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1. Introduction and Basics 1

1 Introduction and Basics

1.1 Structure and Function of Deoxyribonucleic Acid DNA)

1.1.1 The Molecular Structure of DNA

Carrying the hereditary information of all living cells, DNAm& into the researchers’ focus
in the early 1950s, when its molecular structure was elucitfated1953,Watsonand Crick
succeeded in interpretating an X-ray scattering pattern of nBiNA&, and, together with
previous results, proposed its structure to be a right-handed, double-sinatig&d DNA is
built up of monomeric units called nucleotides. A nucleotide consistireé tmolecular
fragments: sugar, heterocycle, and phosphate. The sugar, or deoxyrhasea icyclic,
furanoside form and is connected by-glycosyl linkage with one of four heterocyclic bases
to produce the four normal nucleosides: adenosine, guanosine, cydidine, andngymnidi
DNA, the nucleosides are linked by 3',5'-phosphodiester bonds to form a piokyarer.
Specific, hydrogen-bonded base-pairs of adenine with thymird)(And guanine with
cytosine (GC) (Figure 1.1 are stacked like rolled coins at 3.4 A distance (pitch). Right-
handed rotation of approximately 36° between adjacent base-pairs prodicméseahelix of
two antiparallel strands with 10.5 base-pairs per turn and 20 A diafibgearrangement of
the two strands generates two grooves of similar depth but differdtit along the double

helix, denominated as the minor and major groo\rggufe 1.2).[3]

HN—HQ OIIIIIIIIIH—NH
o : £
deo r.bose/N /_\/NnnulnH—N \ deo r_bose/N / N—HIIIIIIIIIN/ \
XYr1 — Xyri —
y N NG Y N=( >N
o deoxyribose HN—H""O deoxyribose
A T G C

Figure 1.1. Hydrogen-bonded base-pairs after Watson and Crick
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hydrogen-bonded 3'q o '
nucleobases pmmmm & et 3

£

minor groove

34 A major groove

5 &Y sugar-phosphate
backbone

Figure 1.2. Three-dimensional structure of B-DNA

There are numerous secondary structures of DNA, which depend upon of tunmewt
and base sequence. They differ in density, diameter and helicalsgruthe most common
DNA secondary structures are the A-, B-, or Z-tygaégure 1.3, of which the B-type is the
most commonly found in living cells. For example, a polyiily(C) sequence preferably
forms an A-type helix in a low-water environment. For a defined segué-DNA is shorter
and has a wider diameter than the corresponding B-BRAIN high-salt environment,
poly(G—C) sequences preferably form Z-DNA, which is also featuresatiparallel strands,
but in opposite direction, which leads to a left-handed H&likhere has been considerable
discussion about the conformation of polytAdly(T) sequences, which form a different

helix type called B'-DNA. This will be discussed@hapter 8"
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A-DNA B-DNA Z-DNA

Figure 1.3. Space-filling structures of A-, B-, and Z-DNA

1.1.2 Stability of the DNA Double Helix

There are several independent stabilizing effects, which occur degemdithe environment
and the sequence of the DNA strand. Its three-dimensional strutiones @@ much wider
variety than initially proposed by Watson and Crick. The rotation abgfieeen adjacent
bases, the position of the helical axis, or the “propeller twik# {wist angle between the

system planes of two hydrogen-bonded bases) provide additional stabilibe tdouble
helix®! The propeller twist enables a more compact base stacking wdrittibates to the
stability of the double heli® The hydrogen bonds contribute-P5 kJ mol* and 2540 kJ

mol™ per base-pair to the stabilization forRand G-C pairs, respectiveIL?]. The stacking of
the aromatic bases yields another contribution to the helicalistaby means of the partial

overlap of thersystems of two neighbouring bases. For tnsiacked bases, gas-phase
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quantum-chemical calculations I8ponerand co-workers yielded a stabilization energy of
10-30 kJ mol* per base-pair, for an idealized B-DNA structtfeln a neutral agueous
solution, a stabilization energy of@ kJ mol* was calculatef” In addition, the negatively-

charged phosphate backbone is strongly solvated in ater.

1.1.3 DNA as Carrier of Hereditary Information

The genetic code of all living organisms is stored in the DNA, lomgin molecules of
numerous stacked building blocks, which in eucaryotic cells are lorated nucleus of the
cell. The hereditary information is generated through the sequertbe édur nucleobases,
like a text which contains a distinctive sequence of four differétetrée A gene is a section of
a DNA chain, which delivers the information about the amino acid sequérares protein.
At the translation process, the genetic information is transfededthe “language” of nucleic
acids, whose alphabet contains only four letters, into the “languag@totéins, which
comprises 20 different letters (amino acid building blocks). Thiska#ion is achieved by the
genetic code, whose decoding has caused a decisive breakthrough in thtandidgrof
living processeS? As they are self-complementary, the two antiparallel DNAnsts can
both serve separately as templates for the replication of thetigecode, achieved by
template-directed synthesis of a new complementary strand. Thesatityeof the genetic
code (“language of life”) from prokaryotes up to humans, points towhedgetationship of

all known livings and their joint origin in an intelligent creatith.

1.2 Damaging Processes to DNA

1.2.1 Physical and Chemical Mutagenesis

X-rays and nuclear radiatiom, 5, )rays,n) are ionizing, and hence can generate reactive

radicals in biological systems. Generally, the increase of recessiakraitations in DNA is
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directly proportional to the radiation dose, and shows that a mutatioyussallts from one
single hit of ionizing radiatior*”!

Short-wave ultraviolet light (UVA) is mutagenic, especially for bacteria. In higher
organisms, its effect is limited to the skin, due to its poor patnatrthrough tissue. At 260
nm, the absorption maximum of DNA, its mutagenic effect is makiifthe main mutagenic
effect of UV radiation is the formation of dimers of two neighboutimgmines, which inhibit
DNA synthesié?S] “Photoreactivation” is one known repair process for thymine dimers.
Interestingly, this enzymatic reaction depends upon UV light o800 nm WavelengtH?]
Enzymatic excision of thymine dimers, followed by insertion of neanomers, or long-
range charge transfer through DNA is another possible pathwayroingydimer repair, as
shown by the groups &artort*” andGiese*®!

High temperature and especially low pH values, lead to depurinati@NAf The purine
bases are hydrolytically cleaved off the deoxyribose backbone. Withnéxeé DNA
replication, the missing bases are replaced by random bases, sirahe is cleaved by
phosphate eliminatiot}”

Numerous chemicals show direct or indirect mutagenitia (netabolically generated
derivatives). Three main classes of direct chemical mutagenscammon: modifying/

alkylating, base analogs, and intercalating substdhtes.

1.2.2 Oxidative Stress

Mainly through the mitochondrial process of oxidative phosphorylation, involéngymes
NADPH oxidase and cytochrome P450 oxidase, reactive oxygen spdi@S) (are
permanently generated within the cell. ROS include the hydroxykalkdHO), the
superoxide radical ('), as well as hydrogen peroxide.(®3) and singulet oxygen@,).
Their concentration is regulated by several proteins such as sueemismutase (SOD),
catalase (CAT), and the glutathione reductase (GPx). For exaB®@Ie converts @" to
H,0,, which is then reduced to,8 and Q by CAT. There are also several antioxidizing

cofactors like glutathione, or the vitamins A, C, ané’Bf there is an excess of ROS in the
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cell, for example by underregulation, the cell suffers from “oxrdastress”, which poses a

chemical threat for lipids, proteins and DA

One of the main targets of these oxidants is the nucleobase gumuasse it has the lowest
oxidation potential (+1.491.58 Vvs.NHE) of the four DNA baséé? In the first step of this

process, the guanine radical catiis generated, and subsequently either reacts with water to

form 8-hydroxyguanind or 8-oxoguanin®, or deprotonates to form a neutral radical, which

reacts with oxygen to the products 2-amino-imidazo®ras well as 2,2-diamino-oxazolone

9 (Scheme 1)1 There are several other pathways of formation of 8-oxogu&nieg. via

direct addition of a hydroxyl radical at position 8, or by a [2+4]-aydtition of singulet

oxygen to the imidazole moiety of guanine, followed by ring opening ahectien ot the

intermediary endoperoxictb[24] Under anerobic conditions, it was found that 8-oxoguaBine

is preferably formed, whereas under atmospheric conditions, mainlyniti@zolone8 and

oxazolone9 are formed?®

Scheme 1.1

HN jN&H

G —/—/— X
1o, H,N" N Z‘R
Cp°

HN)t’..\j HN N, oH
I§ % X
HZN)\\N N H0 HZN)\\N N H
dR dR
2 3

? o
N;\/EN N N
‘ \ \
HoN )\\N '}l> 0z Ay
dR

HNT N7 N -CO,
drR - HC(O)NH,

6 7

dR = 2'-deoxyribose

(o}

HN N
| Y—ooH
HZN)\\N N
dr

N
HN HN
\
I [ d—oH | =0
H,NT N7 N 2 N
drR drR
4 5
N o 0. (0]
w1 e
N~ ~NH H,0 HoN N7 TNH
drR drR
8 9
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In the replication process, 8-oxoguanihes no longer recognized as guanine, which leads to
the insertion of adenine instead of cytosine into the newly syntdestreplementary strand.

Following another replication, a4& — A-T transversion mutation resuliSigure 1.4.[26]

5 3 5 3 5 3 5 3
1. [O] replication replication
GIIIIIIIC GOanC GOXI”A T A
2. H,0/0,
3 5 3 5 3 5 3 5
wild type DNA mutant DNA

Figure 1.4. Transversion of a base-pair, caused by oxidata@age of a guanine base

Studies over the past decade have shown that DNA is capable of hgeg-charge
transfer?”*”! The thermodynamic driving force for this process is the dependentte of
guanine oxidation potential upon the DNA sequence. The oxidation potentiaboing is
lowered by a maximum of 0.7 V within the series G > GG > @ &ience, more damage is

to be expected in guanine-rich regions of DNA. Many GG units havefbaed within the

p53 tumor suppressor gene and theablproto-oncogene, thus suggesting that these genes
should show a higher susceptibility for mutations, and thus play a lcmadé&a in the
development of cancer for an affected orgar{?§hi-.lowever, in the case of the GG and GGG
units being preferably located outside the encoding regions of the 8lIA,sequences may
offer the possibility of a guanine radical cation repair by lomgeaelectron transfer (ET)
(Figure 1.5.2% Non-encoding, guanine-rich sequences are found at the ends of eucaryotic
chromosomes, and such sequences are called telomers. For exarpi@am telomeric
DNA, the sequence 5-TTAGGG-3' is repeated dozens or thousands ef amdeseveral

genes possess guanine-rich sequences outside the encodfﬁﬁﬂr‘élaese poly(GC)
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domains are sinks for the positive charge and may serve asdicatbrrosion protection for

essential gene sequené&s,

non-encoding
area

hole
stress

S

/ Y
.,./':’Z/
OXIdatlve

encoding area

non-encoding
area

encoding area

Figure 1.5. Oxidation of a G in the encoding area and the s@ort of the

positive charge into a G-rich sequence in the noceding area.

1.2.3 DNA Strand Cleavage

Single- or double-strand cleavage caugeddeoxyribose radicals is another critical hazard to

DNA. In eucaryotic cells, it takes about 40 to 50 strand breakslébhal incident, in case the

enzymatic repair mechanism (DNA-Ligase) is defective oss'm'g[.37] Reactive oxygen

species (ROS) are capable of abstracting any of the seven hydabges from the

deoxyribose moiety. The five possible deoxyribose radicals geneatéve intermediates

which normally lead to strand cleavage. However, the C-4' radscdha only known

furanosyl radical which leads to strand cleavage under anaerobicicosidit Abstraction of

a hydrogen atom at the 4'-position of deoxyribose in ORNAy a ROS leads to radichl,
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which undergoes a heterolytjg-elimination to form the 5-phosphaf® and the reactive

deoxyribose radical catialB (Scheme 1)2

Scheme 1.2

3 3
10 11 12 13
5 5

5 + B

H,O o}

B + o B *
o) H o)
K Oj % 7' o OH
+
OH
13 14 15 16

Due to having a phosphate substituent as a leaving group, and due to thefooia more
stable secondary carbocation, initial 3'-cleavage is favoured ancefdsoata 15 times faster
rate than 5'-c|eavad%g.] Water addition to C-3' 013, followed by a secong-elimination,
leads to formation of 3'-phosphéit and deoxyribose radical catid®. As enol ether radical
cations are known to be strong oxiddfitstadical catiori3is a suitable electron acceptor for

studying electron transfer reactions in DA,
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1.3 Electrical Conductivity or Long-Distance RedoxChemistry in DNA?
1.3.1 A Controversy

In 1962, Eley and Spiveysuggested that DNA may provide an efficient one-dimensignal
way charge transpoft! However, it took years until methods for synthesis and probing of
custom DNA sequences were developped. Both extremes, DNA as artoinsulaas a
molecular wire, were initially supported by theoretical as%"ék/m 1993, an experiment by
attention ofTurro, Barton and co-workers brought the question of the conductivity of DNA
back to the researché?d. They reported a photoinduced electron transfer in DNA between
two metal complexes, where the electrons moved over a distanpprokinately 40 A at a
rate of 18 s, from which they concluded that DNA acts as a molecular wirerdalating
metal complexes were attached at both ends of a 15mer double-strBithed A
ruthenium(ll) and a rhodium(lll)-complex served as electron donor aneptacc
respectively. The intercalating rhodium complex quenched the fluoresoétice ruthenium
complex, which was interpretated to be due to electron transferydeedae fluorescence
persisted in the absence of intercalating agents. Their quamtitatiults were queriéd due

to the limitations of the experimental setup. The reported shallstangdie dependencg €

0.2 A", seeChapter 1.3.2was in contrast to other reports of DNA-mediated ET, which did
not observe a similarly shallow distance dependence, thus demonstnatimong-range ET

in DNA or proteins and saturated hydrocarbons is not a general pheno%‘?éﬁ‘d'me results
from different assays remained contradi(%hand the conclusions ranged from seeing DNA
as an insulatéf®! to either considering DNA as a conducting material behaving iordeaece

to Ohm's laW*® or as a large-bandgap semiconducting material with nonlinearnturre
voltage behaviour” However, all these electrical measurement setups lacked amtiaks
experimental feature: in order to avoid two large-bandgap bami@esto non-covalent
attachment of both ends of the DNA strand, its covalent bonding to tbeodks by a
conjugatedszsystem is mandatory. If this is not performed the experimelhtnvainly or

exclusively show the electric behaviour of these bartigrs.
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Barton and co-workers finally provided a proof for long-range ET through DNAaby
experiment in which they observed the repair of a thymine dimesrigyrange hole transfer,
triggered by photoreduction of an intercalating rhodium(lil) compiéx.

The nature of electric conductivity of DNA is still to be eluteth as the reports remain
contradictory and no experiments have yet been achieved, which do not Gantations in
their the experimental setups. So far DNA has been proven tsaefeble long-range redox
chemistry. Furthermore, all these reports have shown that the daiaedbis crucially
depending on the experimental setup and that the results obtainebagtysiependent on
the nature of the charge injection as@%iyln conclusion, for building models of charge
transfer in DNA, the necessity of systematic investigatiorgedmetrically well-defined

systems, including precise charge injection systems, remains compelling.

1.3.2 Charge Transfer in DNA
The Marcus Theory

Electron transfer (ET) is the most elementary and ubiquitous |ofhaimical reactions,
playing a key role in many essential biological processes. Theadrefforts initiated by
Marcus in the late 1950s and continuing to the present day have provided a regarkabl
detailed description of ET reactions. Marcus was honoured with the Nobel prize in
Chemistry in 1992 “for his contributions to the theory of electron tesnsfactions in
chemical systems'Marcus’ model is based on the activated complex thE8nAccordingly,

the rate constant of a single-step electron transfer reaktigrdepends on the energy barrier

to pass the transition state ( = free enthalpy of activafit®) in the following way (Eq. 1-

1):

A Gey

ke =A - e RT (1-1)
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In Eqg. 1-1,Ris the gas constant, aiids the temperature of the reaction. The téroepends
on the nature of the charge transfer reactiem.(intramolecular, bimolecular, etc.). In
conventional chemical reactions bonds are broken and/or formed and th&otrasisite
corresponds to a particle with intermediate bonds. In charge traesfdgions however, no
chemical bonds are broken or formed and so a somewhat different motted f@action is
needed.

If we consider the exothermic hole transfer from a radicé ™™ (hole donor) to a neutral
moleculeA (hole acceptor), according tdarcus’ theory®® the theoretical framework for
most ET reactions is based on a simple two-state mbuglré 1.9.

D't + A — D + A°T thermal

Wt + A — D + A" photoinduced

Figure 1.6. Electron transfer process according Marcus’ two-state model,
depicted as a charge shift. The chromophore beagimgsterisk (*D) indicates

that it is in an electronically excited state, geated by absorption of light

The energy surface for an ET process, conveniently representedobg-dimensional
reaction coordinate which is supposed to describe changes in both geomtteyD-A
system and solvent orientation, may be regarded in terms of twotidisb@faces. One
represents the electronic configuration of the react@nt,and the other represents the
electronic configuration of the produch™. In the region where the diabatic surfaces
intersect, the two configurations mix (symmetry permitting) #nsd results in an avoided
crossing (or tunneling). The magnitude of the avoided crossing is givappgrpximately
Has, WhereHag is the electronic coupling matrix element and may be regarsiedraugh
measure of the strength of orbital interactions betviezandA. In Figure 1.7 AGg is the free
enthalpy change associated with the ET processAargdthe reorganization energy. The

reorganization energy is approximately given by the sum of vibrational contributbongte
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donor and acceptor chromophores (internal reorganization engjggnd low-frequency

contributions from the solvent (solvent reorganization eneiyy>>"

Energy

Reaction coordinate

Figure 1.7. Energy diagram for charge transfer resolved intactant-
like and product-like surfaces. The two diabaticves do not intersect,
but interact to give an avoided crossing, whose@negap is about the

electronic coupling (i) for the interaction.

In case of long-range ET, where the donor and acceptor chromophoresparatesd by
distances which exceed the sum of their Van der Waals kygiis generally very small ( <
300 cni?). ET then occurs nonadiabatically and theoretical calculationswgh™® Jortner
and co-workefs8” as well asMarcus andSlider$*®*% have shown, that for a charge transfer
reaction with frozen distance between donor and acceptor, theAtermay be expressed

according to Eq. 1-2, wheteis the Planck constant:

47f Hag?
A = S — (1-2)
h vV 419RT
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The energy of the intersection point of the diabatic curves, correspaoding free enthalpy

of activation A*Gein Eq. 1-1, can be easily calculated using Eq.°tL3:

(AG + 1)?
NGy = —— (1-3)
M

The combination oMarcus’ classical electron transfer theory with the results of thatqua
mechanical treatments leads to the semi-clasilaatus-Levich-Jortneequation 1-4>>°%

P , (\Ge + A)?
4 Has -
. e 4ART (1-4)

ket

h  vV4WRT
As a consequence of Eq. 1-3, electron transfer reactions for wh{h < A are said to take
place in theMarcus normal regionand their rates increase with increasing exergonicity,
becoming optimal (barrierless) whe\Ge; = A. When the reaction becomes even more
exergonic, then-AGg; > A and an activation barrier reappears; the reaction is now in the
Marcus inverted regignand the ET rate is predicted to decrease with increasingogxeity.

