1.66

\fJ\NH
Nko
MeO (0]
0
OH

[6u (DMSO) 11.2 (1H, br s, NH), 7.95 (1H, s, H6), 6.34 (1H, dd, J, = 9.2, J, = 5.2 Hz,
H1’), 5.85 (1H, d, ] = 3.2 Hz, H4’), 4.45 (1H, broad signal; collapsing to doublet, J = 5.0 Hz,
upon irradiation at 6 5.85, H3’), 3.75 (3H, s, OMe), 2.10 (1H, A part of an ABX system, Jag=
13.0 Hz, Jax = 5.2 Hz, H2”), 2.0 (1H, B part of an ABXY system, Jag = 13.0 Hz, Jgx = 9.2
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Hz, Jgy = 5.0 Hz, H2"), 1.77 (3H, s, CH3); 8¢ (DMSO) 13.12 (CH3), 38.61 (CH3), 52.98
(CH,), 74.32 (CH), 84.99 (CH), 86.17 (CH), 110.26 (q), 136.78 (CH), 151.21 (q), 164.34 (q),
172.21 (q); MS(ES") m/z 269 (M — 1); MS(ES") m/z 293 (M + Na)".].

An independent experiment showed that perester 1.55 decomposed in methanol solution at
room temperature to give the methyl ester 1.66 as the exclusive reaction product. In the
reaction carried out in the absence of thiophenol the product X was found to be a 3:1 mixture
of the methyl ester 1.66 and the methyl acetal 1.63b, as indicated by '"H NMR and MS

spectral analysis.

[(4-Hydroxy-5-methoxytetrahydrofuran-2-ylJthymine 1.63b

OH

ou (DMSO) 11.2 (1H, br s, NH), 7.22 (1H, s, H6), 6.45 (1H, t, ] = 7.5 Hz, H1’), 5.44 (1H,
d, J = 3.2 Hz, H4’), 4.38 (3H, s, OMe), 4.12 (1H, broad signal; collapsing to doublet, upon
irradiation at 6 5.44, H3’), 2. 0-2.15 (2H, multiplet, H2"), 1.77 (3H, s, CH3); dc¢ (DMSO)
13.15 (CHs), 37.36 (CHj3), 55.07 (CHy), 74.58 (CH), 85.63 (CH), 110.10 (CH), 110.97 (q),
136.22 (CH), 151.40 (q), 164.20 (q); MS(ES") m/z 241 (M — 1); MS(ES") m/z 242 (M), 265
(M +Na)'].

Thermal Decomposition of tert-Butyl perester (1.55) in 3:1 water/tert-butanol

The reaction was carried out on analytical scale both in the absence and in the presence of
glutathione (2 or 5 molar equiv) under different oxygen concentration. Yields of reaction

products are given in Table, entries 7-13.
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4.1.2 Radical Cyclization Approach to Cyclonucleosides

General: 'H and >C NMR spectra were recorded on a Varian Mercury 400 spectrometer at
400 MHz and 100.6 MHz, respectively. Chemical shifts are expressed in ppm ([J) and
coupling constants in Hertz (Hz). LC/MS analyses were performed on a Agilent 1100 HPLC
system and a Esquire 3000 Plus Bruker mass spectromer. LC analyses were performed on a
Zorbax C8 column (4.6 x 150 mm, 5 um) with a linear gradient acetonitrile/water from 50:50
to 95:5 in 20 min at a flow rate 0.6 mL/min, detection at A 260 nm. Column chromatography
was performed by the method of Still using Merck 230-400 mesh ASTM silica gel 60.
Analytical thin layer chromatography (TLC) was performed using Merck 60 Fjs4 0.2
precoated silica gel plates, respectively. Compounds were visualized using ultraviolet light or
by heating plates previously immersed in ammonium molybdate / ceric ammonium sulfate /
sulfuric acid mixture. Solvents were freshly distilled prior to use. All other reagents were used

as received.

Synthesis of 3'-O-tert-Butyldiphenylsilylthymidine 5'-carboxaldehyde (1.70)

Following the procedure of Angeloff et al.” 3'-silylated thymidine (0.92 g, 2.6 mmol) and
dicyclohexylcarbodiimide (2.14 g, 10.4 mmol) were dissolved in dry DMSO (10.0 mL). Then,
a solution of dichloroacetic acid (112 mL, 1.32 mmol) in 1.5 mL of DMSO was added
dropwise over 1 min with stirring at 0°C (ice bath). The reaction mixture was stirred at
ambient temperature overnight. Ethyl acetate was added (8 mL), the mixture was cooled to
about 5 °C, and oxalic acid (720 mg, 8 mmol) was added by little portions with stirring. Then,
additional 8 mL of EtOAc were added, and cold mixture was stirred for 1 h. Precipitate of
dicyclohexylurea was filtered off and washed with EtOAc (2 x 8 mL). The organic solution
was washed with aqueous sodium bicarbonate (2 x 6 mL) and NaCl (6 mL), dried over
sodium sulfate and evaporated to dryness. Aldehyde product 1.70 was precipitated from
dichloromethane by pentane addition. Yield of the white powder: 650 mg (1.8 mmol, 70%).
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Reaction of 5’-Carboxaldehyde 1.70 with (TMS);SiH

0
\kaH
o
0
N o (TMS)3SiH
AIBN/S0°C
O__.Ph

SI|
I

To a 0.01 M solution of aldehyde 1.70 (48 mg, 0.1 mmol), prepared following the reported
procedure,[go] in C¢Hs (10 mL) were added AIBN (3 mg, 0.02 mmol) and (TMS);SiH (0.175
mL, 0.5 mmol). The solution was refluxed under argon atmosphere for 1 h. Analysis by
LC/MS and 'H NMR of the crude reaction mixture after evaporation of the solvent showed
the formation of compounds 1.71a and 1.71b in 30:70 ratio and in 85% overall yield. Column
chromatography on silica gel by gradient elution with n-hexane/ethyl acetate led to separation

of the two compounds. The characterisation of this aldehyde is reported in literature.[””!

Kinetic experiments

To a solution containing aldehyde 1.70 (0.1 mmol) in a particular solvent was added
TTMSS (0.17 mL, 0.5 mmol) and the appropriate amount of BuSH. The reaction mixture was
deoxygenate with argon for 30 minutes and than the appropriate initiator was added.
Reactions at 25 °C were only partially deoxygenated (10 min) since the Et;B requires oxygen
(in trace) to generate Et. Thermally activated reactions were initiated using (i)
tert-butyl hyponitrite at 55°C in benzene, (ii)) AIBN at 80°C in benzene, (iii)
tert-butyl perbenzoate at 111 °C in toluene or (iv) di-tert-butyl peroxide at 142 °C in
o-xylene. Solutions were refluxed for 1 h and analysed by 'H-NMR spectroscopy and LC/MS.
The integration of proton H-1" in the 'H-NMR analysis, was taken in account to compare the
amount of products in the reaction mixture. Specifically, the H-1" protons are at (i) 5.91 ppm
(d, Ji»2= 6.0 Hz, 1H, H-1") for compound1.71a, (ii) 6.30 ppm (d, J;-»= 7.0 Hz, 1H, H-1") for
compound 1.71b, (iii) 6.38 ppm (dd, J;-»> = 5.2, J1-»» = 9 Hz, 1H, H-1") for compound 1.75
and (iv) 6.53 ppm (dd, Ji-»- = 5.3, J1-»»=9.1 Hz, 1H, H-1") for compound 1.70.
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(5’S,6S,5S)-03’-(tert-Butyldiphenylsilyl)-O5’-[tris(trimethylsilyl)silyl]-5’,6-cyclo-5,6-
dihydrothymidine (1.71a)

