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Abstract auf Deutsch

Abstract

My work mainly includes two parts, one is GNA as a scaffold for molecular
aggregates othromophores, and the other one is the design of octahedral silicon
complexes as DNA binders.

In the first part of the thesis, simplified glycol nucleic acid (GNA) was used as
the template for the helical assembly of covalently bound homochromophores and
heterochromophores: perylene bisimid,(phthalocyaning€Y), and porphyrin(P),
anddifferent numbers of chromophoresuld be stacking inside a duplexhich led

to functionalartificial doublehelical structures
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Figure | (a) Constitution of theS)-GNA and structure of the artificial bases. (b) Sequence of the

duplexes

In the second part of the thesis, the first examples of biologically active complexes
based on octahedral silicon were designed, and silicon complexes with simple arenediol

ligands and phenazinediol ligands were successfully synthesized. These kindsoaof sil
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complexes could be used tatercalatewith DNA duplexes, detect mismatched DNA base

pairs, and stabilize the formation of theg@adruplex.
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Figure 1l Octahedral silicon asreon-classical structural template



Abstract auf Deutsch

Abstract auf Deutsch

Meine Arbeit umfasst haupts&hlich zwei Teile, eines ist GNA als Gerist fir
molekidare Aggregaten von Chromophoren, das andere ist das Design der
oktaedrischen SiliciuAlKkomplexe als DNA Bindemitteln.
Im ersten Teil meiner Arbeit wurde die vereinfachte Glykol Nukleinsdure (GNA) als
Template fir die spiralfdmige Anordnung von kovalent gebundenen
homochromophoren und heterochromophoren (PerylenbisingifiePhthalocyanine
(Y) und PorphyrineH)) verwendet. Unterschiedliche Anzahlen von Chromophoren
konnten sich innerhalb des Duplexes stapeln, und daduch die kinstliche
DoppelhelixStrukturen mit modifizierten Funktionen zu schaffen.
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Figur | (a) Konstitution des(S)}GNAs und Struktuen der kinstlichen BasenB, P und Y. (b)

Darstellungdermit  kinstlichen Basen modifizierteBuplexen.

Im zweiten Teil der Arbeit wurdedie ersten Beispiele fii biologisch aktive Komplexe,
basierend auf oktaedrisch coordiniertem Silizium mit arenediol phehazinediol

Liganden, entwickelt
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Beschrcinkte Stereochemie Toxizitdtsbedenken

Figur Il Oktaedrisctroordinierte SiliziuraAKompexealsnichtklassischetrukturelle Templaten

SolcheSilicium-Komplexe kdnen verwendet werden, um mit DNDAplexe zu
interkalieren, falsch eingeordnete DNBasenpaare zu erkennen, und die Bildung des

G-Quadruplexs zu stabilisieren.
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Chapter 1 Theoretical part
1.1 Nucleic Acid-Assisted Multichromophore Assemblies

1.1.1 Properties of multichromophores

Chromophores play important roles as imaging toolhalife sciences and as
components ofindustrial dyes and pigmerts. The field of multichromophoric
systems has attracted more and more int&e8ampared to the monochromophore,
multichromophores arrayed in close proximity will result in many advantageous
properties. First, the collective absorption is higher, and this is very useful in the
application of lightharvesting in solar cell§. Second, photophysical properties are
also different from the monochromophore. Dimer and exciplexes form as a result of
the interaction between chromophores in the ground state aneitiied staté?

Third, different geometric and directional control of the assembly will lead to diverse
and useful properties of multiple chromophoric systéms.

There are two methods to assemble multichromophore arrays. One is covalent
assembly through a synthetic approach; however, this method is not easily applied.
The other is selassembly through intrinsic nasovalent interactions: van deraals
forces, dipole interactions, and hydrophobic interactions. These kinds of interactions
make the formation of large numbers of chromophoric arfagsible However,
arranging them in the desired way is also very challenging.