This prediction was elegantly verified biller and co-workers for thermal charge shift
reactions in the radical anions of the rifpdsteroid—A dyads (shown ifrigure 1.§ which

were generated by pulse radioly&# The driving force {AGe) for the reaction was adjusted

by changing the acceptor. It was found that, in qualitative agreemgntlassical Marcus

theory, the ET rate increased with increasing exergonicity, peaked and then dropped.
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Figure 1.8. Schematic of the plot of the rate of ET from &hbipyl radical anion to an

acceptorA, as a function of driving forc&”

Thus, within the context of Marcus theory, the three important variidésletermine the ET
rate constant arklag, A, andAGe:. If the charge transfer occurs through vacuum (through-
space)Hag solely depends on the relative energies of the molecular orbitdie donor and
acceptor and the subsequent overlap of these orbitals. The strengthtaifawdilap shows
an exponential distance dependence and therefore the electronic colghretedecays

exponentially upon increase of the charge transfer disthfite?

- B (d—d,)
Hag? = HAB,o2 - e (1-5)
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In Eq. 1-5,Hag, IS the electronic coupling matrix element for the referensgced,. The
exponential decay paramet@ characterizes the extent of the distance dependence. For
vacuum, B-values of 3.4 A' [ and of about 5 & ¥ have been estimated. Thus, the
increase of the separation distance by 1 A redkgéy a factor of 30150. The combination

of Eq. 1-4 and Eq. 1-5 results in the general distance dependence of the charge transfer rate

- B (d—do)
Ket = Keto - € (1-6)
OGe; + 1)
with 47 Hag o2 -
keto = . . e 4ART
h vV 41ART

The Superexchange Mechanism

If a charge transfer does not occur through-space, but inside a mplebeke charge donor
and acceptor are separated by molecular mater@lpfotein, nucleobases, solvent molecules
etc.) according tdVleggersand co-worker&’ and Jortner, Bixon and co-worker€® two
mechanisms must be distinguished: a) single-step superexchangedictiacge transfer, or
b) multi-step charge hopping involving the bridge as charge carrles. fifst case is
illustrated inFigure 1.9for the intramolecular charge transfer between a radiceincas
charge donor¥"*) and a neutral moiety as charge accepirtiiat are separated by a bridge
medium containing physical subuniBs, Bo,...B, (e.g. protein side-chains or intervening
DNA base pairs). It is important to note that in the superexchargghanism, the ionic
bridge configurations should be considered as one large, delocalizedulawotabital; they
are not intermediates in the charge shift process since thaigies are much higher than
those of the reactant and product states. The energpapvery large (at least 2 eV) and so

the charge cannot be thermally injected into the bridge. Instead, the electron moves
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coherently in one sudden “jump” from donor to acceptor and it never becocsdzdd

within the bridge.

virtual oxidized bridge states

one step

>

Figure 1.9. Single-step superexchange mechanism. The chasagsfér occursvia a

tunneling process between donbt,and acceptorA.

The distance dependence of the charge transfer rate for thismsechs exponential decay
(Eq. 1-6)° However, in contrast to the through-space charge transfer, theeiriteg bridge
mediumenhanceshe electronic coupling betwe®i" andA via virtual statesThe oxidized
brigde subunit8, B,,...By interact with the reactant state and product state. It was found that
[-values in materials are considerably smaller thaivacuq e.g. protein media feature
[-values in the range of 0.8 to 1.4 82561 For charge transfer reactions in DNA following
the superexchange mechanishewis and Wasielewsk?” Harriman**® Tanak&® and
Giesé® found reasonably similap-values in the range of 0.64 to 1.4Z'AIn the
superexchange mechanism case, faealue can be regarded as a material constant of the
bridging medium and it reflects the extent of electronic couplimyinvthe bridge. The
superexchange mechanism reflects the strong distance dependencenfexpdriments by

Megger§® andWesselyf*” A distant GGG unit is oxidized by a guanine radical catioh)(G
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separated by a bridge of up to 3Rpairs, before the radical cation is irreversibly trapped by
water fFigure 1.10.[701 Further theoretical treatment of the superexchange mechanism wa
undertaken byBeratan Ratnerand co-workers and was in accordance with the previously

observed experimental resufts.

C A C CC C AA CCC CAAACTCC
G T G G G G T T GGG TG TTTG GG
:PGGG/PGZZSO :PGGG/PG=30i5 :PGGG/PG=4.010.5
| Distance: 7.0 A | Distance: 10.3 A | Distance: 13.7 A
1]
el aned et
—

Figure 1.10. Strong distance dependence for charge transfémviimg the superexchange mechanism,
shown as PAGE lane histogramsddPs gives the ratio of yields between damage at th&Ga@it
(Psce), and damage at the G unitdR peak shown in red) respectively, obtained bggrdtion of the
peak areas. The damage is due to nucleophilic frappf the guanine radical cations by water.
Piperidine treatment leads to strand cleavage amel fragments can be separated and quantified by
PAGE and radioactivity measurement. Each peak ar&ethe nucleotide position (X) shown in the
strand depicted at the top of each panel. The mtides in red indicate the beginning and the enthef

charge transfer process.

The Hopping Mechanism

In DNA sequences where the water trapping of a guanine radicah ¢& ) is slower than
the hole transfer between the guanine bases, the charge shifeigppoted to not stop after
the first step. The fact that single guanines may act a®rsaof the positive charge, was

demonstrated in experiments Gjese(Figure 1.13°7? and byNakataniandSaita!™!
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Figure 1.11. Histogram showing the productg Bnd R;ggformed after
charge injection into @ water trapping of the guanine radical cations
and subsequent strand cleavage. All single guanieed to water
trapping products.

The experiment can be described by a reversible diffusion of thgechatween the guanine
charge carriers so that the overall charge transport over lo@gaks occurs in a multistep
hopping process from donor to accep®atnerand co-worker§>"* Jortner!™ as well as
Rengerand Marcus’® have theoretically described this mechanism in accordance to the
experimental findings. In contrast to the single-step superexchamgess, the ionized
guanines between the-A& bridges are of similar energy as the hole dondi)(Ghey are
physical intermediates in the charge shift procésgue 1.13 and this explains the damage
observed at all gunanines shownFigure 1.11 A multistep-hopping mechanism cannot be
described by th&larcus-Levich-Jortneequation (Eqg. 1-4), since tifevalue is defined for a
single-step process. The overall charge shift process can beébddsas a sequence of
reversible, single charge hops between neighbouring guanines, each hogpiftdjaving a

superexchange mechanism, until the charge is irreversibly trapped at a GGG unit.
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oxidized bridge state

kg
[vy)
=)

=
)
[ ]
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several steps

>

Figure 1.12. Multistep hopping mechanism. The charge transfarucs via a sequence of
reversible tunneling steps between dordy &nd acceptor4). The intervening guanines act

as charge carriers.

Despite the strong distance dependence of superexchange-mediatedhsipgl efficient
long-distance charge transfer is possible, as long as the guarenssparated by only short
(A-T), bridges. Hence, the longest hopping step will determine the ovbleatjec transfer
rate. This multistep hopping process can be physically described caee-dimensional
random-walkmovement of the charge through the DNA strand. For the simplestofas

equidistant hopping steps, the rate can be determined as follows (Eq. 1-7):

ket O Knop- N77 1-7)

The overall rate constankd) is determined by the rate constaki,f) for a single step, the
proportionality factor 4, approximately 2 in the simplest case) and the number of hopping
steps (N)27:65771

Further experiments bgchustéf®! and Bartort’® have demonstrated that efficient charge
transport also occurs over long, guanine-free sequences. These comdroestdis were
examined in theGiese group byWessel§® and Spormanf® using a comparable charge

injection assay also used in former experiments bytaeegroup. In a similar system, as
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shown inFigure 1.1Q experiments with longer (A), bridges between G and GGG were

performed, and for bridge lengths with> 4, a nearly distance-independent charge transfer
efficiency resulted (Figure 1.13).

Superexchange
cC C C
20
G G G
N
)
O]
O
a y
> A-Hopping
1.0 C A=A=A=A=A CCC
7
¢ T T T T T GGG
n=5
___-_____“‘___._‘
1

1 1 1 1 1 1 1 1 ] 1 1 | 1 1 1
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
n

Figure 1.13. Plot of the yield ratios log(Ed/Ps) against the numbemn) of A-T base pairs.
Betweem = 3 andn = 4, the mechanism changes from superexchangehtapfing.

This experiment established an extended hopping model, that also invdeeines as
charge carriers, a behaviour which confirmed theoretical prediéfidfisand which was
validated by experiments where the positive charge was diiajgthted into an adenin&’
Tunneling of the charge over 4-A pairs is not observed. Conversely, if the lifetime of the
guanine radical cation is long enough to oxidize an adjacent adenthes ssthe nucleobase

with the second lowest oxidation potential (+:283 Vvs.NHE)/*? then a thermally
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induced multistep hopping process involving adenines as charge cakimsmacgol The
latest experimental data for this “A-hopping” points towards halesfer rate constants in the
range of 18-10'° g[8

Summary: Superexchange versus Molecular Wire Behaviour

The rather astonishing revelation that electron transfer carplage rapidly (> 1ds™) over
inter-chromophore separations exceeding 10 A through saturated hydrocarbes hedded

to the oft-asked question: If hydrocarbon bridges are able to stroegdiat®a ET, may they be
considered to possess molecular wire (or electrically condudteigviour? The answer is an
unequivocal no, they may not be regarded as wires. Electrical condtlutimgh a bridge
requires that the electron from the donor becomes thermally idjettethe conduction band

of the bridge. The electron actually becomes localized within atrdnsported through the
bridge, from donor to acceptor, by an incoherent scattering mechanidmasu polaron.
The distance dependence of the electron transport rate in such alarolece is determined

by Ohmic scattering and therefore varies inversely with bridggth®*#2%8 The molecular
wire mechanism is summarizedfigure 1.14%° Molecular wire behaviour is only expected
when the energy gag\l between the donor level and the bridge conduction band is very
small, of the order okgT. This condition is satisfied for long, conjugated bridges such as
graphite and doped polyacetylenes, which may be considered as gianbghooes whose
MOs are essentially delocalized over the whole bridggu¢e 1.14 right-hand inset). The
hopping mechanism can be regarded as a variant of wire behaviourreasstheseries of
weakly coupling unit8,, B,,...By,, each of which is able to capture the migrating charge for a
short period of time before passing it on to one of its neighbouring (fgsre 1.13.
Assuming that all of the bridge units are energetically netjenerate, the migrating charge
randomly hops, from bridge unit to bridge unit, up and down the chain, untiévieistually
irreversibly trapped by the acceptor which acts as a thermodyrsankic This mechanism
avoids the exponential decay of charge transfer with distance, ilofjavmore gentle curve
instead (Eq. 1-7).
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-«— superexchange mechanism ———> molecular wire
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superexchange: molecular wire:
Ket = A exp(p) ket = 1
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Figure 1.14. A schematic illustrating the difference betweemshperexchange mechanism and molecular
wire behaviour in & -B-A dyad. Superexchange: the virtual bridge statesvid above the donor level

(4 is large) and consequently, the charge is neveallred within the bridge; instead, the charge is
transferred from donor to acceptor in one coherg@minp. The distance dependence behaviour is
exponential decay. Molecular wire behaviour: Thielbe states are energetically comparable to theodon

level @ is very small). In this case, the charge may lentally injected into the bridge and becomes
localized within the bridge, whereupon it movesrirthe donor to the acceptor incoherently as a defec

such as a polaron. The distance dependence is Ofvanies inversely with distance).

The following work will demonstrate how long &), sequences constitute a new situation
where more sophisticated models must be applied in order to approach estamtieg of

the nature of A-hopping, the concept of which will be discussé&hapters 68.
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1.3.3 Site-Selective Charge Injection into DNA

In order to investigate radical-induced DNA strand cleavage(tesegroup developped 4'-
acyl modified thymine derivatives, which allowed the generationdtats selectively at the
4'-position of the carbohydrate moiety by photoI)LBs(’ﬂsThe Norrish type | photoreaction of a
ketone was applied to generate radicals by the photochemicattrexcitation of an electron
from a non-binding orbital of the ketone oxygen to the antibinding orbit#heofcarbonyl
bond. One of thex-C,C-bonds is thus cleaved and an alkyl and an acyl radical are formed.
this radical can subsequently fragment into a second alkyl raaihlcarbon monoxide
through decarbonylation. The more stabilized the generated radiealthareasier the-
cleavage occurs. Thereforert-butylketones are especially suitable for the Norrish type |
photoreactio®® By photolysis of a DNA sequence containing a 4'-pivaloylated thymidine
radical at the 4'-position may be selectively generafsthdme 1)§89] The semi-occupied
atom orbital in radicall8 destabilizes the neighbouring 3'-C,0-bond, which in turn induces
heterolysis because the charges generated in the fragmerite stabilized®™ Cleavage of

the 5'-phosphat20 leads to ribose radical catid®, which was characterized by photocurrent

measurements and chemically induced dynamic nuclear polarization (Cﬁ%’ﬂ?ﬂ?).

Scheme 1.3
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There are several possible reactions for radical cdt®brNucleophilic trapping by water
leads to 3'-phosphaf? and ketoaldehyd®5, or the7zradical cation can act as an oxid&Ht,

which leads to enol eth@6 upon reaction with a suitable electron dorcheme 14

Scheme 1.4
5
5 T
H,0 é) o
T * @
+ o)
) R é)o‘ o
OH
21 22 23
5 5 5
é) H,0 é) (H]
(0] T + O T - (@)
N -H o T W@/
. HO © =0
19
24 25
5
ET
o)

In experiments with DNA strandbjeggersfound that only enol eth&6 was formed if there
was a guanine base close to the radical cat@nThis observation is explained by the
relatively low oxidation potential of guanine (+14958 V vs. NHE) with respect to the
other DNA base&? The yields of enol ethe26 were strongly dependent on the distance to

the next guanine ba§&!
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Through this superexchange mechanism (Hegpter 1.3.2 an electron is transferred from a
guanine base to the carbohydrate radical cat@nwhich leads to formation of a guanine
radical cation and hence to the generation of a positive charge wh#iDNA base stack.
This charge injection assay is suitable for the investigatiomhafge transport through
DNA.2"7277 Firstly, the charge is transferred onto a guanine base in thelatzelled
complementary strand. From there the charge migrates over & bwidgGGG unit, where it

is trapped by waterF{gure 1.15) Piperidine treatment leads to strand cleavage and the

fragments can be separated and quantified by PAGE and radioactivity measurement.
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Figure 1.15. Photolytic generation of a radical cation, charggection (Cl) into DNA by reduction
of the ribose radical cation by a guanine baselofeéd by charge transfer (CT) through the base

stack.

This method of charge injection differs from other methods in seperats. Firstly, the 4'-
pivaloyl modified thymine derivative can be incorporated at any distengiosition into the
DNA strand and shows minimal interference with the local DNAcstire!*” Secondly, the
charge injection takes place from the ground state. This assagetisat only one charge per
molecule is generated, as the charge injector cannot be regenaiftat its photolysis. Other
assays use stilbene derivatifés Rh(lll)-complexes”*! anthraquinone derivativés,; 8%
acridine derivative&® which all are either intercalating modifications or arecatta to the

ends of the DNA strands. Another assay which also enables site-specific ofectien uses
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p-cyanobenzophenone substituted uridine derivatiié8. The last assay to be mentioned is
pulse radiolysis, which allows the injection of an electron hole intDNsA sequence
containing both donor and acceptor moiefi&g”

The unigue advantage of the 4'-pivaloylated nucleoside assay usedGigskgroup is that
back electron transfer is impossible, because the radicaleielsibly generated by the
Norrish type | cleavage of the pivaloyl ketorfpormannimproved the charge injection
efficiency by replacing the thymidine in precursbf by a guanine (precurs@7, Scheme
1.5), to reduce the distance between the ribose radical cation and gudmsenodification
accelerated the charge injection step by at least 60-fold, codnparthe water trapping
reaction, which resulted in literally quantitative charge ingectiia ribose radical catio28

into guanine, detected as enol et2@f”

Scheme 1.5
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When several experiments pointed towards the contribution of adeniobarge carriers in
long (A-T), bridges’®’ an assay providing direct charge injection into adenine was
required, to demonstrate the presence of oxidized adenines within-tig, @@&idge during
the hole transfer proceskendrick succeeded in synthesizing a 4'-pivaloylated adenosine
derivative 30 and thus established the first possibility of a direct chargetion into an
adenine $cheme 1)8%%1°% However, due to the higher oxidation potential of adenine, water
trapping of the radicé81 occurs at about the same rate as the hole injection into adenine.
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This explains the moderate yield of 40% of enol et8@rAddition of Kl as a fast hole

qguencher raised the yield of enol etB@rto nearly quantitative, showing that the diffusion-

controlled reaction with Kl efficiently competes with the water trappingti@a

Scheme 1.6
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This assay provides the direct hole injection into an adenosine mokewlleharge transfer

starting at a higher oxidation potential and is the basis foeearch presented in this thesis.

The following chapters establish the study of the distance-independent hole trabsfe. i
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2 Research Background

2.1 Kendrick's Charge Transfer Experiments

Two important prelimiary experiments with DNA strands modifiedthy 4'-pivaloylated
adenosine were performed H¢endrick®® The 4'-pivaloylated building bloci83 was
introduced into DNA double strand®ab and the intermediate adenine radical cation in
35ab was generated by photolysis. The positive char@b&b migrated towards the 3'- and
the 5'-end until it was trapped by the GGG sequences. The amountcbftige reaching the
guanines was detected by reaction of the guanine radical catitmsvater, thus affording

products B and R after subsequent strand cleavageheme 2)1

Scheme 2.1
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Prelimiary experiments were performed to check whether thweeify of the charge transfer
towards the 5'-end is different from that towards the 3'-end. It emerged that plsaibB/a,
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where both sequences betweeii And the GGG units contain two-A& base pairs, gave
about the same amount of products(B5%) and B (45%). In strandB4b one of the AT
sequences was extended from two to eighT Adase pairs. Nevertheless, nearly the same
ratio of products §Ps was observedHgure 2.)). In these experiments, the efficiency of the
charge migration through the-A sequences altered very little depending on the number of

the A-T base pairs.