(TMS)3Si0 >

_Ph
O\Sli
e

'H NMR (400 MHz,CDCls): 8=7.25-7.80 (m, 10H, Ph), 7.2 (s, 1H, NH), 5.91 (d, J;-»= 6.0
Hz, 1H, H-17), 4.67 (dd, J»'3» = 2, J»»3=7.0 Hz, 1H, H-3"), 4.47 (d, J4-5»» = 5.0 Hz, 1H, H-4"),
3.58 (dd, J45»=5.0,J56=9.2 Hz, 1H, H-5"), 3.00 (dd, Jss = 3.2, Js»s = 9.2 Hz, 1H, H-6), 2.73
(dq, Jss = 3.2, Jsme = 7.2 Hz, 1H, H-5), 2.27 (ddd, J»'»» = 14, J;-» = 6.0, J»-3- = 2 Hz, 1H, H-
2%), 1.46 (dd, J» »» =14, J»»3=7.0 Hz, 1H, H-2”), 1.22 (d, J = 7.2 Hz, 3H, Me), 1.05 (s, 9H,
tBuSi), 0.15 (s, 27H, MeSi); NOE experiments: irradiation at 6=3.00 (H-6) caused
enhancements of signals at 8=1.46 (H-2”, 2%), 2.73 (H-5, 9%) and 4.67 (H-3’, 6%) whereas
no enhancement of the signal at =3.58 (H-5") was found; irradiation at 6=3.58 (H-5") caused
enhancements of signals at 0=4.47 (H-4’, 8%) whereas no enhancement of the signal at
8=2.73 (H-5) was found; "*C NMR(100.6 MHz, CDCls): =0.86 (Me), 11.68 (Me), 19.34 (q),
26.89 (Me), 36.25 (CH), 42.17 (CH»), 54.79 (CH), 68.53 (CH), 71.64 (CH), 84.35 (CH),
86.65 (CH), 127.88 (CH), 128.16 (CH), 129.91 (CH), 130.15 (CH), 133.40 (q), 134.65 (q),
135.82 (CH), 135.91 (CH), 150.59 (CO), 172.43 (CO); MS (ESI): 749 (M + Na").

(5’R,6S,5S5)-03’-(tert-Butyldiphenylsilyl)-O5’-[tris(trimethylsilyl)silyl]-5’,6-cyclo-5,6-
dihydrothymidine (1.71b)
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'H NMR(400 MHz,CDCls): §=7.4-7.70 (m, 10H, Ph), 7.1 (s, 1H, NH), 6.30 (d, J;:»= 7.0
Hz, 1H, H-1’), 4.55 (d, J#-5» = 2.0 Hz, 1H, H-4"), 4.38 (dd, J» 3- = 2.5, J»»3-= 7.0 Hz, 1H, H-
3%), 3.18 (t, Joo 5> =Js 6 = 2 Hz, 1H, H-5), 3.14 (dd, Jss = 7.5, Js»s = 2.0 Hz, 1H, H-6), 2.64
(quintuplet, Js¢ = Js. me = 7.5 Hz, 1H, H-5), 2.07 (ABXY, Jag = 14, J1:2»= 7.0, J»»3» = 2.5 Hz,
1H, H-2"), 1.95 (ABX, Jag = 14, J»»3» =7.0 Hz, 1H, H-2”), 1.14 (d, J = 7.5 Hz, 3H, Me),
1.05 (s, 9H, tBuSi). 0.15 (s, 27H, MeSi); NOE experiments: irradiation at 0=2.64 (H-5)
caused enhancements of signals at 6=3.14 (H-6, 4%) and 1.14 (Me, 1.5%) whereas no
enhancement of the signal at 6=3.18 (H-5"); Irradiation at 6=4.38 (H-3") caused enhancements
of signals at 8=1.95 (H-2”, 2%), 3.18 (H-5", 5%), 3.14 (H-6, 6%), and 4.55 (H-4’, 4%); °C
NMR(100.6 MHz, CDCls): 6=0.94 (Me), 9.30 (Me), 19.28 (q), 26.92 (Me), 35.05 (CH), 40.14
(CHy), 54.99 (CH), 69.40 (CH), 73.74 (CH), 85.22 (CH), 85.96 (CH), 128.07 (CH), 130.20
(CH), 133.33 (q), 133.86 (q), 136.04 (CH), 136.08 (CH), 154.05 (CO), 170.48 (CO);
MS(ESI): 749 (M + Na").

(5’S,6S,5S)-03’-(tert-butyldiphenylsilyl)- 5°,6-cyclo-5,6-dihydrothymidine (1.72a)

A 20 mM solution of 1.71a (10 mg, 0.02 mmol) in a 8:3 CH,Cl,/MeOH mixture (25 mL)
was photolysed at A 254 nm for 30 min to give quantitatively the O5’-desilylated compound
1.72a.
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'H NMR(400 MHz,CDCls): $=8.0 (s, 1H, NH), 7.25-7.80 (m, 10H, Ph), 6.2 (d, J;-»= 6.0
Hz, 1H, H-1°), 4.55 (dd, J»3- = 3.0, J»3 = 7.0 Hz, 1H, H-3"), 4.18 (d, J45 = 4.4 Hz, 1H, H-
4),3.67 (dd, Jy5= 4.4, Js6=9.3 Hz, 1H, H-5"), 3.01 (dd, Js6 = 3.6, Jsc = 9.3 Hz, 1H, H-6),
2.75 (m, 1H, H-5), 2.31 (ddd, Jy»» = 14.4, J;»= 6.0, I3 = 3.0 Hz, 1H, H-2"), 2.12 (dd, J, >
= 14.4, Jy3 =7.0 Hz, 1H, H-2"), 1.18 (d, J = 7.2 Hz, 3H, Me), 1.05 (s, 9H, tBuSi); °C
NMR(100.6 MHz, CDCls): 8=11.24 (Me), 19.25 (q), 27.06 (Me), 36.00 (CH), 43.42 (CH,),
53.75 (CH), 62.90 (CH), 69.97 (CH), 84.25 (CH), 86.20 (CH), 127.99 (CH), 128.05 (CH),
130.17 (CH), 130.19 (CH), 133.25 (q), 133.61 (q), 135.93 (CH), 151.18 (CO), 173.33 (CO);
MS(ESI): 503 (M+23).

(5’R,6S,55)-03’-(tert-Butyldiphenylsilyl)- 5’,6-cyclo-5,6-dihydrothymidine (1.72b)

A 20 mM solution of 1.71b (10 mg, 0.02 mmol) in a 8:3 CH,Cl,/MeOH mixture (25 mL)
was photolysed at A 254 for 30 min to give quantitatively the O5’-desylilated compound
1.72b.