Wirthner et al have madenany investigations into sedfssembled -stacks of
functional dyes in solutiorls. They compared the binding strength of different classes
of functional “-conjugated systems: benzene, triphenylenes, hexabenzocoronenes,
heteroaromatic porphyrins, phthalocyanines, quadrupolar naphthalene, perylene
bisimides, zwitterionic merocyanines, asguaraines. In addition to the main factors
of electrostatic interactions, the size and geometry of the dyes that determine the

binding strength, as well as the solution have a great impact on the binding strength.
1
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They found out thathe highest bindinganstants in the following order: merocyanine
(8.0xL0°8 M in dioxane) & perylene bisimide > phthalocyanine fimM™) >
phenylacetylene macrocycles (PAMs, {1@™)) & hexabenzocoronenes (HBCs) >

naphthalene bisimide (1M™) > porphyrina naphthalene > lsezene

1.1.2 DNA-templated multichromophore systems

For the past several decades, scientistge beensearching formethods to
assemid molecules and materials with nanometer spadeision There are two basic
types of nanotechnological constructidtop-d o w aftén uses traditional workshop
or microfabrication methods to fashion elegant patterns with small numbatems
or mol ecul es, -uwlhi laep ptribea cfhb autstesmt he chemi ceé
molecules to cause seEsembly in parallelteps. Natural systems have developed
t heir owapdibwayomo or gani mzewvithcsophgiidatedk ar c hi
functions DNA is a fascinating example of sel§sembly, anchas emerged as a
promising scaffold for generating functional materials in Hwmtonmrup approach
because of its inherent merits. 1) sedembly: canonical Wats@rick base pairing
into duplex; 2) the structure of-BNA is a predictable topology, its diameter and
helical repeat is 2.0 nm and 3.4 nm, respectively, making it fdedthe hydrophobic
and photophysical interaction of chromophores; 3) modern development of automated
oligonucleotide chemistry makes it possible to realize the modifications and the
functionalization of DNA.

Supramolecular chemistry is an important andture research area that has
significantly contributed to the botteop construction. It mainly consists of synthetic
organic and inorganic molecules that assemble into remarkably diverse architéctures.
All functional components of molecules still possess intrinsic special properties, such
as redox, photophysibamagnetic, and catalytic characteristics, which allow for the
rational design of complicated functions into the assemblies. If some functional

organic or inorganic molecules are incorporated into DNA, it will bear completely

2
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new structural motifs and inapt functional properties. By adding the DNA to its
toolbox, the field of supramolecular chemistry will assemble complicated new
structures in a programmable pattern. Many achievements have been made regarding
DNA with synthetic insertions, such as usingthetic vertices to bring a higher order

to the DNA structure and boosting its complexity with branched junctibns.

Based on the properties of DNA and organic chromophores, our main focus here
is on the DNAmultichromophore systems. These kinds of systems have gained more
and more attentiorhey can harness the DNA phosphodiester backbone as a scaffold
for arraying chromophores, and be utilized in the fields of fluorescent nucleic acid
probes, nonenzymatic fluorophore systems, molecular beacons, DNA microarrays,
DNA nanotechnology, photonicites, and DNA sensor devite®

Generally, there are three methods to functionalize DiMAdificationsof the
inter-nucleoside phosphate residue, the nucleoside unit, or the DNA terrBizsed
on these strategies, chromophores could be incorporated into Dptacide sites by
following three main aspects: (A) DNA termat modificationn (B) DNA internal

modification; (C) DNAexternal modification.

i DNA termin al modification

Chromophores add be covalently linked tohe DNA terminusthrough direct
oligonucleotide synthesis, peBINA synthesisor combined approaches. For example,
porphyrin and perylene bisimid®BI) have been successfully incorporated into the
5-djrminal of the DNAvia direct reaction ofa phosphitylated modifier with the
5-Npsition of the ribose moietyFigure 1A and Figure 1B).” On the other hand,
anthracene could be introdua i nt -termihah ef DISANihrough posDNA
synthesis Figure 1C andFigure1D)."*?
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Figure 1 Examples of DNA termial modification with chromophores

The terminal modification of DNA with chromophores may be used as promising
material in the field of nanotechnologiewis et al. studied the structure and
properties of hairpiforming bis(oligonucleotide) conjugates possesspagylene
bisimide (PBI). However, these conjugates predominantly exist as monomers at room
temperature in the absence of NaCl; when the concentration of NaCl reaches 50 mM,
the heaeo-head dimer becomes dominanFigure 2A). The monomedimer
equilibrium is found to be dependent upon temperature and the concentration of
NaCl* They then continued to design novel DNA dumbbell conjugates containing
hydrophobicPBI separated by eigtiiase pairs. In an aqueous buffer containing 100
mM NaCl, selfassembly of 1€80 dumbbell monomers will conjugate into
supramolecular polymers and dar branched aggregateSigure 2B).% A recent
study byWagenknecht et al. shows thaBI could be incorporated as caps onto a
Y-shaped DNA triple strand. Triangular DNA assembles spontaneously through the
stacking interaction ofPBI. The aggregates will be destroyed by thermal
dehybridization of the DNA scaffold and assemble back by reangeali the
DNA 13
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Figure 2 Structures for the bagmaired hairpin oligonucleotides

In addition, terminal modification could be employed to desigenstive

electronicsensors ofnalyte$™ andmonitor DNA structural changés’?

il. DNA internal modification (backbone modification)

The chromophores could also be introduced into the internal sites of DNA
covalently with four natural nucleobes replaced or modified by chromophores.