Charge injection

|

3—C C‘C/A A 7\+<A A>&Ac c—5
5-%p—G G G [dll\LMIG G G—3

%r_/ |
H,O H,O
Ps: Pa
n=1 45% 55%
n=4 50% 50%

X —

Figure 2.1. Histogram of denaturing polyacrylamide gels, ob&d by

subtraction of control experiments (irradiation ahmodified strands)
from irradiation experiments with the modified stte34a (n=1), and

relative yields of the strand cleavage productthat5'- and 3'-GGG units
for strands34a (n=1) and34b (n=4).
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2.2 A First Synthesis of 4'-Pivaloyl Modified Adensine

Kendrick’s synthesis of the 4'-pivaloylated adenosine building block starts by rigyilgh a
suitably functionalized 4'-pivaloyl glycosid&7, analogously to a method developped by
Crich.'®Y The glycoside was further modified to suit the desired purpose o&cpust
monomer experimentS¢heme 2)2or introduction into DNA $cheme 2)3%:1%

Scheme 2.2
BnO. BnO BnO
o] OMe tBulLi o OMe ABz, SnCl, o ABz
MeO THF tBuO MeCN tBuO
o OTBDMS o OTBDMS o OTBDMS
36 37 38-a,B
BnO A
BnO 1) K,CO3, MeOH BnO A 1) tBuMgCl o
o ABz  2) TBAF, AcOH o 2) (EtO),POCI tBuO
tBuO T o tBw T e o O o Monomer
o OTBDMS o OH R experiments
EtO OEt
38 39 30

The pivaloyl group was introduced by reaction of methyle3€with t-BuLi to give the
photolabile pivaloyl keton@7. Reaction with benzoyl-protected adenine (ABz) and stannic
chloride yielded nucleosid88. Removal of the benzoyl and silyl groups, followed by
selective introduction of the phosphate group afforded comp80navhich was used for
monomer photocleavage experimer@sich’s synthesis assay for the 4'-acetyl glycossée
was incompatible with the requirements on a precursor for the aeM&tA synthesis, and
numerous further steps were needed in order to change the protecums gnto DNA
synthesizer-compatible onesScheme 2)3 The benzyl group was removedia
photobromination and replaced by a benzoyl group in compélindeaction with protected

adenine (ABz) and stannic chloride yielded the nuclectd@&he 5'-benzoyl group was then
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replaced by a trityl group, and the compound was desilylated and phosgtbtylatfford the
DNA synthesizer compourigi.

Scheme 2.3
BnO HO. BzO
WJ@'OME NBS, CaCOy3, hv #@OME BzCl, Py T‘Jéfowle
tBuO tBuO tBuO
L. H CH,CI
o OTBDMS CCla, 20 o OTBDMS 2 o OTBDMS
37 40 41
ABz, SnCl,
MeCN
DMTO HO BzO
o f\Bz DMTCI, Py, Collidine o NB? NaOH, Py o B
tBuO e tBuO tBuO
o OTBDMS z-2 o OTBDMS o OTBDMS
44 43 42
TBAF
THF
NGPY), DMTO o hez
DMTO tBu
ABz P CN
:o: " o DNA
tBuO , o Q //\ synthesizer
EtN(iPr),, CH,Cly o Y!
o OH éP N
NCT )\
45 33

Kendrick’s synthesis of the 4'-pivaloylated adenosine building block turned out notdb be
further practical use due to its bad reproducibility, the use of texig reagents and the
insufficient overall yield (approximately 0.05%) of the DNA synthesizer mon@®er
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3  Proposal

The first part of our proposal was to develop a new, reliable syntioeiie to 4'-pivaloylated
adenosine building block6, analogous to compourd8 (Scheme 3.)a

Scheme 3.1
a) b)
5 3 5 3
= Crin G— H,0
F—Crmnn G— Pa
qua
P
N” "NMe, wir—),,
N X Y
P r
DMTO - Ty
N —
tBu }Coj "G }Hzo
nG— Ps
I8 1 w o
P—N —_—
& ]
NCT L
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o T—

-

3 32p g

p 5

X,Y: variable bridge (A-T / T-A / mismatch / reduced abasic site)

The second part of the proposal comprised:
» the determination of the pH dependence of the charge injection mdfycie single-
and double-stranded DNA,
» the investigation of the distance-independent hole transfer through lofi).(A
sequences, in terms of sequence-dependence, influence of base misaadches

dependence on the secondary structure of the DNA double Seherfie 3.0b
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4  Synthesis of 4'-Pivaloyl Modified Adenosine

4.1 Synthetic Strategy

Apart from the assay described @hapter 2.2 there are two more principal assays, which
lead to 4'-acylated nucleosidé®¥:'% The shorter pathwag (Scheme 4)lincludes first the
introduction of the pivaloyl groupia organometallic addition afbutyllithium to aldehyde
47, followed by oxidation of the secondary alcohol. The 4'-C,C-coupling takes it the
end of the synthesiga an aldol addition of formaldehyde and barium hydroxide, to yield two
diastereomeric nucleosidd® and50. Pathwayb also starts with aldehyd&€/ and proceeds
via an aldol reaction and subsequent reduction tosdiolvhich is converted to alcohBR by
means of suitable protection and deprotection steps. Oxidation to aldeByfidlowed by

introduction of the pivaloyl group, analogous to pathagaads to the target nucleosisie

Scheme 4.1

tBu.__O P tBu.__0O p HO. p
B aldol B B
:o: o + tBu 0
OR HO™ oRr O OR

a)
o b m‘ addition 48 49 50
S o B (ii) oxidation

OR (i) aldol

wuction ‘ tBu~ addition
47 b)
HOD o: B protect RO 0 B” oxidation RO > :O: B
HO HO 0=

OR OR OR

51 52 53
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In contrast to thymine, adenine possesses a free primary amino wgrodp must be
protected during the key steps of the synthesis. This protective drould $deally be easy to
introduce and should withstand the basic conditions of the aldol reactioheacanditions of
the Pfitzner-Moffatt and Dess-Martin oxidation steps. Even mopeitant is the fact that the
cleavage of any protective group must not lead to acid-catalysedragjmur. Depurination
already occurs under slightly acidic conditions and therefore cosstéusevere limitation in
purine nucleoside, particularly adenosine chemi&y.Kendrick attempted to use the
benzoyl (Bz) group for adenine protection but observed very poor yieldshéoraltiol
reaction® The i-butyryl group applied bySpormannto the synthesis of the 4'-pivaloyl
modified guanosid®® is not suitable for adenif®* Although it is slightly more stable
towards basic conditions than the benzoyl group, amides generally astabla towards
coupling reagents like DCC or CMC, which are used in the Pfitzner-Moffatt coid&’

The t-butyl carbamate (Boc) protecting group, which shows a significdmgliyer stability
towards basic, nucleophilic and Pfitzner-Moffatt conditions, combined avithuch higher
reactivity towards (Lewis) acids and heatif§;}°® was selected for the new synthetic
approach. However, it was necessary to change the base proteotipgbgfore using the
building block for DNA synthesisScheme 4)2

Scheme 4.2
o O
tBu )k )L _tBu NR
O N (@) N SN
N pathway a or b 4 DNA synthesizer
a \)N - R'O <N | N/) - . Oligomers
_ R — o S —
o o0 K0
o OR"
OTBDMS
54 46

R = (dimethylamino)methylidene
R' = 4,4'-Dimethoxytrityl
R"= 2-Cyanoethyl-N,N-diisopropylphosphoramidite
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4.2  Synthesis of the 4'-Pivaloyl Modified Adenosin®NA Building Block

A precursor suitable for both synthetic strategies was obtaintdea steps. In a first step,
the 3'- and 5'-hydroxy groups of 2'-deoxyadenodidewere protected with TBDMSCI
according to a method b@gilvie™® The free amino group of the base was subsequently
protected with di-butyl-dicarboxylate (Boc)}®” and the primary TBDMS group was
selectively cleaved using a mixture of TBAF and glacial Ac@HTHF % This afforded

nucleosides3 in 48% vyield over three steps.

1) TBDMSCI, imidazole, DMF
HO 2) (Boc),O, DMAP, DMF

6
o A 3) TBAF, AcOH, THF HO o A(N"Bocy)
Q 48% Q
OH OTBDMS
55 54

Starting from the protected nucleosii4, diol 56 was obtainedvia a modified Pfitzner-
Moffatt oxidation!**® followed by aldol reaction and sodium borohydride reduction. The
aldol reaction is the first key step in the synthesis as it gesvihe C,C-coupling at the 4'-
position of the deoxyribose. In contrast to the previous syntH&&&¥! the use of DCC
proved to be not useful due to separation problems during the workup. Replacéme@

by CMC resulted in an excellent yield of 48% over three stepgetsteresult yet reported for
this aldol reaction. Remarkably, one of the two Boc groups was clehvery the aldol
reaction, and the resulting diéb readily crystallized out of the crude reaction mixture in
analytical purity. The loss of one Boc group did not affect any oktiisequent synthetic

steps.
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1) CMC, PyTFA, DMSO, (CO,H),

2) CH,0, Ba(OH),, dioxane/H,0O
HO 6 > 2 2 HO 6
o. fN"Bocz) 3) NaBH,, EtOH, 0 T o f(N"Boc)
48%
OTBDMS HO—" OTBDMS
54 56

Subsequently, the di@6 was reacted with trimethyl orthoacetate according to a method by
Muller,**% and the intermediary cyclic orthoester was hydrolyzed under amifiditions.

The remaining free hydroxy groups were protected with TBDMSCI,thadacetyl groups
selectively cleaved with sodium methoxide, which afforded the ®lylaucleosideS7a and
57bin 49% and 36% vyield over four steps, respectively. The absolute $teneistry of the

two compounds was assigned by comparison of the glycdsidMR chemical shifts with

the corresponding thymiH€” and guanin&® derivatives at this stage. Definitive verification

of the stereochemistry was achieved usintH&NOESY experiment of protected pivaloyl

compounds9. Dess-Martin oxidatid™™! of the alcohoB7agave aldehyd&8in 81% vyield.

1) CHsC(OCHa)s, CSA, CH,Cl, TBDMSO . HO .

2) ACOH, H,0 o A(N°Boc) o A(N°Boc)
56 +

3) TBDMSCI, imidazole, DMF

4; NaOMe, MeOH HO—" GTBDMS TBDMSO—" Argpumis

57a: 49%, 57b: 36%
57a 57b

Dess-Martin

H,Cl, |81%

TBDMSO A(N®BoC)
0

O=" OTBDMS

58
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Introduction of the pivaloyl group was achieved by addidion of t-butyllithioimldehydes8.
The resulting alcohol was directly converted into keto@gia Dess-Martin oxidation in 25%
yield over two steps.

1) tBuLi, THF, =78 T
6 J ' TBDMSO 6
TBDMSO A(N"Boc) 2) Dess-Martin, CH,Cl, A(N"Boc)
o tBu o
o= 25%
OTBDMS O OTBDMS
58 59

The absolute stereochemistry of compous®d was verified by NOE measurements.
Differential NOE effects between+&€(1") and the-butyl group (4%) and between+C(2')
and thet-butyl group (2%) were detecteBligure 4.)).

RO ANN®Boc)
o o)
H
tBu OR H,
w‘%
2%

59

R = TBDMS

Figure4.1. Verification of the absolute stereochemistry ahpounds9 by NOESY

The two TBDMS groups were cleaved by reaction with TBAF, and ubsegjuent cleavage
of the Boc group turned out to be the second key step of the synthestaniimen methods
using acidic conditions or Lewis acids were unsucce8sflilas they all resulted in rapid
depurination of the nucleoside. The priority was to screening reathiahsake use of ion-

exchange resins and solid-phase Lewis acids, as these were promising\.atetodbe use
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of protic systems. Finally, the selective cleavage of the Bogpgwas achieved by reacting
ketone 59 with silica gelin vacuo at 80 °C for one week, according to a method by
Wensbd'*¥ to yield the desired 4'-modified nucleos&iin 37% yield over two steps.

1) TBAF, THF
TBDMSO 6 s HO
A(N"Boc) 2) SiO,, high vacuum, 80 C o %
tBu tBu
37%
O OTBDMS O OH
59 60

Three more modifications were needed to convert the 4'-pivaloylatedosid#60 into a
DNA synthesizer-compatible building block. The free amino group of thee baas
selectively protected with a dmf grolif*''¥ and the 5-hydroxy group was selectively
protected with DMTCI in collidine / DME to give the tritylated produ&l in 55% yield
over two steps. Phosphitylation was performed according to a standaedyét® using 2-
cyanoethylN,N-(diisopropyl)-chlorophosphoramidite and Hunig’s base and lead to the
desired monome#6 in 78% vyield. Monome#®6 is suitable for introduction into synthetic

oligonucleotides via automated solid-phase synttedis.

HO A . DMTO A(N®-dmf)
{BU ] o 1) DMF dimethyl acetal, MeOH IBUWJ@
o OH 2) DMTCI, collidine, DMF, 30 T O OH
55%
60 61
NGPY), DMTO

61

CI/P\O/\/CN

EtN(IPI’)z, CH2C|2

78%

A(N®-dmf)
tBu o
DNA
5 P

Q synthesizer
F N
NS )\

46
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4.3 Summary

Synthesis of adenine radical precurdér(Scheme 4)3was achieved in a similar way to the
synthesis of the corresponding thymidine or guanidine compounds. Severahatefs be
modified due to the higher reactivity of 2'-deoxyadenosine towards dejamin@his work
presents the first example where the Boc protecting group wasssially introduced to
protect the primary amino function of adenine in a deoxyribonucleosideleaeed under
ultramild conditions. The shorter synthesis pathveayia addition of t-butyllithium to
aldehyde47 (Scheme 4)lfollowed by aldol addition of formaldehyde was not pursued. The
synthesis of the guanosine derivative on this pathway failed, probablyodtree steric
hinderance of the purine base, which is considerably larger than raigpga base like
thymine[BO] The 4'-position of aldehydd7 was hydroxymethylated, which led to the
important intermediary diob6 after reduction. By means of a suitable protection group
strategy, diob6 was converted into alcoh8l7 with a fairly good regioselectivity of 1.4:1 in
favour of the preferred diastereomer. After subsequent oxidation, additisibutyllithium

and Dess-Martin oxidation, the pivaloylated adeno$i@ewas obtained. The protective
groups were cleaved, and DNA synthesizer-compatible dmf andprdigctive groups were
introduced. Upon conversion with 2-cyanoethyN-(diisopropyl)-chlorophosphoramidite,
the 4'-pivaloylated precurso#6 (which is suitable for the introduction into synthetic
oligonucleotides via automated solid-phase synthesis) was obtained io\GeE# yield over

10 characterized steps starting at 2'-deoxyadendSine
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Scheme 4.3
HO HO 6 HO 6
A A(N"Boc A(N"Boc
1 o 1 o ( 2) J o ( )
OH OTBDMS HO~ OTBDMS
55 54 56
TBDMSO AN®BoC) HO A(N®Boc)
O O
HO~ OTBDMS TBDMSO~ OTBDMS
57a 57b
TBDMSO 6
TBDMSO. A(NGBOC) W(N Boc)
:O:
57a —— -
0~ OTBDMS o OTBDMS
58 59
HO DMTO 6
o A o A(N°-dmf)
59 R —— .
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(0] OH (0]
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61 ——

SN
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5 Investigation of the Charge Injection Efficiencywithin an

Oligonucletide

5.1 Rate of Charge Injection into Adenine

The photocleavage experiments with mono@@mundertaken byendrick (Chapter 1.3.3
demonstrated that the electron transfer from adenine (leading torthation of enol ether)
and water addition to the deoxyribose moiety (leading to several gesdion products)
compete with each other at about similar rates. This waseckiily addition of the rapid
electron donor potassium iodit€ to the photolysis mixtures, which raised the yield of the
enol ether formed from 40% to 9888 These experiments have demonstrated that a 4'-
pivaloylated 2'-deoxyadenosine is indeed abl@)otharge transfer to the base, dndthe
results for the different bases qualitatively reflect the diadapotentials determined by
Steenkef? and other&?

Scheme 5.1

5'-GCTTAATATACCCAAA*AACCCATATTATGCGC-3'

62

hy, 320 nm
pH 5.0 H,0 o A
5'-GCTTAATATACCCAA® 3+ +§ 7I
OH
65 66

5'—GCTTAATATACCCAA@O

63

3 A
(@) JE—
+
. ET  5-GCTTAATATACCCAA(P)O oA
N ;

5'—®—AACCCATATTATGCGC—3' 67

64

A* = 4'-pivaloyl modified adenosine
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A further experiment to determine the charge injection rat@nvén oligonucleotide was also
performed byKendrick!®® using HPLC analysisScheme 5)1 The single-stranded DNB2
was irradiated at 320 nm at pH 5.0, which led to the formation of taditan63 and of 5'-
phosphaté4. The radical catio®3 either undergoes water addition to form radical cad®n
and 3'-phosphat85, or electron transfer occurs from adenine which leads to enol &ther
Although no quantitative results were obtained, because the DNA fnégiteebe separated
were all of nearly identical size, the experiment provided somigajivee information about
the rate of charge injection into adenine. The ratio between enol6gthed 3'-phosphatés
varied upon the concentration of Kl as was the case for thymidine eaghén similar
experiments using a 4'-pivaloylated guanosine as charge injegsitegrs no influence of Kl
concentration on the ratio between enol ether and 3'-phosphate was obiServed.

In comparing the water trapping rate() with the rate of electron transfde{) between Ki
and the thymine derivativé9 (5x 10° s%),1**® assuming a diffusion-controlled reaction of
Kl, akyap Of about 1.1x 10° s was estimatef?!

Meggershas shown that both electron transfer and water addition proceedsitogyeand
assuming that the concentration of electron donor does not change durnegdtien, the
ratio of the water addition produddgd—67 against the electron transfer prodéctis given by
Eq. 5-1%7

Ket 67
et el = = (5-1)
k{rap 64_67

For the guanine derivative8, Spormanrdetermined &g = 5x 10° s* and a 60-fold higher
ket rel than in the case of thymine. The discrepancy can be explained bywthexidation
potential of guanine and the short distance between donor and a¢@pfssuming that
kirap IS identical for all nucleoside&endrickestimated that the electron transfer from adenine
in radical cation63 is about 1.5 times faster than the water trapping reactioralaslated
from the yields o067 (30%) and64 (50%)) resulting in an absolute electron transfer kate

of about 1.6x 1% s~.1*% This means that the electron transfer from adenine in raditiahc

70is slightly more efficient than the electron transfer from a single guamine adjacent
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radical cation in71 (Scheme 5)2 but more than at least one order of magnitude less efficient
than the electron transfer from guanine in radical ca#BnHowever, these values are
strongly dependent on the neighbouring bases and thus may vary by sederal afr

magnitude from case to case.

Scheme 5.2

70 71 28

ket ~ 1.6 x 108571 ket ~ 6.5 %107 st ker =5 x 10%s7?

5.2 Charge Injection Efficiency in Single-StrandedNA

For the investigation of charge injection efficiency of the 4'-piylaked 2'-deoxyadenosine, a
new assay usintfP radiolabelling and PAGE was developped. The incorporation of radical
precurso6 into DNA strands is described in detailGmapter 14 Several experiments were
performed with single-stranded sequen@®2 and 103 in order to determine the overall
charge injection efficiency and the influence of the pH value orstefs The results of these
experiments should allow us to find a pH value offering maximum geeyeld, as the enol
ether DNA fragmen¥6 (23mer) resulting from charge transfer to adenine is easpgrable
from the 3'-phosphaté4 (22mer) by PAGE analysiS¢heme 5)3 In contrast to the electron
transfer experiments, the DNA strands containing the radicalygecand not the GGG units

were radiolabelled in the following charge injection experiments.
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Scheme 5.3
5'-32p -AAAGAAAAACCCAAAAACCCAAXAAGAAA-3'
102: X=A
103: X = A* (29mers
( ) 5'-32p -AAAGAAAAACCCAAAAACCC-3'
hv, 320 nm H,O 74 (22mer) A
pH 4.0-7.0 T TR o
OH

5-32p -AAAGAAAAACCCAAAAACCC O.