'H NMR(400 MHz,CDCl3): 8=7.6 (s, 1H, NH), 7.4-7.8 (m, 10H, Ph), 6.42 (d, J;-»= 6.0
Hz, 1H, H-1"), 4.26 (dd, J»> 3> = 3.0, J»»3 = 6.5 Hz, 1H, H-3"), 4.24 (d, J»- 5 = 2.4 Hz, 1H, H-
4%), 3.20 (dd, Js = 1.5, Jss = 7.5 Hz, 1H, H-6), 2.96 (bs collapsing to d upon irradiation at
6=3.2, Jg,5» = 2.4 Hz, 1H, H-5"), 2.88 (bs, 1H, OH), 2.70 (quintuplet, Js¢ = Jscu3 = 7.5 Hz,
1H, H-5), 2.34 (A part of an ABXY system, Jag = 14.5, J;- 2= 6.0, J»3» = 3.0 Hz, 1H, H-2’),
2.30 (B part of an ABX system, Jap = 14.5, J»»3» = 6.5 Hz, 1H, H-2”), 1.18 (d, J = 7.2 Hz, 3H,
Me), 1.05 (s, 9H, tBuSi); *C NMR(100.6 MHz, CDCl;): §=9.16 (Me), 19.25 (q), 27.04 (Me),
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34.99 (CH), 39.78 (CH,), 54.80 (CH), 65.56 (CH), 73.22 (CH), 85.52 (CH), 87.52 (CH),
128.12 (CH), 128.18 (CH), 128.21 (CH), 130.31 (CH), 133.52 (q), 136.12 (CH), 154.95
(CO), 171.51 (CO). MS(ESI): 503 (M+23)].

03’-(tert-Butyldiphenylsilyl)-O5’-[tris(trimethylsilyDsilylJthymidine (1.75)

(TMS)3SiO

To a 0.01 M solution of the aldehyde 1.70 (48 mg, 0.1 mmol) in C¢Hs (10 mL) were added
AIBN (3 mg, 0.02 mmol), (TMS);SiH (0.175 mL, 0.5 mmol) and thiophenol (0.1 mL, 1.0
mmol). The solution was refluxed under argon atmosphere for 1 h. '"H NMR analysis of the
reaction mixture showed the presence of compound 1.75 in 95% yield. Column

chromatography led to separation of a pure sample.

"H NMR(400 MHz,CDCls): 8=8.0 (s, 1H, H-6), 7.3-7.70 (m, 10H, Ph), 7.2 (s, 1H, NH),
6.38 (dd, Jyo: = 5.2, J1-» = 9 Hz, 1H, H-1°), 4.35 (d, Jo-5 = 5.0, 1H, H-3"), 4.08 (bs, 1H, H-
4%),3.63 (dd, Js-so= 11, Jy5 = 2 Hz, 1H, H-5"), 3.32 (dd, Js-5»= 11, Jyo5- = 2 Hz, 1H, H-5"),
2.16 (dd, Jp o+ = 14, Jpp- = 5.2 Hz, 1H, H-2"), 1.68 (ddd, Jy5+ = 14, J;-- = 9, Jp=3 = 5.0 Hz,
1H, H-2"), 1.87 (s, 3H, Me), 1.05 (s, 9H, tBuSi), 0.15 (s, 27H, MeSi); *C NMR(100.6 MHz,
CDCls): §=0.39 (3(CHs)3Si), 0,65 (q), 12.62 (CHj), 26.89 ((CH:);CSi), 41.16 (C2’), 68.01
(C5°), 74.05 (C3”), 84.90 (C1°), 87.90 (C4°), 110.64 (C5), 127.91 (CH), 133.19 (q), 133.31
(q), 135.19 (C6), 135.66 (CH), 135.70 (CH), 150.01 (q), 163.53 (q); MS(ESI): 749 (M + Na").
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Reaction of 5’-Carboxaldehyde 1.70 with BuzSnH!

\kaH
N/go
0
o BusSnH
AIBN/80°C
O.__Ph

To a 0.01 M solution of aldehyde 1.70 (150 mg, 0.3 mmol) in C¢Hs (30 mL), AIBN (0.06
mmol) and Buz;SnH (0.6 mmol) were added. The solution was refluxed under argon
atmosphere for 2 h.

The crude reaction mixture after evaporation was eluted on a silica gel column by n-
hexane/ethyl acetate from 90:10 to 0:100 to eliminate tin by-products. '"H NMR analysis of
the residue after evaporation of the solvent showed the formation of three diastereoisomeric

cyclisation products in a ratio 1.72a/1.72b/( 5°S,5R,6S)""'=65:20:15 and in 80% overall yield.
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4.1.3 Independent Generation of C5’-Nucleosidyl Radicals in Thymidine

(5’R) and (5’S)-5’-Cyano-3’,5’-di-O-(tert-butyldimethylsilyl)thymidine (1.80a, 1.80b)

0 o)
| NH | NH
TBDMSO._ ,CN N° "0 TBDMSO._ .CN 'N" "0
o) o)
OTBMPS OTBMPS
5'(S)-1.80a 5'(R)-1.80b

A solution of aldehyde 3 (600 mg, 1.70 mmol) in dry THF (6.0 mL) was added slowly to a
mixture of LiOEt (85 pL of 1M in THF, 0.085 mmol) and TBDMS-CN (311 mg, 2.20 mmol)
in dry THF (4.0 mL) at 0°C (ice-bath) under N, atmosphere. The reaction mixture was stirred
at room temperature until all the starting material was consumed (30-50 min). After work-up
(EtOAc/water/brine) the organic layer was dried over Na,SO4 and concentrated. The resulting
yellow oil was purified on silica (from 20% to 30% of EtOAc in i-Hexane) leading to two
main fractions: a major isomer, 5’-cyano-thymidine 1.80a (376 mg, 0.76 mmol, 45 %) and a
minor isomer, 5’-cyano-thymidine 1.80b (308 mg, 0.62 mmol, 37%) both as white foam for a
total yield of 82% of pure compounds.