A number of deoxyribonucleosides based onnuCleosides have been
synthesized and successfully introduced into the internal site of DNA, such as Kool
introduced naphthalene, anthracene, pyrene, and porphyrin N#o (Bigure 3A),
where the natural nucleobases are replaced by chromoptfores

The aromatic nature of chromophores is cruiialorming a stable duplex via
"-" stacking. Therefore, chromophores can be designed as artificial nucleobases to
stack on onearother in a zippelike fashion (Figure 3B). Wagenknechtet al.
synthetically incorporated”Bl into oligonucleotides by usingautomated DNA
building-block chemistry. The 2Njeoxyribofuranosid was replaced by
(9-aminopropan 2, 3-diol as an acyclic linker, which was tethered to Bl

chromophoresUp to six PBI were incorporated in the middle of -b8&r DNA
5



Theoretical part

duplexesin the formof zipperlike interstrand stackinghowever, only the duplex
bearing interstrand dimer inside the duplex reseal slight stabilization relative to

fully unmodified DNA One or more than tw®BI in the duplex will destabilize the

DNA.[®¢ 17
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Figure 3 (A) Examples of DNA base replacements with chromophores. (B) Schematic representation of

zZipperlike interstrandstacking within the DNA duplex
iii. DNA external modification

DNA provides an ideal scaffold for introducing chromophores to the outer rim of
the DNA and forms a helical array upon duplex hybridizatibime incorporation of
the chromophores in the grooves ok tiDNA helix is referred to as external
modification!*® Modification at the 5-Npsition of pyrimidine EFigure 4A) and
replacement purine with7 -Bigazapurines(Figure 4B) are typical methods to
incorporate chromophores into DNA. The advantage of external modification with
chromophores along the DNA helig that thecanonicalWatsonCrick basepairing

propertywill not change significantly.
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Figure 4 DNA natural base modification with chromophores

Up to 11 tetraphenyl porphyrmodified deoxyuridine were incorporateata
DNA by Stulzto form discrete multiporphyrin arrays via site specific incorporation. It

also seems that there is no limitation in the amount of the chromophores, and scale of

the porphyrin arrays could reach about 10(figure5).™*?

A

Figure 5 Side and top view of the fordeeld minimized structures of thduplexes

Overall, covalent modification of DNA with chromophores at the desired sites
could be achieved in three strategies, and the incorporation of chromophores will

functionalize DNA with novel properties.
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1.1.3 GNAtemplated multichromophore systems

Chemical synthesis of oligonucleotides from nucleoside phosphoramidites and
nonnucleoside phosphoramidites are carried out by automated solid phase synthesis.
However, due to the stereocenters in the deoxyribose momtyg especially the
a n o me r-steeocéhterNjhe chemical synthesiglsd modified nucleotide building
blocks is often tedious and lengthgnd includes the chromatographic separation of
diastereomersand thereforeproves challenging to scalgp. Consequently the
chemical synthesis ohodified nucleotides is a critical bottleneck for progress in this
and related areas of research.

As a resultMeggerset al. developed glycol nucleiacid (GNA) consisting of a
simplified acyclic propylene glycol phosphodiesteackbone GNA can also form
stable antiparallel duplexes ia WatsorCrick fashion®® Moreover, it combines

atomic economy, structural simplicity, and hidnplex stability(Figure®6).

3l
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Figure 6 Constitutions of DNA, RNA, an& andR-enantiomers of GNA

Similar to DNA and RNA, the homoduplex formation of GNArelies on

WatsonCrick base pairingwith antiparallel strandomplementarity and a 1:1 strand
8
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stoichiometry (R)-GNA and §-GNA do not significantly crospair with each other,

either in a paralledr antiparallel mannéf®® 2! Compared to corresponding DNA and

RNA, GNA displayed higher thermal stability. For examflg of the GNA sequence
SNTAAAATTTATATTATTAA -2NBNATTTTAAATATAATAATT -3Nj I s€C,63.0
while Ty of analogous DNA and RNA is 4@5 and 42.8 , respectively.