72 (23mer)

+

5'-@ -AAGAAA-3'

73

A* = 4'-pivaloyl modified adenosine

The autoradiogram of single strarid3 photolyses (left lanes) clearly shows the two

A
A0
)

75

5'-32p -AAAGAAAAACCCAAAAACCCA@O

\@\//T
ET
— \

76 (23mer)

radioactive productg4 and76, which differ in one nucleotide siz€igure 5.1). The yield of

3'-phosphat&4 was always higher than the yield of enol efh@for all examined pH values.

No cleavage at all was seen in blind experiments using the unewbdiiiand102 (right

lanes).

103 102 103 102 103 102 103 102
29mer| . - ‘ - . * .
i Q ')
pH 4.0 pH 4.5 pH 5.0 pH 7.0

Figure5.1. Autoradiogram of single-strand photolyses at défe pH values
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The best results were obtained at pH 5.0, which yielded enol &lard 3'-phosphaté4 in
20% and 32% yield, respectivelyigure 5.2.

Absolute Yields / %

74

pH 4.0

pH 4.5
PH5.0 170

Figure5.2. Results of single-strand photolyses at differ¢hivplues

5.3 Charge Injection Efficiency in Double-StrandedDNA

The charge injection efficiency experiments were repeatedl dauble-stranded sequences
102101 and 103101, because double-stranded DNA is much less flexible than single-
stranded DNA, and the results may differ from single strand empsts. The autoradiogram
again shows photocleavage produtisand76 for double-strand 03101 photolyses, and no
photocleavage products for double-stra0@101 blind experimentsKigure 5.3.
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103/101_102/101 103/101 102/101 103/101 102/101 103/101 102101
29mer § , . . .
76
74
pH 4.0 pH 4.5 pH 5.0 pH 7.0

Figure5.3. Autoradiogram of double-strand photolyses at dififie pH values

The best results were again obtained at pH 5.0, which yielded enolféthed 3'-phosphate
74 in 19% and 30% vyield, respectively. These yields are approximdesiyical to those in
the single strand experiment. Considerable random cleavage age o& positions was
observed at lower pH (4.0 and 4.5) in the double strand experiments, whilthdés very
low yields of both remainig 29mer edudi82103 and potential photocleavage products enol
ether76 and 3'-phosphaté (Figure 5.4 left section).

35%

l

30%

-

—

L
~ I
5.0

pH 4.0 pH 4.5

Absolute Yields / %

74

pH 7.0

Figure 5.4. Results of double-strand photolyses at differéhizplues
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5.4 Summary

These experiments have demonstrated that the 4'-pivaloylated adémiteen incorporated
into an oligomer is indeed capable of promoting an electron hole intdjareat adenine, as
the formation of enol ethéi6 is observed for both single- and double-stranded DNA.
Photolyses at pH 5.0 afforded the best absolute yields of enol7&hehich means that the
charge injection into DNA is maximum under these conditions. Thigtnsscomparable to
experiments bWIegger%f"O] who also found the most efficient charge injection at pH 5.0 for
4'-pivaloylated thymidine. This can be explained by the decreasingoptdieity of water
with decreasing pH, so that electron transfer is more favourable than watesyradditi

The sudden drop in electron transfer prodi&at pH lower than 5.0 cannot be explained by
protonation of bases because the adenine radical cation hag<alpEven at pH 4.0 all
adenines remain uncharged except the intermediafy*’d However, it is known from
experiments b;ErdmaananO] that the adenosine enol eth&f is unstable in protic aqueous

solutions and decomposes to yield adefii®and ketoaldehydéd (Scheme 54

Scheme 5.4
NH,
N X
N
<1 )
N™ >N
HO A H
;O: . HO ) 78
PhSe hy HO A H"/H,O N\ A
0 - = O f‘ O _— +
k\ ; ;Q
—O HO

¥ - v

As only the radioactive products could be detected and quantified, theelovofy enol ether
76 may be explained by decomposition of the enol efideat lower pH values in favour of
increase of yield of the water addition product 3'-phospfidteThe strong, unselective
decomposition of double strands at pH 4.0 and 4.5 is presumably due to agskdata
depurination of the A-rich strand during the annealing process at elevated temperature
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6  Adenine as Charge Carrier in the Hole Transfer Pocess

6.1 Kohler's Experiments

Incorporating a sequence of four or more alternatinr@ pairs into the radiolabelled strand
should identify any oxidative damage at adenines, if they were iradteede carriers during
the hole transfer process and thus underwent water additirer™* synthesized DNA
duplex80 containing seven alternating-A pairs between the hole donor G and hole acceptor
GGG. The PAGE histogram shows strong oxidative damage at abinade thus
demonstrating their contribution in a multistep charge transfer gsdegure 6.1). Although

the charge transfer between adenines is supposed to be fastadditem products were
detected. An effective charge transfer over about 27 A was obsegsatting in a yield ratio
Peed/Pg of 37112

C A T A T A T A C C C—*~
i AV AVAY SN
T A T A T A

5-&P)—G G G G—3
__ ¢ y
80
H,0 H,O0
Pe Psee
’ 21% 79%

I

X —

Figure 6.1. PAGE histogram for interstrand A-hopping (n=7)
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6.2 Further Evidence

Thus far, the postulated adenosine radical cation has not been detestdg. @lohno and
Saitd*?? have developped a rapid hole trapping method which allows the visualipétion
transient oxidation within a poly-A sequence. The kinetic hole trappioigtynis aN°-
cyclopropyl-deoxyadenosine €eh, 81), which undergoes cyclopropane ring opening upon
one-electron oxidation and forms two produg®sand83 (Scheme 6)1 Incorporation 081
into oligonucleotides resulted in a decay of the cyclopropane moielyethsas oxidative
cleavage at the modified position upon photolysis, showing that the oelebtie was
effectively trapped by the“8A moiety.

Scheme 6.1

o1
A A o "

NH - NH

j\)\ -e kopen NfN o2

N XN _— N N </ | +
2 | 2 | .+

</N o </N ) N @

drR
" " HNJL\/”\OH
81
.

83

Within the scope of this research, we were able to reproduce andfyardphler's
experimental results showing oxidative damage at adenine€lisg¢er 6.} in a comparable
case. DNA duplext11/109, containing a TTATT bridge, featured little oxidative damage at
adenine £ 10%), whicha) also points towards an intermediate oxidized adeninebpagain
demonstrates that the charge is not tunneling but involves two sioigestrand hopping
steps Figure 6.2.
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111/109 3—C C C AATAACGCC—5 A B
5% G 6 G T TATTGG G—3 '.
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Figure 6.2. (lefty PAGE histogram obtained after subtractiofi the blind experiments for
interstrand A-hopping (n=5). (right) Autoradiogramf the gel electrophoresis, obtained after
photolysis of duplex DNA at pH 5.0 and subsequép¢rigine cleavage. Lane A, experiment
111/109, lane B, blind experimenifl1/113.

Compared tdohler's experiment:?!) the damage at the central A is significantly weaker and
this can be explained by a) the different charge injection asssg b) inefficient water
trapping reaction at adenines due to the rapid charge transfenipefficjent strand cleavage
through piperidine treatment of water-trapped adenines. Whea{éater used the 4'-
pivaloylated guanosine precursor, all experiments done for this chseme the 4'-
pivaloylated adenosine precursor, which is assumed to inject the halaigher potential,
thus leading to a slower water reaction frorii &han from G', according to the Curtin-
Hammett principle Kigure 6.3.[85a] This view should be extended to the charge injection
system, as a higher-potential charge injection assay appateatly to a slower water

reaction at adenines.
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Energy

GGG

Reaction coordinate

Figure 6.3. Curtin-Hammett plot for charge transfer processesa long (A-T), sequence

involving guanines and adenines as charge carri€he activation barried is about the same

for G*(green) as for A (orange)

6.3 Summary

The experiments done so far have provided some information about the primicgilarge

transfer involving long (AT), sequences. The evidence includes the fact that:

a) the hole transfer over long+{A), sequences involves adenines as charge carriers,
b) very efficient and nearly distance-independent charge transfer is observed,
c) the adenines undergo oxidative damage in this process; trapping of witinite a

poly-A sequence is possible by means of a modified adenine.
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In the literature, there are speculations that the positive cismadgdocalized over more than
one A-T base pair so that a phonon-assisted polaron-hopping pﬁﬁ"&:asslon trapped in a
self-generated local structural distortioff! might make the hole transfer in oxidized-{A,
sequences very efficientriQure 6.4. The radical cation then hops adiabatically from
minimum to minimum by a thermally activated process as a restiie motions of the DNA

and its solvent and counterion environment.

Radlcal cation

L;t

—A—A—I—A—'I;—':I'-A-':I'—A—A 'i:'—A 'E
| | oree | =:]:] Joops |
1IRHE E =
—T—T—A—T—A-ATA-T—T—A—T—A—
Polaron-like
distortion

Figure 6.4. A schematic representation of a polaron-like spedh DNA. The
base pairs are represented by the vertical lineg;gugar phosphate backbone is
represented by the horizontal lines. The polaratigtortion is enclosed in the
yellow box and extends over some number of bases.pa@his is shown
schematically by drawing the base-pair lines clotmgether. Its movement is

thermally activated and proceeds as a whole from lssse pair to another.

The transition from a localized multistep A-hopping process to a qolaediated,
delocalized charge transport is smooth. No experimental evidenaeloéislocalized states is
available so far, although theoretical calculationSbiyustef>*! Conwel|**! RatneF*®! and
other§®*?" describe such processes. Three conceivable assays for probing ttom-pola

hopping hypothesis are:

a) measurement of the temperature dependence of the product ratioligoaucleotide
containing a temperature-independent charge injector and a-@GG),~GGG

sequence,
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b) investigation of the charge transfer process in solid phase factant complexes,
thus avoiding ion-gating at the DNA backbone,
c) modification of the bridge by insertion of a series of kinetpd at the adenines,

which may reproduce the charge delocalization pattern.

The discussion on this topic is to be continued as soon as new expdriolagmia available,
particularly concerning the question concerning postulated charge dedtoal (or polaron),

or how far this distance-independent charge transfer over lofip){Aequences may reach.
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7 Influence of Mismatches on the Hole Transfer

7.1 Introduction

Mismatched base pairs constitute a major threat to the gentetimation, as they lead to
mutations when not enzymatically repaired prior to the next réjplicaDepending on the
nature of the mismatched base pair, the geometry and hydratiom dittee DNA duplex is
directly affected. This is generally reflected by a de&eadsthe DNA melting temperature
T Base stacking is accompanied by reduction in UV absorption (hypochigmsa the
UV spectrum is a convenient monitor of the formation and breakdown of dapléxée
temperature of a solution containing double-helical DNA is slowiseth UV absorption
increases suddenly at a certain temperature because ordered slugles@ciate. The
midpoint of transition is called the “melting temperature” @ Figure 7.1shows T, of

several DNA duplexes containing no or one mismatched base pair.

Tm/ <

AA

central base pair

Figure 7.1. Tm of double-strandet1/102 containing no or one mismatched central

base pair.TA represents the unmodified sequentegpresents a reduced abasic site
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All mismatches show a destabilizing effect on the DNA duplexclviB maximum for the
A-[abasic site] mismatch. Since adenines play a central rdie icharge transfer mechanism
over long (A-T), sequences, mismatches of the adefimgnine (A-T) base pair should
dramatically influence the efficiency of charge transport,ha@sadenine radical cation is a
rather strong acid, but still much too weak to protonate thyfhifieChus, proton shifts are
not expected to occur within long €A&), sequences, as long as the sequence does not contain
any modifications. In G-hopping experimen@Giesé’? observed a drastic drop in charge
transfer when a thymine or an abasic site was introduced oppagitnme. In contrast, the
presence of an AA mismatch within an invervening ('), bridge between guanines hardly
affected the charge transfeBartort*?®! observed a complete suppression of long-range
methylindole radical formation when an—-A mismatch was inserted into an {R)s
sequence. The systematic investigation of mismatches within -){Asequence was
performed using the following modified DNA sequencesheme 7)1 none of which contain

any guanine within the (AT), bridge in order to exclude the G-hopping mechanism.

Scheme 7.1

3'— AAAGAAA "AACCCAAXAACCCAAAAAGAAA —5
532p — TTTCTTT TTGGGTTYTTGGGTTTTTCTTT—3

101/103:
101/109:

X=A, Y=

XY
104/103: X

X

XY

A, Y=T
=T

=A, Y=H

=A, Y=C

106/103:

Y=
Y=
111/103: =A

é}o
H = reduced abasic site :o: :H
H
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The reduced abasic si8l was introduced using standard methods, and it shows the same
properties as an abasic site generated by depurination (stiliringtés anomeric hydroxy

residue) except that it is not cleaved under acidic or basic condifidrgnis effect is visible
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on PAGE histograms, as no cleavage occurs at the 3'-position dfaie aite, resulting in a
slightly wider gap between the two neighbouring peaks on PAGE histegrad no peak for
the abasic site itselFF{gure 7.3 bottom right).

7.2 Partial Thermodynamic Charge Equilibration

In the faultless DNA duplex07/103 a vyield ratio B/Ps of 1.8 was obtained~{gure 7.9.

This means that the water trapping of the GGG radical catiappoximately as fast as both

the oxidation of adenine and subsequent charge transport over{hg $&quence.

101/103 3—C C C AAAAACCC—S5 A B
5%p—G G G T TTTTGGG—3 ..

Ps/Py=1.80+0.36

-0 OO —A4A49441000 —w

X —

Figure 7.2. (lefty PAGE histogram obtained after subtractiofi the blind experiments for
intrastrand A-hopping (n=5). (right) Autoradiograrof the gel electrophoresis, obtained after
photolysis of duplex DNA at pH 5.0 and subsequéuérigine cleavage. Lane A, experiment
101/103, lane B, blind experimedN1/102.
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Thus, the almost distance-independent efficiency of the hole transposmteneguanines,
separated from each other by long-TA, sequences (as first shown kiigure 2.) is not

caused by a complete equilibration of the charge before the wapging occurs. We
conclude that the charge must be already partially equilibratedebe¢éing trapped by water.
The weak distance effect is caused not only by the rate of tharhokport, but also by a

partial, thermodynamic charge equilibration over theT)h sequence.

7.3 Mismatches and DNA Structure

The results from the mismatch experiments are summariZédunes 7.3- 7.4. Introduction
of an A-A mismatch in duplex11/103resulted in a literally unchanged yield ratig//®: of
1.9, whereas introduction of aT (101109 or an A-C (106103 mismatch raised the yield
ratio /P to 2.3 and 4.1, respectively. Introduction of an abasic 34103 and leaving
the central adenine unpaired, resulted in the strongest effect absémve detectable charge

transfer to the distant GGG units(Ps = 25).
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111103 3—C C C A AAAACCC—¥H A B

53%p -G G G TTATTGGG—3 ,.

Ps/P3=1.87£0.25

-0 OO —A4A4>—4H000 —w

X ——

101/109 3—C C C AATAACCC—5 A B
5% -G 6 G T TTTTGGG—3 ..

Ps/P4=2.32+0.47

Oa-0 OO —A4441000 —w

Figure 7.3. (left) PAGE histograms obtained after subtractioithe blind experiments for-A
(top) and FT (bottom) mismatches. (right) Autoradiograms o tfel electrophoreses, obtained
after photolyses of duplex DNA at pH 5.0 and subsef piperidine cleavage. Lanes A,
experimentsl11/103 (top) and101/109 (bottom), lanes B, blind experimerit$1/102 (top) and
101/113 (bottom).
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106/103 3—C C C AAAAACCC—5 A B
582 -G G G TTCTTG GG—3 .»
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Figure 7.4. (left) PAGE histograms obtained after subtractiointhe blind experiments for-&
(top) and abasic site (bottom) mismatches. (rightitoradiograms of the gel electrophoreses,
obtained after photolyses of duplex DNA at pH 56 aubsequent piperidine cleavage. Lanes A,
experimentsl06/103 (top) and104/103 (bottom), lanes B, blind experimerit86/102 (top) and
104/102 (bottom). Note that the reduced abasic site isahesived by piperidine and thus does not
produce any signal in the PAGE separation.
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Considering the AA mismatch, where no effect on the yield ratio is observed, we can assume
that the deprotonation of Atowards the mismatched A constitutes a rapid equilibrium and
does not lead to charge loss. Similar observations f#& mismatches were also made by
Giesé™” and Schustér*™ NMR studies byGervai$®*? demonstrated that an-A mismatch

as well as a ¥T mismatch impose little structural change in the duplex. Botlpans are

well integrated in a B-DNA helix, and no change in conformation ets&rved between pH

4.7 and 9. The exchange with solvent is reported not to be enhanced by émegm@san

A-A mismatch, but the bases around aTTmismatch are reported to show enhanced
exchange with bulk solvent. The-A wobble-type base pair is postulated to adopt positions
similar to those in AT base pairs and is able to establish only one hydrogen bond, with two
pseudo-symmetrical possibilitieBigure 7.53.

The imino protons of the 9T wobble base pair are postulated to lie in an approximately
symmetrical position about the helix axis, switching between tweudmssymmetrical

wobble-type structures with one hydrogen bond in a fairly rapid equilibftiguire 7.58.

b)

Figure 7.5. Possible wobble structures for a) theAAmismatch, and b) the -T mismatcH®?

Thus, the lower charge transfer efficiency through th€ mismatch may be explained by the

destabilization of adjacent bases, which is also reflected in the lower niettipgrature of
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the duplex containing the-T mismatch. Compared to the situation withAd which is
furthermore favourable to charge transfer by a mainly unaffectedephase stack®? the
charge must tunnel through theTrbridge in order to reach the second GGG Wit

A somewhat different situation is implied by the@ mismatch, which may be explained by
the structural changes caused by this modificarowri*¥ determined the X-ray structure

of an oligomer containing two isolated-& mismatchesHigure 7.9.

s

Figure 7.6. Excerpt from the X-ray structure of an A-C misrhateithin an

oligonucleotide duplex. The mismatch is the thiadébpair from top (arrowh>?

Although essentially neither the B-DNA structure nor the basekist is affected by this
mispair, Brown located well-defined water molecules bridging theCApair in the major
groove. Such pre-organized water molecules may constitute a pattowvag rapid
hydrolytical loss of a positive charge from the@ mispair. The Nposition of adenine is
likely to be protonated under physiological conditions with the consequenatformof a
second hydrogen bond of the A-C base Figyre 7.7.13%4
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Figure 7.7. a) and b) X-ray structure and model for theG\mismatch in duplex
DNA, c) and d) alternative hydrogen-bonding scherf@sthe A-C base pair
involving rare tautomeric forms (marked by a printé)the bases, although their

significance is rather unlikely due to high eneafyautomerizatiof>*!

The low charge transfer efficiency through the-CA mismatch is in accordance with
experiments byBarton™*® which provided equally low charge transfer efficiencies for any
cytosine-containing mismatches. Such closed hydrogen bonds are known toadalitienal
stabilization”™ Steenké'® determined an equilibrium constant, Kf 10> for the proton
shift reaction A" + C - A(-H)" + C(H)', but an electron transfer from a protonated adenine
to an adjacent adenine radical cation is not likely in this caseorclusion, the drop in
charge transfer efficiency caused by theCAmismatch results from the combination of minor

structural changes in the DNA duplex and major changes in the hydrogen-bonding properties.