'H NMR (400 MHz, CDCl), isomer 1.80a:0 = 8.30 (s, 1H, NH), 7.46 (d, 1H, H6, Jome = 1.3
Hz), 6.45 (dd, 1H, H1”, Ji-20 = 9.3 Hz, Ji-2 = 5.6 Hz), 4.64 (d, 1H, HS’, J54 = 4.0 Hz), 4.54
(dt, 1H, H3’, Jyo = 5.2 Hz, Jy4 = 1.4 Hz), 4.02 (dd, 1H, H4’, Jy-5: = 4.0 Hz, Jy3 = 1.4 Hz),
2.25-2.13 (m, 2H, H2"), 1.93 (d, 3H, CH3-5, Jyie.s = 1.2 Hz), 0.94 (s, 9H, ‘BuSi), 0.90 (s, 9H,
‘BuSi), 0.24 (s, 3H, CHsSi), 0.20 (s, 3H, CHsSi), 0.11 (s, 3H, CH;Si) 0.10 ppm (s, 3H,
CH;Si). isomer 1.80b:6 = 8.13 (s, 1H, H3 (NH)), 7.25 (d, 1H, H6, Jone = 1.3 Hz), 6.27 (dd,
1H, HI”, J 120 = 8.2 Hz, J -2 = 6.0 Hz), 4.65 (d, 1H, HS’, Js-y = 3.4 Hz), 4.48 (dt, 1H, H3",
Jyap=6.1 Hz, J34 = 3.1 Hz), 4.02 (dd, 1H, H4’, J 45 = 3.3 Hz, J 43 = 3.3 Hz), 2.29-2.23
(ddd, TH, H2y’, J2b0%a = 13.4 Hz, J o0 = 6.0 Hz, J o3 = 2.9 Hz), 2.19-2.12 (m, 1H, H2y’, J
rat = 13.4 Hz, Jyp = 8.1 Hz), 1.93 (d, 3H, CHs-5, Juess = 1.2 Hz), 0.96 (s, 9H, Bu-Si),
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0.91 (s, 9H, ‘Bu-Si), 0.26 (s, 3H, CH;3-Si), 0.20 (s, 3H, CH3-Si), 0.14 (s, 3H, CH;-Si) 0.13
ppm (s, 3H, CH;-Si). *C NMR (100.6 MHz, CDCls), isomer 1.80a: = 163.15 (C), 150.21
(C), 135.03 (CH), 118.66 (C), 111.66 (C), 87.26 (CH), 84.59 (CH), 72.31 (CH), 62.25 (CH),
40.15 (CH»), 25.66 (CH3), 25.59 (CH3), 18.25 (C), 17.88 (C), 12.50 (CHs), -4.58 (CH3), -4.80
(CH3), -5.23 (CHs), -5.32 ppm (CHs). isomer 1.80h:0 = 163.05 (C), 149.89 (C), 135.39 (CH),
117.67 (C), 111.39 (C), 87.46 (CH), 85.52 (CH), 71.23 (CH), 62.76 (CH), 39.93 (CH>), 25.65
(CHs3), 25.62 (CHs), 18.17 (C), 17.84 (C), 12.41 (CH3), -4.62 (CH3), -4.82 (CH3), -5.00 (CH3),
-5.08 ppm (CH3). FT-MS isomer 1.80a, calc.: M = 495.2585, (+ ¢ ESI), found 496.2630 [M
+ H]'; (- ¢ ESI), 530.2384 [M + CI]". FT-MS isomer 1.80b calc.: M = 495.2585, (+ ¢ ESI),
found 496.2661 [M + H]'; (- ¢ ESI), 494.2509 [M - H], 530.2276 [M + CI]. R¢ 1.80a (EtOAc
/ i-Hex 2:3) = 0.58. R¢ 1.80b (EtOAc / i-Hex 2:3) = 0.68.

(5’S)-3’,5’-di-O-(tert-Butyldimethylsilyl)-5’-(2,2-dimethylpropanimidoyl)  thymidine
1.81a

0
IAI
HN. _tBuN" 0
TBDMSO o
OTBDMS

5(S)

To a solution of 1.80a (300 mg, 0.60 mmol) in THF (12 mL) at -78 °C was slowly added fert-
BuLi 1.5 M (1.5 mL, 2.4 mmol). After 2 minutes of vigorous stirring at -78 °C the reaction
was quenched by water addition and let warm up to room temperature. The mixture was
diluted with EtOAc and the organic phases were then washed with water until neutrality and
finally with brine. Anydrification on MgCl, and subsequent rotary evaporation of the solvent

lead to 144 mg (0.27 mmol, 43%) of yellow oil. Analyzed as crude product.

'H NMR (400 MHz, acetone-d6):d = 9.99 (s, 1H, NH), 7.51 (bs, 1H, H6), 6.28 (dd, 1H, H1”,
J1=8.9,,=55Hz),4.78 (d, IH, H5’, J = 1.5 Hz), 4.53 (d, 1H, H3’, J = 5.5 Hz), 4.21 (bs,
1H, H4’), 2.25-2.11 (m, 2H, H2"), 1.90 (d, 3H, CHs-5, J= 1.1 Hz), 1.25 (s, 9H, ‘Bu-CO), 1.02
(s, 9H, ‘Bu-Si), 0.94 (s, 9H, ‘Bu-Si), 0.24 (s, 3H, CH3-Si), 0.18 (s, 3H, CHs-Si), 0.17 (s, 3H,
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CHj3-Si), 0.10 ppm (s, 3H, CHj3-Si). BC NMR (100.5 MHz, acetone-d6): 0 = 185.82 (q,
C=NH), 165.51 (C), 152.03 (C), 136.54 (CH), 112.00 (C), 89.29 (CH), 86.04 (CH), 73.11
(CH), 70.16 (CH), 42.46 (CH>), 39.85 (C), 30.23 (CH3), 27.38 (CH3), 27.14 (CH3), 19.88 (C),
19.56 (C), 13.70 (CHs), -3.28 (CH3), -3.50 (CH3), -3.56 (CHs3), -3.64 ppm (CH3). FT-MS
calc.: M = 553.3367, (+ ¢ ESI), found 554.3420 [M + H]"; (- ¢ ESI), 589.2969 [M + CI]". R¢
(EtOAc / i-Hex 2:3) = 0.36.

(5’R)-3’,5’-di-O-(tert-Butyldimethylsilyl)-5’-(tert-butylcarbonyl)thymidine 1.77a

TBDMSO 0

OTBDMS
5(R)

10 mL of an acidic solution (THF/H,O/2N HCI, 40:20:1) were added to the imine 1.81a (100
mg, 0.20 mmol) and the mixture was stirred for 3 h at r. t.. The phases were then separated
after dilution with 10 mL of EtOAc and the organic layer was washed with water until
neutrality and finally with brine. Anydrification on MgCl, and subsequent rotary evaporation
of the solvent yielded an orange oil. Purification on silica gel (from 1 to 3% of MeOH in

CHCI;) provided the fert-butyl ketone 1.77a as a yellow oil (98 mg, 0.18 mmol, 88%).

'H NMR (400 MHz, acetone-d6):d = 9.89 (s, 1H, NH), 7.85 (d, 1H, H6, J = 1.2 Hz), 6.30 (dd,
IH, H1”, J; = 9.1, J, = 5.4 Hz), 5.17 (d, 1H, HS’, J = 2.4 Hz), 4.61 (d, 1H, H3", J = 4.8 Hz),
4.57 (d, 1H, H4*, J = 2.2 Hz), 2.29-2.14 (m, 2H, H2"), 1.93 (d, 3H, CH;-5, J = 1.1 Hz), 1.24
(s, 9H, ‘Bu-CO), 0.96 (s, 9H, ‘Bu-Si), 0.95 (s, 9H, ‘Bu-Si), 0.18 (s, 3H, CH;-Si), 0.17 (s, 3H,
CH;-Si), 0.15 (s, 3H, CH;-Si), 0.11 ppm (s, 3H, CHs-Si). *H NMR (600 MHz, CDCL3):6 =
8.12 (s, 1H, H3 (NH)), 7.85 (bs, 1H, H6), 6.32 (dd, 1H, H1’, Ji-24 = 9.0 Hz, J;-2 = 5.4 Hz),
4.86 (d, 1H, HS’, Js4 = 2.0 Hz), 4.47 (d, 1H, H3", Jyo = 5.0 Hz), 4.44 (d, 1H, H4*, J= 1.5
Hz), 2.25 (dd, 1H, H2y’, Jp2a = 12.8 Hz, Jop.1- = 5.4 Hz), 2.02 (bs, 3H, CH;-5), 2.00-1.98
(m, 1H, H2a’, J 200 = 12.9 Hz, J o0t = 9.0 Hz, J 503 = 4.9 Hz), 1.23 (s, 9H, ‘Bu-CO), 0.92
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(s, 9H, ‘Bu-Si), 0.91 (s, 9H, ‘Bu-Si), 0.11 (s, 6H, (CH3),-Si), 0.10 (s, 3H, CH3-Si), 0.02 ppm
(s, 3H, CH3-Si). *C NMR (150.8 MHz, CDCL); d = 210.57 (C), 163.72 (C), 150.13 (C),
136.49 (CH), 110.75 (C), 88.14 (CH), 86.07 (CH), 75.17 (CH), 74.76 (CH), 43.07 (C), 41.52
(CH,), 27.52 (CH3), 25.80 (CH3), 25.77 (CH;), 18.42 (C), 18.13 (C), 12.43 (CH3), -4.48
(CH3), -4.58 (CH3), -4.78 (CH3), -5.48 ppm (CH3). FT-MS calc.: M = 554.3207, (+ ¢ ESI),
found 555.3277 [M + H]"; (- ¢ ESI), 553.3208 [M - H]". UV Amay = 264 nm; £60 = 1049 + 64
M'em™. Rf (EtOAc / i-Hex 2:3) = 0.78,