In addition to he high thermal stability, the chemical synthesis djlycol
nucleoside phosphoramiditesarting from glycidolis rather easy, and the synthesis
route of dimethoxytritylated glycol nucleoside phosphoramidites of adenine (A),
thymine(T), uracil (U), guanine (G), and cytosine (&) simply described scheme
1; all thesenucleoside phosphoramiditesuld be obtained in several stepgh an

easy purification proces$d

HO™ ", _DMTCI DMTIO” " BH A
o o
Ph Ph
o) o o o]
:<NH O%NH
‘ NH | NH N /N NH
4 \/‘N P N/&o NAO ¢ SN > <N N/)\N/AN/
PR DMTrO” ™ DMTrO™ % . N N/) DMTrO™ % |
DMTrO™ ™% / / DMTrO™ % /
© 0 o o hand 0
Q )\N,P\/\/CN )\N,P\/\/CN Q /LN,P\/\/CN
)\N,P\/\/CN )\N,P\/\/CN
(Sy-c (ST (S)-U (S)-A (S)-6

Schemel General synthesis of dimethoxytritylated glycol nucleoside phosphoramidites of adenine (A),
thymine (T), uracil (U), guanine (Gand cytosine (C) for the synthesis of GNA oligonucleotie (
represents a natural base or artificial base)

The atomic resolution structuref the selcomplementary $-GNA strand
3NGE®'CGCGG2 Ngmonstrates that the GNA helossesses only one largeoove,
whereas the canonical major groove isaamvex surfaceHence, the double helix of
GNA is significantly different frontanonicalA- and B form nucleic acidsandmay
be best described as a helidabon loosely wrapped around the helix dxts

The advantage of the high stability and easy synthesis makes GNA a potential
scaffold for functional nucleic acid based nanostructures. Megegeral. have

investigatedthe functionalization of GNA by incorporating artificial nucleotides into
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GNA oligonuckotides A copper(ll}ymediated hydroxypyridone homobase pair
(M-Cu-M) and a nickel(Ihmediated pyridylpurine homobase pai-Ni-P), which
weredeveloped in DNAwere successfully incorporated into GNRigure7).¥

The study ofmetal iordependent duplestabilitiesrevealsthat thepyridylpurine
base pair displays a prefererfoe Ni** ions( @ = +17.9C with two equivalentof
NiCl,), andthe hydroxypyridone baseair is stabilized mosstrongly with CG* ions
( @ = +33.2C with two equivalentsof CuSQ).**? The crystal structure of an
(9-GNA duplex from the sel€omplementary stran@-8GMATMCG-2 Nj the
presence of copper ionkas been obtained®¥ Moreover the metamediated
crosspairing ofthe hydroxypyridone angyridylpurine chelates was also investigated
in GNA duplexes and tle addition oftwo equivalentsof CuSQ resuled in an
increase of theT,, value of the GNA duplex by 37.1°C. This indicates that

metation-mediatedoasepairing is well-accommodated in the GNA duplex
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Figure 7 Metallo-base pairs investigated in GNA containing hydroxypyridéieahd pyridylpurine )

homo and heterobase

In our group, chromophores have bemrccessfully introduced into GNA as
artificial base$?® We found that he interstrand pyrene acetylide excimer formation
could beused tomontor GNA duplex formation, anépplied to the design of a
copper(ll}s e | e ¢ t {iown &uord@istencesensor. In thabsenceof the copper ion,
the GNA duplex3-TATAPYrHTAAMTAAA-2'/2-ATATHPYrATTMATTT-3' is
strongly destabilizedandd o etsho@ any cooperative meltingehavior andregular
emissionof fluorescencexclusively atapproximately400 nm is observedifter one
equivalent of copper ion is added, the duplex will show a melting point % 2dd

10
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the excimer emission of fluorescence appears at approximately 500 nm. However,
other metal ions such as Ni', Cc®*, Zr**, CF*, Mn** or F€”*, do not show any
effect (Figure8).[**"
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Figure 8 Constitution of §)-GNA andthe base pairs modified with hydroxypyridone and pyrene

The GNA duplex could also be a suitable scaffold for bringing two porphyrin
chromophores into close contact and to enable the interaction of porphyrins. The
duplex displays lower thermal stabilitynéthe situation will change in the presence
of a metal ion. Incorporation of Zhwill further destabilize the duplex, and Nliwill
stabilize it relative to the uncomplexed porphyrin. The properties of these kinds of
GNA duplexes modified with chromophes make it possible for the design of
photoelectroniclevices??