064 7. Influence of Mismatches on the Hole Transfer

7.4 Proton Transfer from the Adenine Radical Cation

Introduction of an abasic site, leaving the central adenine unpairetkrdfy suppresses any
charge transport to the distant GGG uhig(ire 7.4 bottom) in DNA duplex1t04103 We
have already seen that adenine radical cawrs a rather strong acid (pK 1) which can
readily deprotonate and form neutral radi@@lif the base itself is either accessible for water

molecules or forming a mismatch enabling proton tranSengme 7)2'3¢

Scheme 7.2

+ L]

NH» NH
N N\ N= N + +
Ly = LD H

N '\{ N N\

dR dr
pKa=s1
85 86

In G-hopping experimentSiesé™®! observed a decrease in charge transfer efficiency when
an abasic site was located opposite a guanine. This decreaagonBesd when the unpaired
guanine was methylated and thus not able to deprotonate anantnoe{l37] determined the
NMR structure of a DNA duplex containing an abasic site withir{Aql), domain. The
unpaired adenine opposite the abasic site remained statkdalyt the curvature of the
undamaged DNA (se€hapter § originating in the poly(A) domain was lost due to the
presence of the abasic site. The structural continuity is disrgpted rise to bending in the
parent, undamaged DNA. The accessible surfaces of this DNA duplexcalculated with a
probe radius of 1.4 A and revealed (essentially for&iséructure) increased accessibility up
to two base pairs away from the damaged site. The view frommiti groove shows that
the S form contains both the abasic site and the opposing adenine residue iderednhg

more accessible positions than in thierm (Figure 7.9.13"
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Figure 7.8. The accessible surfaces of thdleft) and g (right) forms of the DNA duplex are viewed frore th
major groove (top) and the minor groove (bottont)e Biccessible surface is the surface calculateld aviprobe
radius of 1.4 A. The abasic deoxyribose hemiadstshown in blue, and the adenine opposite theialsite in

red. Further adenines are shown in orange and thgsiare shown in greé’)

Other studies mention a water molecule that is postulated to otoemap in front of the
unpaired adenine, forming hydrogen bonds between adenine and the anomeric gna@rpxy
of the abasic site>* However, the presence of this well-orientated water moleculeotde
assumed in case of a reduced abasic site. In the case of the rdzhsiedite within a (AT)s

domain and leaving one adenine unpaired, we can conclude that:

a) the solvent accessibility of several base pairs neighbouringlaimaged site and

essentially including the gap in front of the unpaired adenine, is increased,
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b) the curvature of the poly(A) domain is disrupted,
c) the adenine radical cation opposite the abasic site can relagitgtonate and thus

lose its charge.

7.5 Summary

The results with long (AT), sequences have shown that the charge must be already partially
equilibrated over the DNA sequence before being trapped by water. useak distance
effect is caused not only by the rate of the hole transport but kglsthe partial
thermodynamic charge equilibration over the-{A, sequence. In order to rationalize this
distance-independent efficiency, one has to assume that the rae dfarge hopping over
the (A-T), sequence depends only weakly mnTo determine the influence of the{R),
sequence on the hole transfer rate alone, a new assay must be fainchithe trapping of

the radical cation is faster than the hole transfer between guanines.

The introduction of several structural damages, including a reduceit alias into DNA
duplexes revealed that the charge transport over lorg)f{Asequences, which is hardly
distance-dependent in case for undamaged DNA, is sensitively dependenuadisturbed
structure of the DNA duplex.

Whereas a reversible proton shift from guanine radical cation tidingy is energetically
favoured and stabilizing the base &ﬁ?}, a proton shift from the adenine radical cation to
thymine is not feasiblg® Contrary to this, protonation of adenine increases the oxidation
potential of the base, and deprotonation of the adenine radical cationtdeellarge loss,

resulting in a decrease or suppression of charge transfer in both cases.
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8 Abnormal Distance Effects in Long (AT), Sequences

8.1 Introduction

The structure of a DNA duplex containing polytaply(T) homopolymers (“A-tracts”)
implies a close relationship to a canonical B-DNA structure loatains some intrinsic
structural differences. Other DNAs of natural origin or the amalsgpoly(A-T) with
alternating sequence, all show around #®1 base pairs per turn in aqueous solution but
the A-tract duplex displays 10#10.1 base pairs per turn. Due to the differences in its
helicicity, the B-DNA-like structure of poly(Apoly(T) was called B-DNA Figure 8.3."

Its difference from DNAs with alternating or random
distributions of bases is also evident from its resistance to
transform into other helical forms, its peculiar CD spectra,
and its inability to form reconstituted nucleosomes when

combined with histone octamérs.

Figure 8.1. A space-filling structure of B'-DNA, calculatearin a x-ray
structure™*” The B'-DNA features a deep, narrow minor groove] a
slightly narrowed, shallow major groove. The pi(clistance between two
base pairs) is 3.2 A for B'-DNA, in contrast to mal B-DNA, which has
a pitch of 3.4 A.

DNA molecules which contain an A-tract, or multiple A-tracts pdawith respect to the
helical twist of DNA, contain a significant bend in their helieais*? The relationship
between A-tract crystal structures and solution state studiB®Af curvature has remained

controversial**® although several structural properties of A-tracts have been reselged,
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high propeller twist of base pairs, a narrow minor groove and a piétix reduced by 0.2
A 144148 There is a clear consensus about the two probable origins of hetlingeby A-
tracts by a) selective binding of monovalent cations to the Astradhe minor groove of the
DNA duplex in solution, and b) the aprupt change in propeller twist arttie of the A-tract,
which forces the helix axis to beHd’*?!

The high propeller twist of the base pairs inside the A-tracblesaan enhanced base
stacking. The adenine and thymine bases tend to stack in an padladsed conformation
(six-membered ring over six-membered rifggure 8.2 whereas the guanines in poly(G)-
poly(C) tend to stack in a staggered fashion (six-membered ringfiseemembered ring)

and the cytosines show no overl&!

Figure 8.2. Stereo views of a typical AAT base step. The two base pairs, the

upper in black and the lower in white, are viewedvd the helix axis (illustrated
144]

by a black circle}!

In the context of the structural peculiarity of A-tracts and irtigaar its improved base
stack, the effect of these structural effects on long-distamaee transfer over A-tracts was

studied.

8.2 Adenine Stacking Enhances Charge Transfer

Charge transfer experiments Bgartort’? with long (A-T), sequences showed that yields of

damage at a distant GG unit increased with the length of the intervenimy, (#idge and
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was interpreted to be due to the conformational dynamics and extensine stacking
associated with these sequences. Unfortunately, these experiack@d hppropriate blind
experiments under identical experimental conditions. We have symtieBRA duplex
115114 (Scheme 8)1 containing an (AT)1» bridge, which was subjected to photolysis and

piperidine treatment with subsequent PAGE analysis.

Scheme 8.1

3— AAAGAAA "AACCCAAAAAAAAAAAACCCAAAAAGAAA —5'
5.82p — TTTCTTT TTGGGTTTTTTTTTTTTGGGTTTTTCTTT —3

115/114

Surprisingly, a yield ratio @Ps =1.49+0.09) nearly equal to the result for the—{Bs
system (B/Psy = 1.80+ 0.36) was obtained, taking the experimental error limits into account
(Figure 8.3.

1151114 3—C C C AAAAAAAAAAAACCC—5

>
L

52p—G G GTTTTTTTTTTTTGGG—3'

TEIEN

Ps/P3=1.49+0.09

b."‘,.*l%a
® &8

O—60 ©@ O 44 -4- - 44444410060 — W

Figure 8.3. (left) PAGE histogram obtained after subtractidrtlee blind experiments for intrastrand A-
hopping (n=12). (right) Autoradiogram of the geketrophoresis, obtained after photolysis of duplex
DNA at pH 5.0 and subsequent piperidine cleavagmel A, experimeni15/114, lane B, blind
experimentl15/116.
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This experiment has impressively shown thatTH sequences are capable of a nearly
distance-independent charge transfer over long distances espebiatiythe nucleating core
contains at least four to five adenined! They are only capable of charge transfer if the A-
tract is not disrupted by alternating-A pairs, structural damages or interveningd3airs’®
that decrease the charge transfer efficiency. Introduction of redl@malogs with increased
stacking area and lowered oxidation potentials were found to enhandenthdistance

charge transfer efficiency up to complete charge equilibréfiin.

8.3 Summary

The synthesis and study of the long-range charge transfer in addidiex containing an
(A-T)12 domain was performed. The resulting charge transport over thectAptiaceeded
with an efficiency nearly equal to the result obtained for a shorter)gsequence.

The result was explained by the intrinsic structural abnornsilte poly(A)-poly(T)
homopolymers, which imply a significantly better stacking of bothptimtne and pyrimidine
bases inside the A-tract. The distance between base pairs (@itchjiuced by 0.2 A,
compared to canonical B-DNA, and the-R pairs stack in a partially eclipsed fashion,
whereas GC pairs and base pairs inside random sequences tend to stack ggexesta
manner.

These results underscore the complex role of sequence dependentesandtalynamics in
DNA-mediated charge transfer. Certainly the observations cannattibealized by models
in which holes hop along guanines superexchange through shortRbridges?”** Nor
are the results consistent with a “zig-zag” mechanism involindgscriminate intra- and
interstrand migration that is not influenced by the-TAbase orientatio’®®! The
unexpectedly high charge transfer efficiency is attributed tdaimeation of transient, well-

coupled conformations, distinct from canonical B-DNA.
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9  Summary of the Work and Outlook

9.1 Summary

For the purposes of site-selective charge injection into guanieebivA, a new synthetic
route towards a 4'-pivaloylated adenosine derivative was developped, enbblisiydy of
long-range charge transfer in DNA. The synthesis of 4'-pivala/latienosind6 succeeded

in 0.5% yield over 10 steps, providing a DNA-synthesizer compatible building block.
Photolysis of single- or double-stranded 29rh@8 demonstrated that the generated ribose
radical cation is most efficiently reduced by electron trarfsben adenine at pH 5.0 in 20 %
absolute yield. This process yields an adenine radical cation angribmstes a positive
charge into the DNA base stack.

Experiments with DNAs containing long guanine-free sequences have shaty once the
positive charge is injected into an{A), sequence, a rapid and distance-independent charge
transfer mechanism involving adenines as charge carriersaldigised. A guanine-hopping
mechanisfi”*** was excluded due to lack of guanines in these DNAs. Instead, al parti
thermodynamic charge distribution was observed.

The apparently highly-efficient charge transport over long-T(f sequences was shown to
be easily disrupted by structural changes in the base-pairingwa&kistudied by introduction
of a series of base mismatches and an abasic site opposite manead¢igher solvent
accessibility of the damaged sites accounted for deprotonation anchérge loss from the
acidic adenine radical cation. Protonation of adenine inside-& wobble base pair also
decreased the charge transfer efficiency.

The abnormal structural changes found in A-tracts of duplex DNA sferen to increase the
charge transfer efficiency over long A), sequences as they imply an improved DNA
duplex structure providing a higher stacking area and shorter base-base distances.

This work has shown that, although the field of charge transfer ovefAofig, sequences is
new and little understood, the charge transport mechanism is thougha t@apiel, multistep
process involving adenines as charge carrier where the chargéapaffom adenine to

adenine or may be delocalized in polaron-like species.
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9.2 Outlook

Some decades ago, no scientist would have expected radical reactipreceed in the
watery, buffered environment of biological systems in a rapid andyhsgiéctive manner.
The unique ability to establish precise redox equilibria depending goHlend to perform
chemical conversions at non-activated sites are the reasons wirg @giplies radical
chemistry.

Essentially, charge transfer chains in biological systemsnareoptimized for maximum
speed but for maximum robustness, as they proceed much faster tleazythmatic turnover
rate!®! For example, the enzyme ribonucleotide reductase (RNR) catalyseeduction of
the 2'-hydroxy group of ribonucleotides to provide the essential DNA buildimgks, the

deoxyribonucleotidesScheme 9)115215°

Scheme 9.1
(P)PPO (P)PPO (P)PPO
o B ribonucleotide o B | o B
reductase
OH OH OH  OH ™ gcission OH
Ribonucleotide Deoxyribonucleotide

In biological systems, charge transfer processes are efigectiapled to proton transfer
(“proton-coupled electron transfer”, PCET), thus providing a way to maduket redox
properties of the charge transfer sysf%ﬁln.

Inside RNRs, the electron is “stored” as a stable tyrosytabdind for the catalytic reaction it
is transferred over 35 A from one subunit to another, involving a redoadzst tunneling
and thermally activated charge transfer st&pgufe 9.J).
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Figure 9.1. (left) The charge transfer pathway in a Class IRRNhvolving several intermediary tyrosyl and
cysteyl radicals in subunits R1 and 82! (right) A calculated energy diagram for the redmscadd™>"

Studying the molecular charge transfer mechanisms in DNA andinwote the direct

pathway to a deeper understanding of molecular recognition, catalysis and energsiaonver
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10 Devices and Materials used for this Work

10.1 Reaction Instruments

Photolysis Setup

Device: Oriel 68810 photolysis stand equipped with &sram HBO 500 W/2 Laigh-
pressure mercury arc lamp and 320 nm lowpass filter (2 mm thicBElhgtt(WG-320. The
device used was further equipped withQ@nel 6123 IR cutoff filter and a thermostatically
cooled sample holder. At given wavelength light transmittance is &f8at The UV light
was focused to the centre of the sample holder using an add&icmattUG-1 UV bandpass
filter and a test cuvette containing a) a solution of umbellifeion@.1 M sodium citrate
buffer at pH 3.0, or b) a sample of bright-white paper, which both shoblevifilorescence
when excited at 325 nnirigure 10.1shows the photolysis device, aRdure 10.2shows the
un-filtered spectrum of the mercury arc lamp.

Figure 10.1. Photolysis Device
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Figure 10.2. Lamp spectrum

Figure 10.3 shows the efficiency of the thermostated sample holder, measured unde
experimental conditions. This device ensures that annealed complgni2Narstrands will

never denature under the photolysis conditions.
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Figure 10.3. Course of temperature inside the cuvette durinadiation

Nucleic Acid Synthesizer

Device: PerSeptive Biosystems Expedite 890&leic acid synthesis system. The DNA

synthesis related chemicals were supplieGlan Research

10.2 Physical Data

'H NMR spectroscopy

Devices:Varian Gemini 300300 MHz),Bruker dpx40Q400 MHz). Chemical shift} are
indicated in ppm, relative to SiM&d = 0.00) or based on the solvent signals of the partially
deuterated nuclei of chloroform-@® = 7.26) or dimethyl sulfoxidesdd = 2.50). All spectra
are interpreted by first order, and the coupling constalyitaré given in Hertz (Hz). Split
signals featuring defined multiplicity were characterizedhaydrithmetic mean of the signal

lines. Free hydroxy groups are assigned by proton-deuterium exchange due to addition of
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D,0O. The signals were abbreviated as follogvs:singlet, brs = broad singletgd = doublet,t
= triplet, g = quartet,quint. = quintet,m = multiplet. NOE mesaurements were designated as

follows (irradiated H-. affected H): ++ = strong, + = medium, (+) = weak.

13C NMR spectroscopy

Devices:Varian Gemini 300(75.5 MHz),Bruker dpx400(101.0 MHz). Chemical shift)
are indicated in ppm and are relative to the following solvent sigichloroform-q (& =
77.0) or dimethyl sulfoxidegd(d = 39.5). The spectra are broad-band proton decoupled, the

classification of the signals was achieved by APT or DEPT.

%P NMR spectroscopy

Devices:Varian Gemini 300121.0 MHz),Bruker dpx400(162.0 MHz). Chemical shiftd)
are indicated in ppm and are relative to the spectra refererae efternal standard of 58%

triphenylphosphate in chloroform € —18). The spectra are broad-band proton decoupled.

Numbering of the nuclei

The protons in théH NMR spectra are numbered with the same numbers as thedrelate
carbon atoms. Atoms within the sugar backbone are marked by an addgronal If
geminal hydrogen atoms show two distinguished signals, the high-ieldhe low-field
shifted nuclei are told apart by an additional “a” or “b”, respebtiv&écheme 10.1

demonstrates the numbering of the atoms in 2'-deoxyadenosine.
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Scheme 10.1
4 N\
NH,
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Infrared Spectroscopy (IR)

Device: Perkin-Elmer 1600 FT-IRThe bands are given in wavenumbevs qnit). The
spectra were acquired by addition of four single spectra, followedubtraction of the
background spectrum. Liquids and oils were measured as thin film etweesodium

chloride plates, solids as potassium bromide pressings.

UV-VIS Spectroscopy

Device: Perkin-Elmer Bio-Lambda lispectrophotometer, featuring RI'P-6 peltier unit.
Micromolar extinction coefficientsefy) of oligonucleotides are referred to a cell path of 1

cm at 260 nm.
Mass Spectrometry (FAB-MS)
Devices:VG70-250andFinnigan MAT 312mass spectrometers. Measurements were carried

out by Dr. H. Nadig at the institute for organic Chemistry atUheversity of Basel. The ion
generation resulted via fast-atom bombardment (FAB) using xenon atoms and 3-nifrobenzy
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alcohol as matrix and sodium chloride as additive. The data areigiwess units per charge

(m/z). The spectra were recorded each with and without addition of potassium chloride.

Electrospray Mass Spectrometry (ESI-MS)

Device: Finnigan MAT LCQ octapole mass spectrometer. The samples were directy éhjecte
as 0.1 mg/ml solutions in methanol. The ion source worked via electroationizThe data

are given in mass units per charge (m/z).

MALDI-TOF Mass Spectrometry (matrix-assisted laser desorptbn ionization time-of-
flight)

Devices: Vestec Voyager Eliteand PerSeptive Biosystems Voyager-DE PRThe
spectrometers were run in linear mode at 25 kV acceleration gdibagiegative ions. 2,4-
Dihydroxyacetophenone was used as a matrix. Probe desorption and ionizagiamduced

by a N-LASER (337 nm, 3 ns pulses, 0.2 mJ per pulse, acquisition of 10 to 100 pulses). T
signals are referred to the unfragmented, single negativelgethanolecule ionsM-H] .

The data are given in mass units per charge (m/z).

Elementary Analysis

Devices:Leco CHN-900(C, H, N detection)Leco RO-478O detection). The elementary
analyses were carried out by W. Kirsch at the institute farocgChemistry at the University
of Basel. The data are indicated in mass percents.
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Melting Points

Devices: Buchi 530 and Hund Wetzlar V200 The melting points are given in degrees

centigrade [°C] and are uncorrected.

10.3 Separation and Purification Methods

Thin Layer Chromatography (TLC)

Merck silica gel60 Fys4 aluminium sheets (0.2 mm layer). The compounds were detected by
two subsequent precedures:

1. fluorescence quenching detection at 254 nm,

2. dipping into a solution consisting of a) cerium(lV)sulfate tetradtgd(10 g), b)
ammonium heptamolybdate tetrahydrate (25 g), £) 00 ml), and d) conc.480,
(100ml), followed by heating.

TLC retention factors (fR are indicated together with the appropriate solvent mixture in
brackets.