(5’R)-3’,5’-di-O-(tert-Butyldimethylsilyl)-5’-(2,2-dimethylpropanimidoyl)  thymidine
1.81b

OTBDMS
5(R)

To a solution of 1.80b (300 mg, 0.60 mmol) in THF (12 mL) at -78 °C was slowly added tert-
BuLi 1.5 M (1.5 mL, 2.4 mmol). After 2 minutes of vigorous stirring at -78 °C the reaction
was quenched by water addition and was left to warm up to r.t.. The mixture was diluted with
EtOAc and the organic phases were then washed with water until neutrality and finally with
brine. Anydrification on MgCl, and subsequent rotary evaporation of the solvent led to 125

mg (0.22 mmol, 38%) of yellow oil. Analyzed as crude product.

'H NMR (400 MHz, acetone-d6):6 = 10.06 (s, 1H, NH), 7.34 (bs, 1H, H6), 6.21 (bdd, 1H,
H1’, J=17.2),4.73 (d, 1H, H5’, J = 1.4 Hz), 4.61 (m, 1H, H3"), 4.04 (dd, 1H, H4’, J, = 3.4
Hz, J, = 1.3 Hz), 2.21-2.16 (m, 2H, H2"), 1.86 (bs, 3H, CH3-5), 1.27 (s, 9H, ‘Bu-CO), 1.00 (s,
9H, ‘Bu-Si), 0.88 (s, 9H, ‘Bu-Si), 0.14 (s, 3H, CHs-Si), 0.10 (s, 3H, CH;-Si), 0.07 (s, 3H, CH;-
Si), 0.03 ppm (s, 3H, CH;s-Si). BC NMR (100.5 MHz, acetone-d6); 0 = 187.17 (q, C=NH),
164.99 (C), 156.93 (C), 137.05 (CH), 111.89 (C), 89.30 (CH), 88.20 (CH), 75.89 (CH), 70.54
(CH), 49.09 (CH,), 40.14 (C), 30.58 (CH3), 27.37 (CH3), 27.18 (CHs), 19.77 (C), 19.26 (C),
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13.47 (CHs), -2.22 (CH3), -3.16 (CHs), -3.38 (CHs), -3.61 ppm (CHs). MS calc.: M =
553.3367, (FTMS + ¢ ESI), found 554.3431 [M + H]". Rf (EtOAc / i-Hex 2:3) = 0.34.

(5’S)-3’,5’-di-O-(tert-Butyldimethylsilyl)-5’-(tert-butylcarbonyl)thymidine 1.77b

OTBDMS
5'(S)

10 mL of CDCl; were added to the oil of the crude product containing 1.81b (100 mg, 0.20
mmol) and the solution was stirred for 30 minutes at room temperature. The reaction was
followed by 'H-NMR. The hydrolysis of 1.81b to 1.77b was complete in 30 minutes. Longer
time stirring of this solution led to the degradation of the product of reaction with the
replacement of the NMR-peaks of 1.77b by many unknown peaks. The CDCl; was removed
by rotary evaporation followed by high vacuum and the obtained yellow oil (78 mg, 70%)

was dissolved in acetone-d6 for NMR characterization.

'H NMR (400 MHz, acetone-d6):d = 10.03 (s, 1H, NH), 7.32 (s, 1H, H6), 6.27 (bdd, 1H, HI",
J=1.3),5.00 (d, IH, H5’, Js., = 2.5 Hz), 4.72 (m, 1H, H3"), 4.13 (bt, 1H, H4’, J = 2.5 Hz),
2.15 (m, 2H, H2’), 1.85 (bs, 3H, CH3-5), 1.25 (s, 9H, ‘Bu-CO), 0.97 (s, 9H, ‘Bu-Si), 0.89 (s,
9H, ‘Bu-Si), 0.13 (s, 3H, CHs-Si), 0.12 (s, 3H, CHs-Si), 0.09 (s, 3H, CH3-Si), 0.08 ppm (s,
3H, CH3-Si). *C NMR (150.8 MHz, acetone-d6); 6 = 214.39 (C), 152.41 (C), 147.23 (C),
136.95 (CH), 111.94 (C), 88.68 (CH), 85.18 (CH), 76.66 (CH), 72.17 (CH), 45.34 (C), 41.82
(CH,), 28.61 (CH3), 27.38 (CH3), 27.16 (CH3), 19.88 (C), 19.36 (C), 13.51 (CH3), -3.15
(CH3), -3.21 (CH3), -3.32 (CH3), -3.51 ppm (CH3). FT-MS calc.: M = 554.3207, (+ ¢ ESI),
found 557.3068 [M + Na]'; (- ¢ ESI), 589.2945 [M + CI]". Rs (EtOAc / i-Hex 2:3) = 0.76.
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(5’R)-5’-(tert-Butylcarbonyl)thymidine 1.82

To a solution of 3°,5’(R)-TBDMS-ketone 1.77a (170 mg, 0.3 mmol) in MeOH (10 mL) was
added a solution of TBAF 1 M in THF (1 mL, 1.0 mmol). The mixture was refluxed for 5
hours and then strirred at r.t. for 24 hours. MeOH was then removed by reduced pressure and
the crude product was purified on silica gel (EtOAc in i-Hexane from 30 to 90%). A white
foam (61 mg, 0.19 mmol, 60 %) was isolated from the fractions and identified as 3°,5’-OH
ketone 1.82 by NMR and mass analysis. A less polar fraction was collected leading to 10 mg
(7,3 % from the bis-protected ketone) of white powder analyzed by NMR and mass and
identified as 3°-OH, 5’-TBDMS ketone 7.