Based on these fascinating features of GNA and chromopHonesional GNA

architecturesvith chromophoresra expected tde applied imanotechnology
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1.2 Metal Complexes as Nucleic Acid Binders

1.2.1DNA duplex binders

The dogma of molecular biologyas introduced about 55 yeaega!®? Along
with RNA and proteins, DNA is one of the three macromolecules that play a crucial
role in life forms. DNA sequencing encodes information that could be read through
the genetic code, and théranscribed and translated into the synthesis of proteins.
Concomitant with our increasing knowledge of the structure and biological role of
nucleic acids, developing small molecules that can regulate DNA and RNA
functioning have attracted enormous at@mtiAccording to the traditional method,
significant effort has been devoted to synthesizing organic molecules that can target
specific DNA and RNA sequencB8. However, Dwyef?, Lippard®®, Nordé*” and
Bartort®? found that transition metal complexes could also be used as nucleic acid
binding agents. Compared to the traditional small molecules, transitional metal
complexes possess two advantadésst, the metal center acts like an anchor and
threedimensional scaffold of ligands that can bear recognition elements. Second,
many transition complexdsearrich photophysical and electrochemical properties. As
a result, these characteristics can be widely utilized, such as for fluorescence and
electrochemical probé¥? Accordingly, the study of transition metal complexes
binding to DNA has been a burgeoning field.

Before we discuss the DNA binding, the different forms of DNA should be
reviewed. The ardparalld right-handed double helix B®NA is the most common,
and the righthanded ADNA and lefthanded ZDNA are less common. It comprises
two helical chainseach coiled round the same awish the 3.4A rise base pair, with
ten base pairs per helical tufhe polyanionic sugaphosphate backbone forms two
different grooves; one is called the major groove, and the other is regarded as the
minor groove. Norcovalent metal complexes can bind DNAtimee different types:

groove binding, intercalatigrand insetion (Figure9).*¥ Groove binding means that
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the metal complex approaches within van eeals contact and resides in the DNA
groove The intercalation involves the insertion of a plafhesed aromatic ring
between thdONA base pairsand metalleinserors bearinghe aromatic ligandshat

perform like replacemesbf the DNA base stake can eject a single base pair.

(a) groove binder (b) Metallointercalator {c) Metalloinsertor

Figure 9 The three binding modes of metal complexes witDNBA: (A) groove binding. (B)
intercalation, and (C) insertion. (This figure from Chem. Commun. 2007 -458%>"

Metallo-intercalators

Two main classes of metal complexes that can intercalate into DNA are
relatively inert squarplanar Pt(Il) complexes and octahedral metal complexes with
aromatic ligands.

In 1973, Lippard first observed that[(terpy)Pt(HET)] (terpy =
2,2:6,Z -terpyridine, HET =2-hydroxyethanethiolajecould bind strongly to DNA,
indicating that the squaiganar platinum complexes completely inhibited the binding
of the intercalating dye, ethidium bromide, to calf thymus DNAIsingfluorescence
spectroscopyThe complex increased the melting point and exhibited induced CD of
the DNAP? He continued to report that the platinum complexes with other
heterocyclic aromatic ligands, such as quaterpyridibg,0-phenantroling and
2,2 -bipyridine, also bound to DNA duplexes through intercalating between the base
pairs Eigure 10),*¥ and he crystal structure of DNA in the presence of
[Pt(terpy)(HET)] confirmed that the flat metal cation intercalated symmetrically

between two Watsefirick GC base pairs®
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/

[(terpy)PYHET)]" [(0-phen)Pt(en)]** [(bipy)Pt(en)]**

Figure 10 Squareplanar platinum intercalator: terpy = terpyridine; phdnt0O-phenanthroline; bipy =
2,2"-bipyridine; HET = 2hydroxyethanethiolate; en= ethanediamine