Flash Column Chromatography (FC)

Flash column chromatography was performed under low pressure (~1.5 fydarane pump)
on silica gelJetikon C560D0(40-63um, 230-400 mesh), or on silica déerck 60(40-63um,
230-400 mesh). The solvents were of technical grade and were redligtibr to use. The

mixture ratios of solvents are referred to the parts of the volume.
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High Performance Liquid Chromatography (HPLC)

Device: Hewlett-Packard 105@hromatograph with UV detection at 260 nm. Columns for
reversed-phase HPL®4erck LiChroSpher 10QRP-18e, 5um, 125x 4 mm, Flow: 1.0 ml
min™Y). As solvents were used acetonitrile 1®bii) and 0.1m aqueous TEAA solution,

puchased as 1M stock solutionluka), diluted by 9 parts of nanopure water prior to use.
lon Exchange Purification of Oligonucleotides

Mini-QuickSpin (Sephadex G-25,F. Hoffmannia Rochg centrifuge columns for
oligonucleotide purification were used following the enclosed procedure.

Polyacrylamide Gel Electrophoresis (PAGE)

Device:Life Technologies Model @pparatus, equipped withPlnarmacia Biotech EPS 3500
potentiostatic power unit. PAGE was performed in TBE buffer ¥0Tris-borate, pH 8.3; 2

mM EDTA) at 1500 V. Acrylamide/ bisacrylamide solutioAcCuGe] 19:1, 40%) for gel

preparation was provided National Diagnostics

10.4 Further Instruments

Centrifuge, Thermomixer and Vortexer

Devices:Eppendorf 5415@nd5415D centrifuges Eppendorf 543@hermomixerBender &

Hobein Vortex Genie 2
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Drying of DNA Containing Probes

Devices:Savant Speed Vac PlusndEppendorf 5301

Phosphorimager, Storage Phosphor Screens and Software

Device: Molecular Dynamics Storm 84®&torage phosphor screens of>X383 cm size were
provided by Molecular Dynamics For quantification and visualization of the results,

Molecular Dynamics ImageQuant viaRdMicrosoft Excel 200@oftware was used.

Scintillation Counter

Device:Packard Tri-Carb 460 Qiquid scintillation counter. SolvenkigaSafe Plusprovided

by Zinsser Analytic

10.5 Solvents, Chemicals, Enzymes and Miscellaneous

Solvents

Technical grade solvents for extraction and flash column chromatognagrkydistilled prior
to use. HPLC grade solvents, providedHiyka, Romil Méachler andJ.T.Bakey were used
for flash column chromatography (acetone, ethyl acetate) and fer-e@ttaining reactions.
For all other reactions in water-free environment, or for angbdiposes, absolute solvents
from Fluka were used without further purification. The absolute THF, 1,4-dioxane atig/idi

ether used for reactions still contained their chemical stabilizers.



84 10. Devices and Materials

Chemicals

2'-deoxyadenosine was purchased fidnarma WaldhofChemicals for DNA synthesis were
provided byGlen ResearchSodium citrate and sodium phosphate buffer solutions (HPCE
grade), and TEAA (M) stock solutions were obtained frdfluka. All other chemicals were

provided byFluka, Aldrich andAcrosand were of the highest grade available.

Enzymes

T, polynucleotide kinase (10 000 units fiwas provided bjNew England Biolabs

Miscellaneous

DNA containing probes were handled using disposable 1.5 ml PE snap-cafraubé@seff-
Lab and screw-cap tubes froBrand Mini-QuickSpin (Sephadex G-25) columns for
oligonucleotide purification were provided fraf Hoffmannla Roche Disposable PMMA
cuvettes for photolyses and optical-density measurements were gardhas Semadeni
their optical properties are shown beldvigure 10.4.
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11 General Synthetic Procedures

11.1 Syntheses

All reactions were carried out in standard laboratory glasswhr@ppropriate dimension,
which was vacuum-dried at 300 °C and flushed with argon prior to useeddtions at

ambient pressure were performed under argon atmosphere.

11.2 Reversed-Phase HPLC

Generally, reversed-phase columns providedbyck (LiChroSpher100-5, RP-18e, 258 4
mm, Flow 1.0 ml mifit) were used. Solvent A: 0.¢ triethylammonium acetate buffer
(TEAA) at pH 7; Solvent B: acetonitrile 190.

For separation of oligonucleotides an acetonitrile gradient wasdppthereas detection was
achieved by UV absorption at 260 nm. Most of the tritylated oligonucleogtige at an
acetonitrile fraction range between about 25% and 30%. Oligonucleotidesuivtrityl
protection group generally elute at less than 15% acetonitrib¢idina In order to avoid

aggregation effects, the column temperature was always set to 55 °C.

11.3 Formation of Double-Stranded DNA

Equal amounts (0.2 nmol) of the complementary single strands weodvddssn 1.0 ml of
buffer solution (pH 5.0, 20 mnsodium citrate, 100 rn NaCl), heated to 75 °C for 5 min, and
then cooled to r.t. over 2 h to provide a clean annealing.
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11.4 Quantification of Oligonucleotides via UV Absiption

Firstly, the micromolar extinction coefficients at 254 nepy (259 of the oligonucleotides
were calculated according to a standard incremental method, whidesapi@ following

empirical equation (Eq. 11-1561%!

€, 254={ (8.8% nT) + (7.3x nC) + (11.7%x nG) + (15.4x nA) } x 0.9 (11-1)

Secondly, the absorption at 254 nm of the corresponding aqueous oligonucleotidasolut
was determined using an UV-transparent PMMA cuvette (d = 1.0 am),ttee amount

calculated applying the Beer-Lambert law.

11.5 Photolyses

Irradiations of single- or double-stranded DNA were performed in dagpod.5 ml PMMA
cuvettes provided bySemadeni As long as not otherwise indicated, irradiations were
performed in citrate buffer (pH 5.0, 20vsodium citrate, 100 rn NacCl). Prior to irradiation,
the solutions were degassed with argon 57 for 6 min. During irradiatienargon flow
through the cuvettes was sustained.

The cuvettes were thermostated to 20 °C, which limited the wamnitigg solution to below

30 °C during irradiation.

11.6 Mass Determination of Oligonucleotides

Probes which contained salts were de-salted by RP-HPLC prioa$s determination. A
solution of the analyte (1.0l) was mixed on the sample plate together with matrix solution

(2.0ul, 0.5m 2,4-dihydroxyacetophenone and f&mmonium tartrate in 3:1
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water/acetonitrile) and crystallized. Synthetic and naturaboligleotides with known mass

within the same range as the probes were used as internaleonagxtalibration of the

spectrometer devices.
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12 Synthesis of the 4'-Pivaloyl Modified Adenosintor

Introduction into Oligonucleotides

12.1 3'0O-, 5'-O-Bis|(tert-butyl)dimethylsilyl]-2'-deoxyadenosine (68)

HO TBDMSO

A i A
1 o TBDMSCI, Imidazole, DMF 1 o
OH OTBDMS
55 68

A solution of 2'-deoxyadenosingf) (10.0 g, 39.8 mmol),H-imidazole (17.9 g, 263 mmol,
6.6 equiv.) and-butyl-dimethylchlorosilane (19.1 g, 127 mmol, 3.2 equiv.) in anhydrous
DMF (80 ml) was stirred overnight at r.t. The reaction was quencheidition of MeOH
(20 ml), and the solvent was removiedvacuo The residue was dissolved in a mixture of
CH.Cl; (400 ml) and 0.3v aqueous tartaric-acid solution (600 ml), and extracted with
CH)CI, (2 x 300 ml). The combined organic phases were dried (MySiltered, and
concentrated under reduced pressure. The residue (colourless oihtisataterystallize) was
co-evaporated with toluene €15 ml) to yield crudé8 (18.9 g, 99%) as an off-white solid.
This crude product was of sufficient purity for the subsequent syntbadjws. Further
purification for analytical purposes was achieved by recrysasitha from hexane which
yielded pures8 (14.0 g, 74%) as a white solid.

TLC:
Rf = 0.42 (AcOEY).

M.p.:
135°
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'H-NMR (300 MHz, CDC}):

8.35 6 H-C(2)); 8.15 § H-C(8)); 6.45 (like, J = 6.4, HC(1)); 5.81 (br.s, NHy);
4.63-4.59 m, H-C(3")); 4.01 ¢-like, J = 3.4, HC(4"); 3.87 (d, J = 4.1, 11.2 Hz, B-C(5));
3.77 @d, J = 3.2, 11.3, B-C(5)); 2.66-2.59 (n, H,—C(2")); 2.472.40 (m, Hy—C(2")); 0.91 §,
t-BuSi); 0.10, 0.09 (€ 2 MeSi).

3C-NMR (75.5 MHz, CDGJ):

155.3 (C(6)); 152.8 (C(2)); 149.6 (C(4)); 139.1 (C(8)); 87.9 (C(1")); 84.3 (C(4")){T19);
62.6 (C(5"); 41.3 (C(2)); 26.0, 25.8 K2e5CSi); 18.4, 18.0 (2 CSi); —4.6, —4.8, 5.3, 5.5 (4
MeSi).

MS (FAB):
480 (M + HI).

IR (KBr):
3316, 3151, 2930, 2857, 1666, 1601, 1254, 1111, 837, 777.

EA:
Ca2H41NsO3SI, (479.77) calculated: C 55.08, H 8.61, N 14.60.
found: C 55.20, H 8.58, N 14.60.

12.2 6N,6-N-Bis][(tert-butoxy)carbonyl]-3'-O,5'-O-bis|[(tert-
butyl)dimethylsilyl]-2'-deoxyadenosine (69)

TBOMSO A Boc,0, DMAP, DMF TBDMSO o A(N°Bocy)

OTBDMS OTBDMS

68 69
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A solution 0f68 (38.1 g, 79.5 mmol), Be® (52.1 g, 239 mmol, 3.0 equiv.) and DMAP (29.2
g, 239 mmol, 3.0 equiv.) in anh. DMF (100 ml) was stirred overnight at r.tthEhsolvent
was removedn vacuq the residue was dissolved in @H, (700 ml), extracted with 0.8
agqueous tartaric-acid solution & 700 ml), and the organic phase was re-extracted with
CH.Cl, (700 ml). The combined organic phases were dried (MpS6tered, and
concentrated under reduced pressure. Flash column chromatography (H@ ofude
material (hexane/AcOEt 3:1 2:1) afforded pur€9 (49.1 g, 91%) as a colourless oil.

TLC: Rf=0.40 (hexane/AcOEt 2:1).

'H-NMR (300 MHz, CDC}):

8.87 &, H-C(2)); 8.45 ¢, H-C(8)); 6.56 t{-like, J = 6.3, H-C(1"); 4.65 @d-like, J = 1.9, 3.6,
H-C(3"); 4.09-4.04 fn, H-C(4"); 3.92 (d, J = 4.6, 11.3, B-C(5)); 3.81 ¢id, J = 3.2, 11.2,
H,—C(5"); 2.722.62 fn, Ha—C(2")); 2.542.46 (n, H,—C(2)); 1.48 § t-BuO); 0.95 §, t-
BuSi); 0.14, 0.12 @ 2 MesSi).

3C-NMR (75.5 MHz, CDGJ):

151.9 (C(6)); 150.4 (C(2)); 143.2 (C(8)); 88.0 (CO); 84.5 (C(1)); 83.7 (C(4")); TAI):
62.7 (C(5"); 41.4 (C(2); 27.8VeC); 26.0, 25.7 (MesCSi); 18.4, 18.0 (2 CSi); —4.6, —4.8,
-5.4, -5.5 (4 MeSi).

MS (FAB):
680 (M + H]H.

IR (CHCk):
3019, 2956, 2951, 1791, 1758, 1601, 1370, 1255, 1215, 1110, 838.

EA:
Cs32Hs57Ns0O7Si, (680.01) calculated: C 56.52, H 8.45, N 10.30.
found: C 56.60, H 8.49, N 10.26.
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12.3 6N,6-N-Bis[(tert-butoxy)carbonyl]-3'- O-[(tert-butyl)dimethylsilyl]-2'-

deoxyadenosine (54)

TBDMSO o A(N®Boc,) TBAF/ACOH, THF, 0 T S o A(N®Boc,)
OTBDMS OTBDMS
69 54

To a stirred solution 089 (37.9 g, 55.7 mmol) in THF (108 ml), a mixture of TBAFM1in
THF, 55.7 ml, 55.7 mmol, 1.0 equiv.) and glacial AcOH (12 ml) was slowlydcadder 15

min at 0°. Stirring was continued for 40 min at 0°, before the soln. was warmed up tcer.t. Aft
3 h, another 0.1 equiv. TBAF/AcOH was added, and the reaction was allowgal t
completion (5 h). Silica gel (25 g) was added, and the solvent was/eednunder reduced
pressure. FC (hexane/AcOEt 2:1) yielded @m#¢€17.0 g, 54%) as a white solid.

TLC:
Rr = 0.24 (hexane/AcOEt 2:1).

M.p.:
156-158°.

'H-NMR (300 MHz, (Q)DMSO):

8.86 &, H-C(2)); 8.85 §, H-C(8)); 6.48 (-like, J = 6.8, H-C(1")); 5.02 {-like, J = 5.6, OH);
4.64 Quint-like, J = 2.8, HC(3)); 3.923.86 fm, H-C(4)); 3.66-3.57 (M, HsC(5));

3.56-3.47 (M, Hy—C(5")); 2.91 ddd, J = 6.0, 7.2, 13.3, K+C(2)); 2.38 dldd, J = 3.5, 6.2, 13.3,
H,—C(2"); 1.39 §, t-BuO); 0.91 §, t-BuSi); 0.12 §, Me:Si).
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3C-NMR (75.5 MHz, (R)DMSO):
151.4 (C(6)); 150.4 (C(2)); 144.3 (C(8)); 90.3 (CO); 87.9 (C(1)); 84.0 (C(4")); TIB)):
63.2 (C(5"); 41.3 (C(2"); 27.84eC); 25.8 MesCSi); 18.0 (CSi); 4.7, —4.8 (2 MeSi).

MS (FAB):
604 (M + K]*); 566 (M + HJ").

IR (KBr): 3308, 2933, 2858, 1745, 1708, 1607, 1464, 1355, 1270, 1163, 1121, 1025, 930,
836, 788.

EA:
Co6H43N507Si (565.75) calculated: C 55.20,H 7.66, N 12.38.
found: C55.49, H7.73, N 12.05.

12.4 6N-[(tert-Butoxy)carbonyl]-3'-O-[(tert-butyl)dimethylsilyl]-4'-
(hydroxymethyl)-2'-deoxyadenosine (56)

1) CMC, DMSO, py - TFA HO

1 o A(N°Boc;) 2) agq. CH,0, Ba(OH),, dioxane, H,O o A(N°Boc)
3) NaBH,, EtOH ]

OTBDMS HO~ OTBDMS

HO

54 56

Compound54 (18.6 g, 32.9 mmol) and CMC (48.7 g, 115 mmol, 3.5 equiv.) were co-
evaporated with toluene ¢, added to a solution of pyridinium trifluoroacetate (3.50 g, 18.1
mmol, 0.55 equiv.) in anhydrous DMSO (210 ml) and stirred for 18 h at r.t. @lhwmwvy
mixture was cooled in an ice-bath, a solution of oxalic acid (1.63 g, 18dl,M.55 equiv.)

in MeOH (30 ml) was added, and the solution was stirred for another 75 min. The colourless
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precipitate was filtered off and washed with cold,CH (250 ml). The organic phase was
washed with saturated aqueous NaHGOIlution (500 ml), and the aqueous phase was re-
extracted with CHCI, (4 x 300 ml). The combined organic phases were dried (MgSO
filtered, and concentrated under reduced pressure to yield a yellomh@h was dissolved in

a mixture of 1,4-dioxane (237 ml),,€ (107 ml) and 36% aqueous formaldehyde (27.1 ml).
Then, Ba(OH) 008 H,O (14.8 g, 47.0 mmol, 1.43 equiv.) was added, and the mixture was
sonicated for 5 min under vigorous shaking, stirred for 19 h at r.t., and patoeshturated
aqueous NKCI solution (500 ml). The aqueous phase was extracted witiCigi# x 400

ml), the combined organic phase was dried (MgS@ltered, concentrated under reduced
pressure, and co-evaporated with toluene. The residue was dissolved inCGHH1EO ml),
cooled to 0°, and NaBH1.87 g, 49.4 mmol, 1.50 equiv.) was slowly added. After stirring for
75 min at r.t., the mixture was cooled to 0°, AcOH (6 ml) was addedthansblution was
concentrated. The green residue was dissolved #CGKB00 ml), and the organic layer was
washed with brine (400 ml). After re-extracting the aqueous phaseQMCl, (4 x 300 ml),

the combined organic phases were dried (MgSfidtered, and concentrated vacuofor 10

min. The residue was dissolved in ACOEt (23 ml) and kept at r.t. until no more fatecypas
obtained (48- 72 h). The off-white precipitate was filtered off, washed with &d@®Et (10

ml) and hexane (20 ml), and dried under high vacuum to yield §(&.82 g, 48%) as a

white solid.

TLC:
R¢ = 0.39 (ACOE).

M.p.:
208-210°.

IH-NMR (300 MHz, ()DMSO):
8.65 & NH, H-C(2)); 8.59 § H-C(8)); 6.45 t-like, J = 6.6, H-C(1")); 4.99 {like, J = 5.5,
OH); 4.70 Quint:like, J = 3.8, H-C(3)); 4.46 t-like, J = 5.5, OH); 3.653.49 1, CHy(5"),
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CH,OH); 2.99-2.89 (n, H.~C(2")); 2.482.38 (n, H,—C(2)); 1.48 § t-BuO); 0.91 § t-BuSi);
0.11 6 MeSi).

3C-NMR (75.5 MHz, (R)DMSO):

151.3 (C(6)); 151.0 (C(2)); 150.0 (C(4)); 142.5 (C(8)); 123.8 (C(5)); 89.6 (CO); 8310)(C(
80.1 (C(4)); 72.7 (C(3)); 61.9, 61.0 (@H, C(5)); 40.4 (C(2")); 28.7MeC); 25.7
(MesCSi); 17.7 (CSi); -4.9, -5.2 (2 MeSi).

MS (ESI):
518 (M + NaJ'); 494 (M — H] ).

IR (KBr):
3414, 3354, 2933, 2857, 1754, 1619, 1585, 1470, 1403, 1369, 1331, 1232, 1146, 1116, 1057,
1017, 950, 873, 838.

EA:
C22H37Ns06Si (495.66) calculated: C53.31,H7.52, N 14.13.
found: C53.13,H7.54, N 14.13.