'H NMR (600 MHz, CDCL3) & = 8.93 (bs, 1H, H3 (NH)), 7.36 (bs, 1H, H6), 6.26 (dd, 1H,
H1’, Ji 2w = 7.5 Hz, Ji2v = 6.2 Hz), 4.77 (d, 1H, H5*, J = 1.6 Hz), 4.72 (dt, 1H, H3*, J= 5.7
Hz, J=2.7 Hz ), 4.46 (m, 1H, H4"), 2.37-2.34 (ddd, 1H, H2y’, Joy2a = 13.5 Hz, Jop.1r = 5.9
Hz, J=2.9 Hz), 2.23-2.18 (m, 1H, H22’, Sy = 13.7 Hz, Joor- = 7.2 Hz), 1.96 (bs, 3H,
CHs-5), 1.27 ppm (s, 9H, ‘Bu-CO). *C NMR (150.8 MHz, CDCl3) § = 214.10 (q, C5”"),
163.71 (C), 150.37 (C), 135.48 (CH, C6), 111.22 (q, C5), 86.26 (CH, C4°), 85.38 (CH, C1°),
73.32 (CH, C5°), 72.49 (CH, C3°), 42.92 (g, C6°*), 40.63 (CH,, C2°), 27.08 (CHs, C6”*-Bu),
12.57 ppm (CHs, C5-Me). FT-MS calc.: M = 326.1478, (- ¢ ESI) found 325.1409 [M - H]". Ry
(EtOAc / i-Hex 1:1) = 0.11.
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(5’R)-5’-O-(tert-Butyldimethylsilyl)-5’-(tert-butylcarbonyl)thymidine 1.83

TBDMSO 0

5(R)

An independent synthesis of 1.83 was achieved as follows: 170 mg (0.3 mmol) of ketone
1.77a were dissolved in THF (10 mL) and TBAF (1M in THF, 1 mL, 1.0 mmol) was added to
this mixture at low temperature (-15°C) and stirred for 24 hours at -15°C. Under these
conditions the relative yields after purification on silica gel (EtOAc in i-Hexane from 30 to

90%) of 1.82 and 1.83 were 10% and 55% respectively.

'H NMR (600 MHz, DMSO-d6):6 = 11.27 (s, 1H, H3 (NH)), 7.80 (bs, 1H, H6), 6.12 (dd, 1H,
H1’,J; = 8.5 Hz, J, = 5.4 Hz), 5.07 (d, 1H, H5’, J= 2.2 Hz), 4.41 (bs, 1H, H3"), 4.30 (d, 1H,
H4’, J=4.8 Hz), 2.15 (dd, 1H, H2’, J,= 13.2 Hz, J, = 5.7 Hz), 1.93 (ddd, 1H, H2’, J, = 13.8
Hz, J, = 8.9 Hz, J; = 5.4 Hz), 1.83 (bs, 3H, CH3-5), 1.16 (s, 9H, ‘Bu-CO), 0.87 (s, 9H, '‘Bu-
Si), 0.04 (s, 3H, CH3-Si), 0.03 ppm (s, 3H, CH;-Si). **C NMR (150.8 MHz, DMSO-d6); § =
210.81 (C), 163.25 (C), 149.70 (C), 135.38 (CH), 108.48 (C), 86.56 (CH, C4’), 84.69 (CH,
Cl1°), 74.32 (CH, C5°), 71.90 (CH, C3°), 42.17 (CH,, C2°), 26.56 (CH3), 25.13 (CH3), 17.48
(C), 11.80 (CH3), -5.33 (CH3), -5.91 ppm (CH3). FT-MS calc.: M = 440.2343, (+ ¢ ESI),
found 441.2396 [M + H]', 463.2217 [M + Na]", (- ¢ ESI) found 475.2078 [M + CI].. R¢
(EtOAc / i-Hex 1:1) = 0.50.
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Synthesis of (5’R)-3’-O-Acetyl-5’-O-(tert-butyldimethylsilyl)-5’-(tert-butylcarbonyl)
thymidine 1.84

0
\fj\NH
OL_tBu N/go
TBDMSO o
OYO
5'(R)

To a solution of 3’-OH, 5’-TBDMS-ketone 1.83 (73 mg, 0.2 mmol) in dry pyridine (2 mL)
was added 35 pL (0.38 mmol) of acetic anhydride. The mixture was stirred at r.t. for 24 h.
The solvent was removed by rotary evaporation and the residue co-evaporated three times
with 1 mL of toluene. The ketone 1.84 was obtained in 82 % of yield as white powder and
was characterized. The 5°(R) configuration was assigned by resolution of the crystal obtained

from a saturated EtOAc solution of 1.84.

'H NMR (600 MHz, CDCl;):d = 8.06 (s, 1H, H3 (NH)), 7.87 (d, 1H, H6, J = 1.1 Hz), 6.30
(dd, 1H, H1’, J; = 9.2 Hz, J, = 5.4 Hz), 5.22 (d, 1H, H3’, J = 5.9 Hz), 5.08 (d, 1H, H5*, J =
2.1 Hz), 4.51 (d, 1H, H4*, J = 1.8 Hz), 2.48 (dd, 1H, H2’, J;= 13.8 Hz, J, = 5.4 Hz), 2.13 (m,
1H, H2"), 2.14 (s, 3H, Ac), 2.03 (d, 3H, CH3-5, J = 1.0 Hz), 1.21 (s, 9H, ‘Bu-CO), 0.92 (s, 9H,
‘Bu-Si), 0.11 (s, 3H, CH3-Si), 0.06 ppm (s, 3H, CH;-Si). BC NMR (150.8 MHz, CDCly); 0 =
210.59 (C), 171.01 (C), 163.54 (C), 150.12 (C), 136.03 (CH), 111.12 (C), 85.50 (CH), 85.53
(CH), 74.81 (CH), 43.08 (C), 37.57 (CH,), 27.43 (CH3), 25.80 (CH3), 21.02 (CH3), 18.38 (C),
12.47 (CH3), -4.54 (CH3), -5.41 ppm (CH3). FT-MS calc.: M = 482.2448, (+ ¢ ESI) found
483.2502 [M + HJ", 505.2326 [M + Na]", (- ¢ ESI) found 481.2425 [M — HJ, 517.2202 [M +
CI]. Rf (EtOAc : i-Hex, 2:3) = 0.42.
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X-ray crystal structure determination

Crystal structure of 1.84, hydrogen atoms are omitted for clarity; selected distances [A] and
angles [°] (standard deviation in parenthesis): Si2 O8 1.659(4), O8 C30 1.419(6), O9 C31
1.206(6), O10 C39 1.412(6), O11 C37 1.433(7), N3 C39 1.466(7), C30 C36 1.500(7), C30
C31 1.552(7); C30 O8 Si2 126.5(3), O8 C30 C36 108.3(4), O8 C30 C31 109.3(4), C36 C30
C31110.8(4), 09 C31 C30 119.1(5), O11 C37 C38 107.2(4), O11 C37 C36 112.4(5), N3 C39
C38 113.5(5), N4 C42 N3 114.6(5), N4 C43 C44 114.1(5).