Threedimensional octahedral metaliotercalators were then introduced by
Barton and others, anthcluded octahedral Rh, RuCo, Ni or Os complexes
harboring multiheterocyclic aromatic ligand¥ 37 2 2-bipyridine and
1,10-phenantroline complexes of ruthenium containing
dipyrido[3,2-a:2",3:c]phenazine(dpp? could intercalateinto B-form DNAR? and
analogous ruthenium, osmium, nickel and cobalt complexes with
1,10-phenanthrolino[5,%]1,4,5,8,12hexaazaphenylene (PHETA),
1,4,5,8,12hexaazaphenylene (HAT)Xppz could also interact with DNA(Figure
11).13%
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Figure 11 Metallo-intercalators containing 2/bipyridine, 1,10-phenantroline, PHETA, HAT andppz
[38-40]
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Two other typical examples of this type of metallotercalator are
@[Rh(phen)(Ph)]** (Phi =  9,1@phenanthrenequinone  diimine), and
op[Ru(bipy)(dpp2)]?*.*¥ Both of theseare stereoselective and tieenantiomers are
preferred(Figure12). Theydemonstrate that the metallatercalators enter the double
helix via the major grooveand the ligands act like a new base pair through physical
studed*? and extensive NMR measureméftNo base pairs will be ejected from the
duplexes.A high resolution crystal structure is also a very effective method to
illuminate the intercalation mode.The crystal structure revealsthat
s -[Ru(Phen)dppzf* perorm two different modes to interact withthe
oligonucleotidesd(CCGGTACCGG) and d(CCGCGATCCGG): The dppzligand
intercalates symmetrically and perpendicularly from the minor groove ofirSte
duplex at thecentral TATA step, but not at the central ART step ofthe second

duplex!*®

N d l
N - N
’ ’l N & Ig "~y
A -[Rh(phen),phi]** A-[Ru(bipy),dppz]**

Figure 12 Structure of two common metallotercalators
Groove binding

Metal complexes that bind DN¥ia major or minor grooves have also attracted a
lot of attention. More than 30 years ago, Sigman et al. found that [Cu(Phem)ld
bind DNA in the minor groove and cleave the DNA in the presence.©%.Ff!
tris(phen)complexes of zinc, cobalt, nickel, and ruthenium are the earliest octahedral
metal complexes utilized to investigate DNA groove bindifiggyre 13).[> 49
However,tris(pher) metal complexes bind DNA two ways: (i) hydrophobic binding
in the minor groove; (ii) partial intercalation into DNA bases from the major groove

For e x a[Rydhen)]?** skows preferential binding in the minor groove and
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op[Ru(Phen)]** is preferred in intercalation. If the phenantroline is replaced by more
steric 4,7-diphenyt1,10phenanthroline(DIP), [Ru(DIP}]** becomes specific for
chiral di s cr i menantiameroonly, binding the leftandesl ZDENA,

a n d-enaptiomer binding the rigiitanded BDNA, specifically!” Geometric and
steric factos also play a role for[Ru(TMP)]** (TMP = 3,4,7,8tetramethyl
phenanthroling where the methyl group hinders the intercalatinHowever, the
metal complex through groove binding is quite sophisticated and needs more

investigation.

A [Ru(phen)s)** A-[Ru(phen)s]** A -Zn(phen);]** A -[Ru(TMP);]?* A-[Ru(DIP))s]**

Figure 13 Octahedral metal complexes for DNA groove binding. TMP = 3,4etf@methyl
phenanthroline; DIP = 4;diphenytl,10phenanthroline

Metallo-insertors

Another very important mode of interaction is metatisertors. Until Barton et
al. discovered a series of rhodium complex DM&ertors, no one had ever reported
that organic molecules or metal complexes could be used as-iDdektord>?
Similar to metalleintercalators, the metalmsertorsalso contain a planar aromatic
ligand which can interact with base pairs. However, unlike the intercalators, which
insert into the center of the two intact base pairs, the mataskators will displace
the baseair out of the -stack DNA base mismatclsewill result in errors during
replication or exposure to genotoxic agents. If these kinds of mismatches are not
repaired, it will ultimately lead to single nucleotide polymorphism (SNPs). The cell
has developed a complex mismatch repair (MMR) machinenpdate and repair
these. Designing a kind of agent that can recognize the mismatch site of the DNA is

very important. The research on metatigertors offers a very promising tool for the
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detection of mismatcbpecific DNA. The most classic of the mebalhsertors are
p[Rh(bpyk(chrys)F* (chrysi = 5,6chrysene quinone diimije and

o [Ru(bipy)(phzi)]** (phzi = benzo[a]phenazinb,6-quinone diiming whichshow a

strong preference for DNA mismatch sequer(&gure14).1*¥ Recently, Bartoret al.
reported the high es ol ut i on cr yRutbigydppzft" bound toubotle o f
mismatched and matched sites in the oligonucle@igCGGAAATTACCG)-3N;j