96 12. Synthesis of the-Rivaloyl Modified Adenosine Derivative

12.5 6N-[(tert-Butoxy)carbonyl]-3'-0,5'-O-bis[(tert-butyl)dimethylsilyl]-4'-
(hydroxymethyl)-2'-deoxyadenosine (57)

HO A(N®Boc)
:O:
HO~ OTBDMS
56
1) CH3C(OCHg)z, CSA, CH,Cly, -78 T
2) 20% ag. AcOH, -20 T
3) TBDMSCI, imidazole, DMF
4) MeONa, MeOH, 0 C
TBDMSO AN®BoC) HO. AN®Boc)
e e
+
HO~ OTBDMS TBDMSO~ OTBDMS
57a 57b
(14:1)

After co-evaporation with toluene 10 ml), diol56 (6.18 g, 12.5 mmol) was dissolved in
anhydrous CHKCI, (60 ml) and cooled to —78°. Trimethyl orthoacetate (7.85 ml, 62.5 mmol,
5.0 equiv.) and racemic CSA (232 mg, 1.00 mmol, 0.080 equiv.) were added. Aften,10 mi
the cooling bath was removed, and the solution was stirred for 3 h @he.tsolution was
cooled to —20°, 20% aqueous AcOH (83 ml) was added, and the biphasic mixuserveal

at —20 to 0° for 17 h. Then, GE&l, (500 ml) and 1% aqueous NaOH solution (500 ml) were
added, followed by saturated agueous NakliG@ution (about 600 ml) to adjust the pH to
8-9 (caution: evolution of COrequires slow addition). The resulting mixture was extracted
with CH,ClI, (3 x 400 ml). The combined organic phase was dried (My3S@ered, and the
solvent removed under reduced pressure. After co-evaporation with tolugned(ghl), the

colourless residue was dissolved in anhydrous DMF (75 i¥piidazole (2.55 g, 37.5
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mmol, 3.0 equiv.) and TBDMSCI (2.83 g, 18.8 mmol, 1.5 equiv.) were added, and the
solution was stirred at. r.t. for 15 h. The reaction was quenched byoadsfitMeOH (30 ml),

and the solvent was removidvacuo The residue was dissolved in &H, (500 ml) and 0.3

M aqueous tartaric-acid solution (1000 ml), and extracted withkCGH3 x 300 ml). The
combined organic phase was dried (MgkCiltered, and concentrated under reduced
pressure. The residue was dissolved in MeOH (60 ml), chilled to 0°, a@dN&i (10.3 g) was
added. After stirring the white suspension for 30 min at 0°3GEH500 ml) and saturated
aqueous NECI soln. (850 ml) were added. Then, the solution was adjusted to pHby
addition of glacial AcOH. The mixture was extracted with,CH (4 x 300 ml), the combined
organic phase was dried (MgfQfiltered, and the solvent was removed under reduced
pressure. FC (hexane/AcOEt 2:1 AcOEt) yielded pure diastereocisomé&i&a (3.74 g, 49%)
and57b (2.77 g, 36%) as white foams, in a ratib@&/57b 14 : 10.

Data for57a

TLC:
Rt = 0.10 (hexane/AcOEt 1:1).

M.p.:
61-62°.

'H-NMR (300 MHz, ()DMSO):

8.59, 8.58 (8 NH, H-C(2), H-C(8)); 6.44 t-like, J = 6.5, HC(1)); 4.75 {-like, J = 5.3,
OH); 4.50 tlike, J = 5.2, HC(3")); 3.69 §like, CHy(5"); 3.66 (Id, J = 4.3, 11.5,
CH;-C(4"); 3.51 @d, J = 6.2, 11.5, CR-C(4)); 3.072.98 fm, H;—C(2"); 2.512.40 fm,
Hy,—C(2); 1.47 § t-BuO); 0.90, 0.84 (€ 2t-BuSi); 0.11, 0.10 (€ 2 MeSi); 0.01, -0.01 &
2 MeSi).

13C-NMR (75.5 MHz, (R)DMSO):
151.5 (C(6)); 151.3 (C(2)); 150.0 (C(4)); 142.5 (C(8)); 123.8 (C(5)); 88.9 (CO); 82.7 (C(1));
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80.1 (C(4"); 72.3 (C(3)); 62.6, 60.5 (@BH, C(5Y); 39.0 (C(2)); 27.8MeC); 25.7, 25.6 (2
MesCSi); 18.0, 17.7 (2 CSi); —4.8, 5.3, 5.5, —5.6 (4 MeSi).

MS (FAB):
610 (M + HJ").

IR (KBr):
3420, 3256, 2955, 2931, 2858, 1753, 1613, 1584, 1525, 1470, 1392, 1368, 1329, 1255, 1231,
1147, 1083, 951, 837.

EA:

CogH51Ns06Si, (609.92) calculated: C55.14, H 8.43, N 11.48.
found: C55.17,H8.36, N 11.31.

Data for57hb:

TLC:

Rt = 0.27 (hexane/AcOEt 1:1).

M.p.:
109-111° (liquid crystal).

'H-NMR (300 MHz, ()DMSO):

8.65 6 NH, H-C(2)); 8.58 §, H-C(8)); 6.43 t-like, J = 6.6, H-C(1")); 5.02 {like, J = 5.5,
OH); 4.75 (-like, J = 5.8, H-C(3); 3.75 ¢, J = 10.7, H-C(5"); 3.69 ¢, J = 10.7, H-C(5));
3.57-3.46 (n, CH,OH); 2.96-2.81 n, H.-C(2")); 2.52-2.43 (n, Hy-C(2")); 1.47 §, t-BuO);
0.89, 0.88 (& 2t-BuSi); 0.09, 0.08 (& 2 MeSi); 0.05, 0.04 &2 MeSi).
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3C-NMR (75.5 MHz, (R)DMSO):

151.6 (C(6)); 151.4 (C(2)); 150.0 (C(4)); 142.6 (C(8)); 123.8 (C(5)); 89.1 (CO); 831D)(C(
80.1 (C(4"); 72.2 (C(3"); 63.1, 61.8 (¢H, C(5"); 40.4 (C(2)); 27.8MeC); 25.8, 25.6 (2
MesCSi); 18.1, 17.7 (2 CSi); —4.8, 5.3, 5.5, -5.6 (4 MeSi).

MS (FAB):
610 (M + HJ").

IR (KBr):
3419, 2955, 2930, 2857, 1753, 1612, 1524, 1467, 1393, 1367, 1330, 1255, 1147, 1082, 953,
837.

EA:
CasHs51Ns506SIH, (609.92) calculated: C 55.14, H 8.43, N 11.48.
found: C55.17,H8.29, N 11.41.

12.6 6N-[(tert-Butoxy)carbonyl]-3'-0,5'-O-bis[(tert-butyl)dimethylsilyl]-4'-

formyl-2'-deoxyadenosine (58)

TBDMSO

] o A(N°Boc) Dess-Martin periodinane, CH,Cl, ] o A(N®Boc)

HO~ OTBDMS o” OTBDMS

TBDMSO

57a 58
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A solution of 57a (9.70 g, 15.9 mmol) and 1,1,1-triacetoxy-1,1-dihydro-1,2-benziodoxol-
3(1H)-one Pess—Martin reagent; 16.9 g, 39.8 mmol, 2.5 equiv.) in anhydrousGEH200

ml) was stirred at r.t. for 6 hi=-BuOMe (500 ml) was added, and the mixture was extracted
with 0.3 M NaOH (3x 300 ml) containing N&,0Os; (15 g each). The organic phase was
washed with brine (300 ml). The aqueous phase was re-extractedBui@Me (300 ml), the
combined organic phase was dried (MghkCiltered, and concentrated under reduced
pressure. FC (hexane/AcOEt 3:11:1) yielded pur&8(7.84 g, 81%) as a white foam.

TLC:
Rt = 0.32 (hexane/AcOEt 1:1).

M.p.:
64°.

'H-NMR (300 MHz, CDC}):

9.68 6, CHO); 8.76 § H-C(2)); 8.29 § H-C(8)); 8.01 (br.s, NH); 6.78 {-like, J = 6.9,
H-C(1)); 4.88 t-like, J = 4.2, HC(3)); 4.06 @, J = 11.3, H-C(5"); 3.93 ¢, J = 11.3,
H,—C(5"); 2.96-2.83 fm, H.~C(2))); 2.572.52 (m, Hy—-C(2")); 1.57 § t-BuO); 0.90, 0.89 (&
2 t-BuSi); 0.11, 0.10 (& 2 MeSi); 0.08, 0.07 &2 MeSi).

3C-NMR (75.5 MHz, CDGJ):

200.9 (CHO); 153.0 (C(6)); 149.9 (C(2)); 149.6 (C(4)); 141.0 (C(8)); 121.8 (C(5)); 93.3 (CO);
85.5 (C(4"); 82.3 (C(1"); 75.9 (C(3)); 63.9 (C(5Y); 41.6 (C(2)); 2®&Q); 25.9, 25.6 (2
MesCSi); 18.3, 17.9 (2 CSi); —4.7, -5.3, 5.5, -5.6 (4 MeSi).

MS (FAB):
646 (M + K]*); 608 (M + HJ").

IR (KBr):
3421, 3178, 2955, 2858, 1742, 1610, 1465, 1329, 1257, 1229, 1145, 1096, 945, 838.
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EA:
CagH49Ns06SI> (607.90) calculated: C55.32, H8.12, N 11.52.
found: C 55.33, H8.07, N 11.36.

12.7 6N-[(tert-Butoxy)carbonyl]-3'-O,5'-O-bis[(tert-butyl)dimethylsilyl]-4'-
(2,2-dimethylpropanoyl)-2'-deoxyadenosine (59)

TBDMSO 6
A(N"Boc
TBDMSO o A(N®Boc) 1) tBuLi, THF, -78C #@J ( :
O/] O;TBDMS 2) Dess-Martin periodinane, CH,Cl, o] OTBDMS
58 59

Compounds8 (9.56 g, 15.7 mmol) was co-evaporated with toluene {® ml), dissolved in
anhydrous EO (200 ml) and cooled to —78°. CdlBuLi solution (1.5v in pentane, 52.4 ml,
78.6 mmol, 5.0 equiv.) was added within 3 min, and the brown mixture wasl dtore
another 10 min. Then the reaction was quenched by addition of saturated ayti@ls
solution (95 ml), the pale yellow mixture was warmed to r.t., éceatith HO (400 ml), and
extracted with ChKCIl, (5 x 300 ml). The combined organic phase was dried (MJSO
filtered, concentrated under reduced pressure, and co-evaporated with {@ued® ml).
The resulting yellow foam was dissolved in anhydrous@(150 ml), treated with 1,1,1-
triacetoxy-1,1-dihydro-1,2-benziodoxol-3{)-one (Dess—Martin reagent; 16.6 g, 39.3
mmol, 2.5 equiv.), and stirred at r.t. for 25 h. TheBuOMe (500 ml) was added, and the
mixture was extracted with 08 aqueous NaOH solution ¢ 300 ml) containing N&,03
(15 g each). The organic phase was washed with brine (300 ml), angut®ua phase was
re-extracted with-BuOMe (300 ml). The combined organic phase was dried (MgSO



102 12. Synthesis of the-Rivaloyl Modified Adenosine Derivative

filtered, concentrated under reduced pressure, and co-evaporated with .tok@ne
(hexane/AcOEt 7:2- 2:1) yielded pur®&9 (2.62 g, 25%) as a white foam.

TLC:
Rf = 0.27 (hexane/AcOEt 2:1).

M.p.:
70-72°.

'H-NMR (300 MHz, CDC)):

8.76 &, H-C(2)); 8.42 ¢, H-C(8)); 8.11 (brs, NH); 6.76 (id, J = 5.4, 9.5, HC(1")); 4.56 (-
like, J = 4.6, H-C(3")); 3.99 ¢, J = 10.5, H-C(5")); 3.87 ¢, J = 10.5, H-C(5"); 2.70 dd, J
=4.7,9.4, 13.0, FC(2)); 2.48 c-like, J = 5.5, 12.9 Hz, K-C(2')); 1.54 § t-BuO); 1.22 §,
t-Bu—CO); 0.88, 0.87 (& 2t-BuSi); 0.11, 0.08, 0.07, 0.06544 MeSi); NOE {-BuC=0 -
H-C(8): (+); HC(1"): ++ ; H-C(3"): (+); H—C(5): ++; H—C(2): (+).

13C-NMR (75.5 MHz, CDGJ):

213.5 (-BuCO); 153.1 (C(6)); 149.7 (C(2)); 149.6 (C(4)); 140.9 (C(8)); 121.7 (C(5)); 100.4
(NCO); 85.5 (C(4"); 82.2 (C(1)); 75.6 (C(3); 69.2 (C(5)); 45.1 {M0); 42.9 (C(2));
28.3, 28.2, 28.1MesC-0); 26.3, 25.9, 25.8, 25.7, 25.5 N&:CSi, MesC-CO); 18.4, 18.0 (2
CSi); -4.9, -5.2, 5.4, -5.5 (4 MeSi).

MS (FAB):
702 (M + K]"); 664 (M + H]).

IR (KBr):
3422, 3246, 3181, 2957, 2931, 2859, 1758, 1721, 1703, 1610, 1463, 1366, 1329, 1257, 1225,
1144, 941, 836.
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EA:
C32Hs7Ns06SH, (664.01) calculated: C 57.88, H 8.65, N 10.55.
found: C 58.01, H 8.67, N 10.18.

12.8 4'-(2,2-Dimethylpropanoyl)-2'-deoxyadenosines)

TBDMSO HO

A(NN®Boc A
W ( ) 1) BusNF, THF W
TBDM H
5 © s e

2) SiO,, high vacuum, 80 €

59 60

A mixture of59 (2.27 g, 3.42 mmol) and TBAF {1 in THF, 34.2 ml, 34.2 mmol, 10 equiv.)
was stirred for 1 h at 0° and for 80 min at r.t. Silica gel (14ap added, and the solvent was
removed under reduced pressure. The reagent was removed by passinguifgethmough a
short column of silica gel (AcOEt). Toluene (10 ml) and silica(¢#® g, activated at 80h
vacuofor 24 h) were added, and the mixture concentrated under reduced p(28sutear).
The mixture was heated to 7®° vacuo(about 4x 10 mbar) for 65 h, then, the temperature
was raised to 80° for another 72 h. The mixture was cooled to r.tctexkrnaith DMF (30ml)
and MeOH (30 ml), filtered, and concentratied vacuo Purification by FC (AcOEt-
acetone) yielded pu0 (75.0 mg, 37%) as clear, light amber crystals.

TLC:
R¢ = 0.21 (ACOEt/MeOH 9:1).

M.p.:
87-90° (liquid crystal).
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'H-NMR (300 MHz, CDCY):

8.30 & H-C(2)); 7.94 ¢ H-C(8)); 7.18-7.13 fm, NH,); 6.42 €ld, J = 5.1, 10.3, HC(1"));
5.96 (br.s, 2 OH); 4.88 ¢-like, J = 4.9, H-C(3")); 3.97 ¢, J = 11.4, H-C(5)); 3.89 ¢, J =
11.4, H-C(5"); 3.22 @dd J = 4.9, 10.3, 13.0, HC(2)); 2.36 (d-ike, J = 5.2, 12.9,
H,—C(2)); 1.21 §, t-BuC).

3C-NMR (75.5 MHz, CDGJ):

217.5 (-BuCO); 156.3 (C(6)); 152.3 (C(2)); 148.4 (C(4)); 140.3 (C(8)); 121.2 (C(5)); 102.5
(C(4)); 88.4 (C(1)); 75.7 (C(3)); 68.2 (C(5)); 45.5 (¢@eCO); 39.6 (C(2")); 25.7
(MesC-CO).

MS (FAB):
374 (M + K]*); 336 (M + HJ).

IR (KBr):
3342, 3189, 2962, 2869, 1691, 1647, 1601, 1481, 1371, 1256, 1212, 1103, 944, 907.

EA:
Ci15H21Ns504 (335.37) calculated: C 53.72, H6.31, N 20.88.
found: C 53.45, H 6.50, N 20.75.
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12.9 5'O-[Bis(4-methoxyphenyl)(phenyl)methyl]-6N-
[(dimethylamino)methylidene]-4'-(2,2-dimethylpropanoyl)-2'-

deoxyadenosine (61)

M 1) DMF dimethyl acetal, MeOH M(Nﬁ_dmf)
o OH 2) DMTCI, collidine, DMF, 30 C o OH
60 61

After co-evaporation with toluene (2 2 ml), compound60 (20 mg, 59.6umol) was
suspended in anhydrous MeOH (5 m-(dimethoxymethyl)N,N-dimethylamine (=
dimethyl acetal of DMF; 39.7l, 298 umol, 5.0 equiv.) was added, and the mixture was
stirred at r.t for 16 h. The clear solution was concentrated undereceguessure, then co-
evaporated with MeOH/toluene 1:1 X3 ml), and driedn vacuo DMF (3 ml), DMTCI (30.3
mg, 89.4umol, 1.5 equiv.) and collidine (794@, 596 umol, 10 equiv.) were added, and the
mixture was stirred at 30° for 17 h. MeOH (2 ml) was added, andotbhgos concentrated
under reduced pressure. The residue was co-evaporated with tolueBer(2 and subjected

to FC (silica gelMerck 6Q AcCOEt/EtN 99:1 - acetone/BN 99:1) to yield61 (12.8 mag,

55%) as an off-white foam.

TLC:
R = 0.36 (acetone/gl 99:1).

M.p.:
125-127°.
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'H-NMR (300 MHz, CDCY):

8.92 6, H-C(2)); 8.46 ¢, H-C(8)); 7.96 §, H-CNMe,); 7.36-7.19, 6.866.77 (2n, arom. H);
6.72 €d, J = 5.3, 9.7, HC(1)); 4.71 ¢-like, J = 4.6, HC(3)); 3.77 §, MeO); 3.55 ¢, J =
9.8, H-C(5"); 3.42 ¢, J = 9.6, H—-C(5)); 3.26, 3.21 (€ Me:N); 2.92 @dd J = 5.1, 9.6,
13.5, H—C(2"); 2.53 @id-like, J = 5.3, 13.2, B-C(2")); 1.21 §, t-BuC).

3C-NMR (75.5 MHz, CDGJ):

217.0 (-BuCO); 158.6 CNMe,); 158.0, 152.7, 151.6, 143.9, 140.1, 135.1, 130.1, 128.3,
128.2,127.9, 127.0, 113.1 (arom. C); 98.6 (C(4")); 87.23A85.2 (C(1")); 76.0 (C(3")); 67.8
(C(5); 55.2 (MeO); 45.7 (ME-CO); 41.2 (C(2"); 38.7, 35.2 (2 MeN); 26NI&;sC-CO).

MS (ESI):
715 (M + NaJ’); 693 (™).

IR (KBr):
3424, 2959, 2925, 2854, 1702, 1637, 1561, 1509, 1459, 1420, 1352, 1250, 1177, 1112, 1033,
937, 829.