X-Ray data were collected at 200 K with a Nonius KappaCCD diffractometer equipped with a
rotating anode and a graded multilayer x-ray optics to get monochrome MoKa radiation (A=
0.71073 A). The structure was solved with direct methods with SIR97"'¥ and refined with
SHELXL-97.°"*] Hydrogen atoms were calculated in idealized positions riding on their parent
atoms. One of the tert-Butyl groups is disordered; a split model was applied with isotropic
refinement of the split atoms. Data for compound 1.84: C,3H3sN,O;Si, Fw = 482.643,
colourless block, 0.18 - 0.15 - 0.11 mm3, monoclinic, P21 (no. 4), a = 14.1327(4) A, b =
10.9042(3) A, ¢ = 17.7449(6) A, p=93.3188(11)°, ¥ =2730.01(14) A*, Z =4, 7119 unique
reflections, 593 parameters were refined, R1 (I > 20(1)) = 0.0621, wR2 (all reflections) =
0.1774, S = 1.062. Residual electron density between 0.763 and —0.316 ¢ A™. Further details
are available under the depository number CCDC 618360 from the Cambridge
Crystallographic Data Centre.
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1.77a in CDCI3
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Chapter 4

1.77a and 1.77b in Acetone-d6
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1.80a and 1.80b in CDCI3
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1.83 in DMSO
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1.84 in CDCI3

Z8l

§§§§ §§§§ EE Eiifm N O © ~N O™ o wdr
// / 288 NS S S & 8000
L AN AN AN ~— — O o O g
;200 [
I — 7000
;150 :
Il L [
i — 6000
| ;100 :
“\ \‘ : L
I A — 5000
;50 [
I — 4000
L | L
S JA . WJU\A JUU . " L \ , -
.'\.- ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T \?"...\ :
4.50 6.00 5.50 5.00 4.50 4.00 3.50 3.00 2.50
ppﬁ%qj) — 3000
| ¥\ JL_J |
[ ) L N B A B O
8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0



—
o0
[98)

Chapter 4 Experimental Part 4.1.3

1.81a and 1.81b in acetone-6
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NOESY experiment. 1.80a in CDCl;
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NOESY experiment. 1.80b in CDCl;
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4.2 Electron Transfer through DNA

DNA synthesis and purification

Solid phase DNA synthesis was carried out on a Perseptive Biosystems Expedite 8900
Synthesizer using Ultramild bases and reagents (Glen Research) and following standard
phosphoramidite or phosphoramidite/H-phosphonate protocols. Coupling times for
Br-nucleotides building blocks were increased to 10 min. Oligonucleotides were cleaved from
the solid support as described in the text with conc. Ammonia (25 %) for times between 1 day
and 5 days generally at 25°C due to the base lability of the nucleotides used. Analytical and
preparative HPLC was performed with a Merck LaChrom system using 3 u or 5y
C,g-reversed phase columns by Macherey-Nagel and 0.1 M NHEt;OAc in water : acetonitrile
as eluent. After concentration in vacuo the strands were desalted on Waters SepPak -Cg-
cartridges and concentrated again. The final DNA concentration was estimated by UV
absorption measured on a Cary 100 UV-Vis spectrometer following standard procedures. The
strands were further characterized by MALDI-Tof-MS. MALDI mass spectra were recorded
on a Bruker Autoflex Il mass spectrometer using 3-hydroxypicolinic acid as matrix substance

and measuring in the negative or positive polarity mode.

4.2.1 Sequence dependence studies

Irradiation experiments

In a typical irradiation experiment a solution of the oligonucleotide (3-30 uM) containing
150 mM NaCl and 10 mM Tris-HCI (pH 7.4, total volume 150 uL) was transferred to a 1 mL
quartz fluorescence cuvette sealed with a rubber septum. The solution was degassed by
sparging with argon for 20 min. For reduction of the flavin two different procedures were
used. For one part of the experiments 15 puL. of an alkaline solution of sodium dithionite
(87 mg dithionite in 5 g water + 75 uL. 5 M NaOH, pH ~ 8) was added. Alternatively an
EDTA-mediated photoreduction was used. For this purpose EDTA 0.2M was added and the
solution pre-irradiated under anaerobic conditions for 1 minute with white light to
photoreduce the flavin (monitored by fluorescence spectroscopy). After reduction the samples
were further irradiated at 10 °C with a Thermo Oriel 1000 W Xe-lamp, equipped with a
cooled 340 nm cut-off filter. For the analysis 10 pL aliquots were removed from the assay

solution after defined time intervals, aerated for 30 min and analysed. Analysis of the data
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was performed by HPLC (3 u Cig-reversed phase columns by Macherey-Nagel and 0.1 M
NHEt;OAc in water : acetonitrile as eluent) and MALDI-Tof-MS, or by capillary
electrophoresis (Beckman Coulter P/ACE-MDQ DNA system, UV detection at 254 nm,
30 cm fused silica capillary filled with 6% polyacrylamide gel in 0.1 M Tris-borate, 2 mM
EDTA, pH 8.4, electrokinetic injection by applying 10 kV for 2-5 s, separation at 9 kV for 45
min). The integration of the peaks was achieved using the instrument software. The data were

plotted and a linear regression was applied to the points using Microcal Origin.

In the following pages are reported a selection of melting point curves, CD-spectra and

curves relative to the irradiation experiments of the hairpins used in the EET study.

Melting point experiments

UV melting points were measured on a Cary 100 UV-Vis spectrometer using 1 mL quartz
cuvettes with 1 cm pathlength. The samples contained 150 mM NaCl, 10 mM Tris-HCI
(pH 7.4) and 3 uM of the oligonucleotide. For every strand five temperature cycles from
85 °C to 0 °C were recorded, the average melting point was calculated computationally using

Microcal Origin.
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CD spectra were recorded on a Jasco J-810 spectropolarimeter equipped with a Peltier

temperature controller using 2 mL quartz cuvettes with 1 cm pathlength. The samples

contained 150 mM NaCl, 10 mM Tris-HCI (pH 7.4) and 2-8 uM of the oligonucleotide. The

hairpins containing the flavin were also measured in the irradiation buffer (cpna = 2-8 UM,

0.01 M Tris, pH = 7.4, 0.15 M NaCl, 0,02 M EDTA)
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Irradiation curves
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4.2.2 Single electron donor and two acceptors

Irradiation experiments

In a typical irradiation experiment a solution of the oligonucleotide (3-30 uM) containing
150 mM NaCl and 10 mM Tris-HCI (pH 7.4, total volume 150 pL) was transferred to a 1 mL
quartz fluorescence cuvette sealed with a rubber septum. The solution was degassed by
sparging with argon for 20 min. The samples were irradiated at 10 °C with a Thermo Oriel
1000 W Xe-lamp, equipped with a cooled 320 nm cut-off filter. For the analysis 10 pL
aliquots were removed from the assay solution after defined time intervals and analysed.
Analysis of the data was performed by HPLC (3 p C;s-reversed phase columns by Macherey-
Nagel and 0.1 M NHEt;0Ac in water : acetonitrile as eluent) and MALDI-Tof-MS, or by
capillary electrophoresis (Beckman Coulter P/ACE-MDQ DNA system, UV detection at 254
nm, 30 cm fused silica capillary filled with 6% polyacrylamide gel in 0.1 M Tris-borate, 2
mM EDTA, pH 8.4, electrokinetic injection by applying 10 kV for 2-5 s, separation at 9 kV
for 45 min).