A-[Rh(bpy),Chrysl]** A -[Ru(bipy),Phzi]*"

Figure 14 Chemical structuref mismatchspecific metalleinsertors. (chrysi = 5;6hrysene quinone

diimine; phzi = benz@]phenazines,6-quinone diimine)
1.2.2 Gquadruplex DNA/ligand interactions

DNA structure is noonly limited to the double helix, andan adopt a wide
variety oftopologies.The Gquadruplex DNA structure is a classic one. This kind of
structure consists of nucleic acid sequences that are rich in guanine and comprise four
strands of stacked guanibetrads (Gguarter motif), and four guanine bases that can
associte through Hoogsteen hydrogen bonding to form a square planar structure
(Figure 15). The Gaquarter motif results in the formation of four grooved
Gquadrupl ex st r uctswface and parryeash@im negative dharge.g e
Quadruplexspecific stabilization by cations has an order of preference ‘of K
NH;" >Na™ >Li *. K" ions, shown to be separated by approximatelyA 38 the
crystal structure of the human telomeric quadruptexall four strands may be four
parallel, three parallel and one antiparallel, or two in one direction and two in the

other, either with the parallel pairs adjacent to each oiguie16).
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In 2013, a breakthrough on thedbadruplex was made Balasubramaniaet
al. from Cambridge Universitythey reported that th&-quadruplex structures in
human cells could be quantitatively visualized by employing the generation and
application of an erigeered, structurspecific antibody Although there has been
enough indirect evidence to suggest that these structures play an important role inside

thecell, this is the first direct evidence of@uiadruplex existende vivo.*?
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Figure 15 Four guanines can hydrog&ond in a square arrangement to form -guartet. There are

two hydrogen bonds on each side of the square

Figure 16 Structure and topology of -Guadruplexes: (A) tetramolecular with paralgttands (B)
bimolecular antiparallel(C) unimolecular antiparallel structure with alternating parallel strafiz)s
unimolecular parallel structure with three doublein reversal loopqgE) unimolecular antiparallel
structure with adjacent parallel atrds and a diagonal looffF) unimolecular mixed structure with

three parallel and one antiparallel strands

G-quadruplex structures have been evoked in the contrtheoéxpression of
certain gene5? The telomers of human cells consist of tandem repeats of the

sequence BTTAGGG-3" with 3-overhang of the &trand extending hundreds of
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bases beyond the-&rand™? Telomeric repeats can be extendedtd@ipmeraseAs
telomerase is overexpressed in most tup®ls and not in normal cells, it is a good
target for us to design antitumor drugs with high selectivity.Moreover,
singlestranded overhan of telomeric DNA can be coiled into intramolecular
G-quadruplex structuresvhich will hinder the reaction of telomerds8. Accordingly,

the development of a ligand to stabilize thegGadruplex has a potential application
as a telomerase inhibitorThere are normally three types of interactions between
G-quadruplex with ligands! -stacking groove/loop binding ard central channel

binding
" -stacking ligands

The " -stacking interaction between the ligand with-quadruplexis mainly
controlled by hydrophobic angan der waal$orces. As previousldiscussed, ligands
could insert between stacked DNA duplex base pairs. However, the situation is
completely different for the @uadruplex; ligands interact witquadruplexes by
stacking onto the endsf the G-quartets moreover, ligands must exhibit reasble
water solubilityt>%% >

Aromatic molecules based atridine derivative substituted athe 3- and 6-
positions with 3pyrrolidinopropionamid¢BSU6039 Figure17) have been developed
by Haider, and the &uadruplex crystal structure from ttelomerc DNA sequence
d(GGGGTTTTGGGG) in the presence BEU6039revealed thaacridine bound at
one end of the G-quartets, within one of the thymine lodp5.The widely used
(tetra(N-methyt4-pyridyl)porphyrin  (TMPyP4, Figure 17) selectively bound
G-quadruplexes over duplexg8. While the metaldvig, Mn, Fe, Co, Ni, CuandZn
are incorporated into the TMPyP4, the resultimgmplexes are alsmver the central
channel to improve electrostastabilization.The ratural producttelomestatinand a
nonpolycyclic aromatidigand, such as bigriazole derivativecould also beused for

quadruplex stabilizatio(Figure17).*%
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telomestatin bis-triazole derivative

Figure 17G-q u a d r usmtkiagdigands
Groove/loop binding ligands

As chemical and conformationalifferencesbetween quadruplex and duplex
grooves are significant, designing ligands that discriminate betweendgoadiuplex
and DNA duplex becomes possible.