EA:

An accurate combustion analysis could not be obtained.
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12.10 5'O-[Bis(4-methoxyphenyl)(phenyl)methyl]-6N-
[(dimethylamino)methylidene]-4'-(2,2-dimethylpropanoyl)-2'-
deoxyadenosine-30-[(2-cyanoethyl)N,N-
diisopropylphosphoramidite] (46)

l}l(iPr)z DMTO o A(NE-dmf)
DMTO 6 N
OH

O, o
O PN
(@) iPerEt, CH2C|2 N

T

46

61

Well-dried 61 (56.7 mg, 81.7umol) was dissolved in anhydrous g, (2.0 ml),i-Pr,NEt
(Hunig base; 75.5ul, 441 pmol, 5.4 equiv.) and 2-cyanoethyIN-(diisopropyl)-
chlorophosphoramidite (54.il, 245 pumol, 3.0 equiv.) were added, and the solution was
stirred at r.t. for 3.5 h. The mixture was poured into saturated aquediSQ@ solution (20
ml), which was extracted with GBI, (3 x 20 ml). The combined organic phase was dried
(NaSQy), filtered, and concentrated under reduced pressure. The residue iiad pyriFC
(silica gelMerck 6Q hexane/acetonedit 49.5 :49.5 :1) to affordl6 (57.1 mg, 78%) as a

colourless solid, which was used without further purification for oligonucleotide sigithes

Mixture of two diastereoisomers:

'H-NMR (400 MHz, CDC}):
8.91, 8.90 ¢ H-C(2)); 8.48, 8.44  H-C(8)); 7.92, 7.91  HC-NMe,); 7.32-7.19,
6.76-6.73 (an, arom. H); 6.746.65 (m, H-C(1")); 4.23-4.07 fn, H-C(3'), CHOP); 3.75§,
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MeO); 3.55-3.44 (m, H.~C(5), H—C(5'), MeCH); 3.24, 3.19 (& MeN); 2.76-2.72 M,
Ha-C(2'), CHCN); 2.60-2.57 fn, Hy-C(2)); 1.271.14 (n, Me;,CH, MeC—CO).

13C-NMR (101 MHz, CDCJ):

218.1 (-BuCO); 158.7 CNMey); 157.3, 153.2, 152.0, 144.8, 140.1, 135.1, 130.2, 129.0,
128.1, 127.7, 127.0, 116.8, 113.1 (arom. C, CN); 97.0 (C(4')); 87:C)/85.9 (C(1"); 77.2
(C(3)); 70.8 (C(5"); 58.1, 58.0 (MeO); 55.1 (€bP); 46.9 (MegC-CO); 45.6
((MeoCH),NH); 41.3 (C(2'); 37.2, 35.1 (MM); 26.0 MesC—-CO); 22.9, 22.8, 22.7, 22.6
((Me,CH),NH); 20.0, 19.1 CH.CN).

3P_NMR (162 MHz, CDGQ)):
149.1, 147 .4.

MS (ESI):
915 (M + NaJ); 893 (M + H]").
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13 Oligonucleotide Syntheses

13.1 Principle of the Automated DNA Solid-Phase Syhesis

Synthetic oligonucleotides are usually built up in 3' to 5' directiontladirst building block

is covalently bound to the solid phasa a base-labile succinyl linker. The connection to the
solid phase izia an amide bond and the 5' hydroxy group is protected by an acid-labile DMT
ether. Generally, the solid phase has a loading density of 20 fon80 of the starting
nucleotide per gram of solid phase. Solid phase amino functionalized ivatesil(CPG —
controlled pore glass) are widely used, which offer a range ofwidtas from 500 to 2000
A. Solid phase material featuring a pore width larger than 100004 gsrticular advantage
for longer oligonucleotides (> 30mers). Pre-loaded flow-through columraifomated DNA
syntheses span a synthesis scale range from 40 nmol ugutadlOFor this work, only 500
A pore width CPG columns in Opmol synthesis scale were used.

The monomeric nucleotide building blocks carry temporary protection greupsh get
cleaved before each coupling step. They also contain permanent proggotips for the
amino functions of A, C and G, as well as for the phosphite function, \@hécbnly cleaved
after completion of the oligonucleotide synthesis. The DMT group d fmsethe protection
of all 5' hydroxy groups. The amino groups of A, C, and G are protectesn@es or
amidines, and the phosphites are protected by the 2-cyanoethyl group.

The first step of oligonucleotide synthesis is the deprotection deth@nal DMT group by
2% trichloroacetic acid. The following, tetrazole-activated nualeothen couples with this
free hydroxy group. The amidite building blocks are added in approxiniieigld excess
for the coupling steps. In the next step, unreacted 5' hydroxy groupapgred in a fast and
guantitative reaction as acetates, in order to terminate ahgifgynthesis of fault sequences.
The subsequent oxidation of the labile P(lll) compound to the phosphatdiéveat by
reaction with a iodine/water/pyridine mixture. With the cleavagthe DMT group the next
synthesis cycle starts. The amount of cleaved trityl cationasitored photometrically or
conductometrically, as this serves as a scale for couplingeeffic Upon completion of the

synthesis, the oligonucleotide is manually cleaved off the solid phase by treaithe3Q%
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agueous ammonia solution at 55 °C for 8 h. All permanent protection grougis@iteaved

in this step with exception of the terminal DMT gro@elieme 13)1

Scheme 13.1
DMTO

ol

trityl deprotection: 0]

Cl;CCOOH !
(2 % in CH,Cl,) o’ P\N<

CN
amidite:
(0.1 M in CHZCN)

BP
) coupling:
\bj tetrazole
(0]

(4 % in CHZCN)

HO
trityl deprotection:
Cl;CCOOH
(2 % in CH2C|2)

o (.

capping:
Ac,0O/lutidine + NMI/THF

DMTO BP
o
i . AcO. BP
oxidation: o o
I,/H,O/pyridine I CN
THF P-0"
o

fe=) 9
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13.2 Introduction of the 4'-Pivaloylated Adenosinet6

Freshly-prepared 4'-pivaloylated nucleosdieé was driedin vacuo and was dissolved in
absolute CHCN to give a 0.M solution. Solid-phase syntheses were carried out atroat

scale using standard columns (CPG, 500 A pore width, Glen Researctsyrithesizer was
performing in standard mode except for the coupling of the modified nid#soshich were

manually coupled using the following procedure:

* instead of “monomer 5” install anh. AcCN at the synthesizer
* manually stop synthesis when it starts pumping “monomer 5”
* remove column from synthesizer, wash with anh. AcCN. Attach two ¢rmiges,

one containing 0.2ml Asolution, one containing 0.2 ml Activator solution

* pump these solutions through the column for 20 min. Let the synthesizeegroce

without column until the end of the coupling procedure, stop again

» wash column with anh. AcCN, proceed with the synthesis cycle

* when deblocking has ended, stop again and remove column. Add one empty syringe,

and one containing 0.5 ml of deblock mix, manually deblock for another 2-3 min,
until the solution does not get cloudy any more when pumped through

thoroughly wash with anh. AcCN, re-mount and proceed with automated synthesis

This procedure proved to afford coupling yields which were absolutely cabipao those
of unmodified nucleosides (> 98%), and nearly no loss of the modified nucleddide
syntheses were carried out in trityl-ON mode. Upon completion cythgheses, the columns
were dried in an argon flow, and were incubated by 30% aqueous ammonians@dutl)
overnight. After lyophilization, the crude oligonucleotide was extchetéh TEAA buffer
(0.9 ml, 0.1m, pH 7) and filtered through a 0j2m syringe filter for subsequent HPLC

purification.
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13.3 Workup and Purification of the Oligonucleotides

The crude trityl-ON oligonucleotide mixtures in TEAA buffer wenarified by RP-18 HPLC
(seeChapter 11.2 The following HPLC gradient was applied: 15% to 40%3CN in 25
min., which led to elution of the desired oligonucleotides within 9 to 14 Thia.collected
fractions were lyophilized. For trityl deprotection, 80% aqueous aeeidt (200ul) was
added to the dry fractions. After 20 min at r.t., aqueous NaOAc sol®&ien 50 ul) andi-
PrOH (300 ul) were added, and the mixture was vigorously shaken, centrifuged and
lyophilized to dryness.

For the trityl-OFF purification, the deprotected oligonucleotidesvdssolved in water and
filtered through a 0.Z2um syringe filter. The following HPLC gradients were applieak f
oligonucleotides < 30mer, 6% to 13% &N in 20 min., which led to elution of the desired
oligonucleotides after about 15 to 19 min. For oligonucleotides > 30mer, 6984cCHCN

in 27 min., which led to elution of the desired oligonucleotides after adoub 23 min.
Oligonucleotides containing many T bases generally eluted later oligonucleotides

containing many A bases.

13.4 Data for the Synthesized Oligonucleotides

The identity of all oligonucleotides was verified by MALDI-TOFSM Their purity was
verified by RP-18 HPLC, as well as by MALDI-TOF MS. All atigucleotides used in
photolyses were of 97% purity at least. The unmodified strands weohased from
Microsynth and Qiagen/Operon, and were purified by PAGE and RP-18 HPLC.
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Sequence €260 [M-H]" [M-H]”

(umtem™) calculated  found

101
5-TTTCTTTTTGGGTTTTTGGGTTTTTCTTT-3' 242.6 8879.0  8877.6
102

5-AAAGAAAAACCCAAAAACCCAAAAAGAAA-3' 3515 8905.9  8908.9
103

5-AAAGAAAAACCCAAAAACCCAAA “AAGAAA-3' 3515 8990.0  8990.8
104

5-TTTCTTTTTGGGTT[sp-d]TTGGGTTTTTCTTT-3'  233.4 8754.7  8748.4
105

5-TTTCTTTTTGGG[sp-d]TTT[sp-d]GGGTTTTTCTTT-3' 225.5 8630.6  8630.2
106

5-TTTCTTTTTGGGTTCTTGGGTTTTTCTTT-3' 239.9 8863.8  8872.3
107

5-TTTCTTTTTGGGCTTTCGGGTTTTTCTTT-3 238.6 8848.8  8856.5
108

5-AAAGAAAAAC

CCAAAGAAACCCAAA ‘AAGAAA-3' 373.7 9634.4  9634.7
109

5-AAAGAAAAACCCAATAACCCAAA “AAGAAA-3' 3435 8981.0  8987.7
110

S-TTTCTTTTTGGGTTTCTTTGGGTTTTTCTTT-3' 255.7 9472.2 9473.2
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11t

S-TTTCTTTTTGGGTTATTGGGTTTTTCTTT-3'

247.2

8887.8 8887.8

112

5'-AAAGAAAAACCCAAAGAAACCCAAAAAGAAA-3' 373.7

9550.3 9553.8

113

5'-AAAGAAAAACCCAAAGAAACCCAAAAAGAAA-3' 343.5

8898.9 8907.1

114
5'-AAGAAAACCC

AAAAAAAAAAAACCCAAA "AAGAAA-3'

418.3

10558.1 10564.7

115
S-TTTCTTTTTG

GGTTTTTTTTTTTTGGGTTTTCTT-3'

280.7

10399.8 10405.3

116
5'-AAGAAAACCC

AAAAAAAAAAAACCCAAAAAGAAA-3

418.3

10474.0 10482.7

117
5'-AAAGAAAAAC

CCAAACAAACCCAAA AAGAAA-3'

369.8

9594 .4 9596.3

118

S5-TTTCTTTTTGGGTTTGTTTGGGTTTTTCTTT-3'

259.6

9512.2 9522.8

119
5'-AAAGAAAAAC

CCAAACAAACCCAAAAAGAAA-3

369.8

9510.3 9516.9

120
5'-AAGAAAACCC

AAAAAAAAACCCAAA "AAGAAA-3'

379.3

9618.4 9624.0
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abbreviations:

A 4'-pivaloyl modified adenosine
[sp-d] reduced abasic site (3-hydroxy-2-[hydroxymethyl]tetrahydrofurane)

13.5 DNA Melting Temperatures

Prior to the DNA melting temperature [JTmeasurements, the desired two complementary
strands (0.2 nmol each) were dissolved in 1.0 ml buffer solution (pH 5.0,M2800ium
citrate, 100 nmu NaCl) and annealed according to the procedure descriligubjoter 11.3

Tm measurements were carried out at 260 nm and a temperaturegeddie’C min’. The

values given are the mean of the heating and cooling curves.

Duplex Tn/ °C Duplex T/ °C
101102 63.0 103106 55.5
101103 58.4 103107 554
101109 51.3 103111 53.3
101113 52.7 108110 58.8
102104 51.8 109111 57.6
102105 46.2 110112 61.3
102106 56.7 111113 59.5
102107 56.6 114115 60.0
102111 54.3 115116 61.2
103104 49.9 117118 60.5
103105 45.2 118119 61.3
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14  Photolyses with Subsequent PAGE Analysis

14.1 Radioactive Labelling of Oligonucleotides

To a solution of oligonucleotide (20 pmol) in kinase buffenl(470 mv Tris - HCI pH 7.6, 10
mM MgCl,, 5 mv dithiothreitol) were added/{*?P]-ATP (2 pmol), T polynucleotide kinase
(10 units), and nanopure,@ (for a total volume of 4@l). After incubation (45 min at 37
°C), the labelled oligonucleotide was purified by centrifugati@a mini-QuickSpincolumn.

All oligonucleotides were used for experiments within 14 h aftbellmg in order to

minimize decomposition caused by radiation and radioactive decay.

14.2 Photolyses and Piperidine Cleavage

Double-stranded DNA was generated by mixing the 4'-modified oligootickée (6.7 pmol)
with 1.5 equiv. of the correspondifigP-labelled complementary strand in citrate buffer (980
ul, pH 5, 20 nm citrate, 100 mu NaCl) and heating to 75° for 5 min, followed by cooling
slowly to r.t & 2 h). The identical procedure was applied to the non-modified control
oligonucleotide.

Argon was bubbled through the solution in the cuvette for 6 min beforeaiticadi Double-
stranded DNA solution (20Ql) was irradiated at 320 nm for 5 min (the cuvettes were
thermostated to 20°) to obtain cleavage yields at the modified position of 38% to 45%.

A portion of the irradiated solution (40) was mixed with 1.0v aqueous piperidine solution
(200 ul; prepared from freshly re-distilled piperidine), and was shak&0%ator 30 min, then
lyophilized.
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14.3 Maxam-Gilbert Sequencing
The following procedures, derived from the original procedureMayamand Gilbert,!*®!

were applied in order to create DNA reference ladders on the gels:

» for random cleavage at all G positions: to the remains of thédddbaigonucleotide
(about 1 pmol) were added phosphate buffery(5@H 7.0) and dimethyl sulfate (0.5
ul). After 15 min at r.t.,, 1.v aqueous piperidine solution (2Q0; prepared from
freshly re-distilled piperidine) was added and the mixture wakeshat 90° for 15
min, then lyophilized.

» for random cleavage at all C and T positions: to the remains oflathelled
oligonucleotide (about 1 pmol) were added hydrazine hydratglj2@nd nanopure
H,O (5.0 ul). The mixture was shaken at 40 °C for 20 min, and was evaporated to
dryness at 60 °C faz 3 h. Then, 1.1 aqueous piperidine solution (200 prepared
from freshly re-distilled piperidine) was added and the mixture steaken at 90° for
30 min, and lyophilized.

14.4 Polyacrylamide Gel Electrophoresis (PAGE)

14.4.1 Preparation of Gels

The 12% denaturing polyacrylamide gels were cast according ndasth procedur@sr”]
using urea (50 g), nanopure® (20 ml), 10x TBE buffer (10 ml), andAccuGel 19:1(30
ml). The gel mixture was degassed by a water-jet vacuum punij2 fmin, and filtered, then
polymerization was initiated by addition of TMEDA and 10% ammoniumutfets (80ul
each) and the gel cast at a thickness of 0.4 mm. For this purposstom-@esigned gel-

casting device was useligure 14.3. All gels were prepared at least 3 h before use.



118 14. Photolyses with Subsequent PAGE Analysis

Figure 14.1. Gel casting device

14.4.2 Preparation of Probes and Gel Loading

The dried and piperidine-cleaved irradiation residue was dissolvednixtare of loading
buffer (20ul, 90% formamide, 10% TBE buffer, some bromphenol blue) ai@ @0 pul) by
shaking at 40 °C for 30 min, thef-radiation intensity was standardized by liquid
scintillation of samples (5.0l; mixed with 8.0 mlirgaSafe Plusfrom every probe in order to
ensure that every lane on the gel contained an identical amountazatadty. Generally, the
radioactivity of the 5.0ul samples ranged between and 700 CPM. The best
resolution was achieved by application of0® CPM for the probe lanes, and THD CPM
for the Maxam-Gilbert lanes. However, the volumes applied to thieageio range between 3

and 18ul due to the limited size of the gel loading pockets.

14.4.3 Electrophoresis, Workup and Analysis

Gels were processed at 1500 V for 130 to 170 min, then transferred ontcatdgmphy
paper Whatman 3 MM Chr wrapped int&aranfoil and exposed to a storage phosphorus
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screen for 14 to 17 h. After exposure, the gels were dried for stpagoses at reduced
pressure for 3 h at 80 °C.

Relative yields were calculated by volume integration of sirgglets, histograms were
obtained by line integration along the lanes. All results and histegere the calculated
differences between experiments containing 4'-modified oligonucledaitsontrol probes
containing unmodified strands (s€&hapters 10.310.4). The calculated data are the mean

values of at least three experiments each.

14.5 Data for the Irradiated Radioactive Oligonucletides

14.5.1 Photocleavage Efficiency Tests

Several experiments were done with single- or double-stranded seg@8hc£02 and 103
in order to determine the photocleavage efficiency at differenighties. The results of these
prelimiary experiments were used to find a pH value which offerdest yield of enol ether
76. In contrary to the electron transfer experiments, for thesvare experiments the A
containing strands were radioactively labelled. For both single- and edstiahd

experiments, pH 5.0 afforded the highest absolute yields for enol7&ther

Sequence (single) pH odder/ %0 Renoletherrd %0 Ps-phosphatgd/ %0

102 4.0 61.1 0.4 0.4
103 4.0 7.9 10.2 22.5
102 4.5 47.8 0.6 0.8
103 4.5 6.3 12.7 19.9
102 5.0 66.3 0.5 0.5
103 5.0 7.6 19.6 32.3
102 7.0 71.2 0.6 0.5

103 7.0 8.3 194 33.6
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Sequence (double) pH  oder/ % Renoletherre/ % Ps-phosphatad/ %0
102/101 4.0 0.8 0.4 0.7
103/101 4.0 0.6 0.8 1.2
102/101 4.5 6.6 0.5 0.8
103/101 4.5 1.0 1.2 1.5
102/101 5.0 63.7 0.8 0.7
103/101 5.0 7.8 19.4 30.1
102/101 7.0 62.8 0.5 0.4
103/101 7.0 14.1 15.6 25.5

14.5.2 Charge Transfer Experiments

Measured radioactivity of charge transfer experiments dfeeirtadiation. The data given is

weighted with the total radioactivity of the corresponding lane, an@dh&ol experiments

were subtracted as well. The number of the radiolabelled strand is indicated first

Experiment B Py Ps [ P3

101/103 123.8 68.95 1.88 0.36
107/109 133.7 57.62 2.32 0.47
104103 1952 79.45 25.6¢ 0.60
106/103 130.9 31.86 4,11 0.78
111/103 117.3 62.71 1.820.25
111/109 135.1 74.21 1.82 0.25
115114 91.80 61.61 1.42 0.09
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Appendix

Oxidation Potentials of Nucleobases

The oxidation potentials indicated are measured for nucleosides isHttwithin DNA,
the oxidation potentials alter depending on the nature of the base aidrige neighbouring

bases.
Nucleoside Structure Oxidation Potential /(¥ NHE)
2'-Deoxyadenosine NH, +1.96'/ +2.03
N \N
R
oy
OH
Thymidine 0 +2.1F°
\(J\NH
HO N
Lo
OH
2'-Deoxyguanosine 9 +1.49'/ +1.58
(NfJ\NH
o, SAA,
OH
2'-Deoxycytidine NH; +2.14
~N
o LAy
o
OH

& Data from [22a], measured in AcCR.Data from [22b], measured in aqueous solution.
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