CE series of dsS1 irradiation

A /L//\/LL 40 min
A 30 min

10 min

5 min

A 1 min

0 min

Enlargment (fragment-peaks)of a section from the CE series of irradiated dsS1.
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4.4  Molecular beacon for DNA-photography

General Procedure for Photography Experiments

The following steps were all carried out under darkroom conditions: 1 puL aliquots of each
solution of the MB-experiments were spotted onto black and white photographic paper
(Ilfospeed RC Deluxe, Ilford) along with 1 uLL of a solution reference. During the spotting
procedure the contact between the micropipette tips and the photopaper must be avoided. A
custom-made tips guide was used in order to avoid this contact and to ease the spotting of up
to 96 different samples in few minutes, when needed. The strips of photopaper spotted with
the solutions were then placed in a cupboard and kept in darkness for 20 min or until all of the
solution had been absorbed into the emulsion. Alternatively, the strips were placed on a warm
surface (<40 °C) in the dark for 1-3 min for a faster absorption process. One strip was then
taken and placed into a filter cassette containing a 570 nm cut-off filter and a 0.5 OD density
filter. This was then exposed to a white light source (24V, 250W) for 5, 15, 20 or 25 sec. The
photopaper was then developed, stopped and fixed in standard solutions (Phenisol Developer,
2% AcOH in H,O and Hypam Fixer from Ilford) according to the manufacturer’s instructions
(1 min in total), washed with running water for 3-5 min and then finally dried (5-10 min). The

last two steps do not need dark conditions.

Materials and Fluorescence measurements

MB1 (5'-Cy3-CGCTGCCCCTTGAGGCGTGGCTGCAGCG-BHQ2-3") and the target T
(Y. pestis  gene, 5’-AGCCACGCCTCAAGGG-3’) were purchased from Metabion.
Fluorescence measurements of the solutions were performed prior photograpic analysis as
control. Fluorescence kinetics and thermal denaturation curves were measured using a Jasco
Fluorescence Spectrometer F-750 and fluorescence quartz cuvettes (Aex =545 nm;
Aem = 570 nm for Cy3). Two different aqueous solutions were used as buffers: 5 mM tris-HCI
pH 8, 5 mM KCl and 0.5 mM MgCl, for high concentration assays (i.e. for MB1 1 uM) and
5 mM tris-HCI pH 8, 0.5 mM MgCl, for low concentration assays (i.e. for MB1 0.2 uM).
Prior analysis, the samples were heated to the maximum temperature of 85 °C and cooled

down slowly to the starting temperature of 20 °C.
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Cell line and cell culture

A human colon carcinoma cell line, HCT116, obtained from DSMZ (DSMZ no. ACC
581), was routinely grown in DMEM medium supplemented with 10% fetal bovine serum and
antibiotics. Once the cells reached confluence, they were harvested and subjected to genomic
DNA isolation. Extraction was carried out using the E.Z.N.A.® Tissue DNA Mini Kit (Peqlab
Biotechnologie GmbH). DNA fractions were pooled in a 15 mL Falcon™ Tube and
concentrated to approx. 1 pg/uL in the SpeedVac. The genomic DNA was fragmented by

sonification. The majority of the resulting fragments ranged from less than 0.5 kb up to 2 kb.

!
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Figure S15 1% agarose gel, stained with ethidium bromide, total amount of genomic DNA per lane
2.5 ug
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5 Abbreviations

A

A
Abs
ACZO
acac
AcOH
AFM
AIBN
Amax
Anorm
BER
bp

Bu
BuSH
C

cat.
CD
CE
CED
CIP
CPD
CT
Cyclo-dhT
d

dA

Da
dC
dG
DMAP
DMBz
DMC
DMF
DMSO
DMT
DNA
DP

ds

aT
DTBP

du
EA
Ed.
EDTA
EET
El
en
EPR
equ
ESI
Et
eV

adenine (adenosine)
Angstrom, 10" m
absorption
Acetylanhydride
acetylacetonate

Acetic acid

Atomic Force Microscopy
azobisisobutyronitrile
absorption maximum
normed absorption

Base excision repair

base pair(s)

butyl

1-Butanethiol

cytosine (cytidine)
catalytic

Circular Dichroism
Capillary electrophoresis
cyanoethyl-N,N-diisopropyl
Cahn-Ingold-Prelog priority rule
Cyclobutane-pyrimidine dimer
Charge transfer
Cyclo-dehydrothymidine
day(s)
2’-deoxyribo-adenosine
Dalton

2’-deoxy-cytidine
2’-deoxy-guanosine
4-N,N-dimethylaminopyridine
dimethoxybenzoyl
dichloromethane
dimethylformamide
dimethylsulfoxide
4,4'-dimethoxytrityl
deoxyribonucleic acid
DNA-photography

Double strand
2’-deoxy-thymidine
di-tert-butyl peroxide
2’-deoxy-uridine
Elementary Analysis
editor(s)
ethylenediamine-tetra-acetate
Excess electron transfer
Electron Impact
ethylenediamine

Electron Paramagnetic Resonance
equivalent(s)

Electro Spray lonisation
ethyl

electronvolt
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FAB
FAD
FT

GSH

HDF
HOMO
HPLC
HRMS
HT

iPr

LC-MS
LUMO

m/z
MALDI
MB
MBDP
mdeg
Me
MeCN
MeOH
MF
min
M-MEET
MS
mV
NER
NHE
NMR
NOESY
OAc
ODN
PCR
Ph

Py

r.t.

rel. int.
RF
RNA
ROS

Abbreviations

Fast Atom Bombardement

Flavin adenine dinucleotide

Fourier Transformation

guanine (guanosine)

gluthatione

hour(s)

8-hydroxy-5-deazaflavin

Highest occupied molecular orbital

High Performance Liquid Chromatography
High Resolution Mass Spectrometry
Hole transfer

intensity

iso-propyl

Infrared (spectroscopy)

coupling constant

Liquid Chromatography-Mass Spectrometry
Lowest unoccupied molecular orbital
molecule or molar

mass/charge

Matrix Assisted Laser Desorption lonisation
Molecular beacon

Molecular beacon for DNA-photography
milli degree (ellipticity)

methyl

acetonitrile

methanol

5-methylene furanone

minute(s)

Metal-mediated excess electron transfer
Mass Spectrometry

millivolt

Nucleotide excision repair

Normal hydrogen electrode

Nuclear Magnetic Resonance

Nuclear Overhauser Effect Spectroscopy
acetyl

Oligo-2’-deoxy-nucleotide

Polymerase chain reaction

phenyl

pyridine

organic residue

room temperature

relative intensity

retention factor

ribonucleic acid

Reactive oxygen specie
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RP Reverse Phase

RP HPLC Reverse phase HPLC

S second

salen N,N-bis-salicylidene-ethylenediamine
sat. saturated

SCE Standard hydrogen electrode
SED Single electron donor

SET Single electron transfer

SS Single strand

STM Scanning Tunneling Microscopy
T thymine (thymidine)

TBAF tetra-n-butylammonium fluoride
TBDMS tert-Butyldimethylsilyl

TBDPS tert-Butyldiphenylsilyl

TBHN di-tert-butyl hyponitrite

TBPB tert-butyl peroxybenzoate

THF tetrahydrofuran

TLC thin layer chromatography

Twm melting temperature

TMS trimethylsilyl

Tof time of flight

Tol toluoyl

TRIS tris(hydroxymethyl)aminomethane
TTMSS tris-trimethylsilyl-silane

U Uracil, uridine

uv Ultraviolet (spectroscopy)

\Y, Volt

Vis Visible (spectroscopy)

Y Debromination yield per time of irradiation
z charge

€ extinction coefficient

A wavelength

Amax maximum abs wavelength
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