Randazzo reported that the thwimensional structure of a grooueinder
molecule, distamycin A, complexed to a parallel quadruplex [d(TGGGGTNjs is
also the only compound for which a pure groove binding has been proven. NMR and
isothermal titration calorimetry (ITC) investigation revealed that the ratio of
[istamydn A)/[d(TGGGGT)]s is 4:1 with two antiparallel distamycin dimers that bind

simultaneously two opposite grooves of the quadrugiégure18).1°%

20



Theoretical part
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Figure 18 (A) structure of distamycin A. (B) Side view representation of the 4:1 complex
Dist-A/[d(TGGGGT)],. Intermolecular head to tail dredfug NOE contacts are indicated with green
dashed lines)( Am. Chem. So2007 129, 1604816056

Octahedral metal complexes could also be used-@sa@ruplex groove binders,
andligands have the capability to stack ortgirads the charged molecule as a whole
interacts withgrooves/loop&” Thomaset al. found that dinuclear Ru(ll) complexes
containing ditopic ligands tetrapyrido[3,2a:2",3"-c:3" ,2" -h:2" ,3" -j]phenazine
(TPP2 and tetraazatetrapyrido[3;2:2'3"-¢:3" ,2 -1:Z" ,3 -n]pentacene TATPP)
not only boundto duplex DNAwith high affinities in the way of intercalation, but
also bound to 2mer d (AG3[T2AG3]3) [G3] humantelomeric sequence with high
affinity (Figure 19). Moreover, Gquadruplex bindingwas accompanied by
distinctive blues hi f t e-sl wifitlefidadoarnd emissionenhancementsvere 2.5

times highethan those obseed inthe analgous duplex effect.

A /| —l
| 4 N
N \N\‘ N
Ru
| /| <ihe
N X /N| X
= X

Figure 19 Dinuclear groove binder
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Central channel binding ligands

As we mentioned, potassium cation could stabilize the structure of the
G-quadruplex. To mimic this kind of functioBalasubramaniaat al. synthesized the
anthracene derivativeF{gure 20), based on the hypothesis ttaithracenemoiety
would stack onto guaninesxd ammonium would induce the formatiohthe single,
parallel, quadruplex conformationCD spectroscopy revealed that this ligand could
selectivelyinducea parallel quadruplex formation from unfolded DNA irethbsence
of added cationsthis situation may be caused by threading and stacking modes of

interaction’®2

Figure 20 Central channel binding ligands
1.2.3Methods toinvestigateligand interactions

Before the discussion of our study on octahedral silicon complexes begins, we

first give a brief introduction of the normal detection methods of the interaction.
Melting temperature (T,) measurement

Hypochromicity is the increase of absorbance of a materamhd he
hyperchromic effect is the striking increase in absorbance of DNA upon denaturation
Nucleic acidsshow strong absorbance around 260 amd lyperchromicity can be
used to track the condition of NDA as the temperature changes. Timelting
temperature T,) is when the UV absorbance is 50% between the maximum and
minimum A change of melting temperature is an effective tool to detect the
interaction between the complexes with DN&imilarly, the melting temperaturef

the Gquadruplex could be measured at 295 fitre nelting temperatureould also
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be measured bgircular dichroismupon denaturation, the signal of the DNA duplex
at 260 nm and the-Guadruplex at 295 nm will be reduced.
However, the W and CD melting curves have limitations because of the low
intensity and signal chang&luorescence resonance energy transfer (FRET) is a
powerful toolto trackthe status oDNA hybridization.For example, fluorescence of
the acceptor dye and donor dgbow a mild signal in the DNA duplex; after
denaturation, the fluorescence of the acceptor dye disappears and the fluorescence of
the donor dye intensifid§? While oigonucleotidesar e | abel ed at 3Nj an
fluorophore and quencher, the formation of a quadruplex will result in the quench of

the fluorescence; after denaturation, the fluorescence will be re¢fgede 23.1%%

—

|
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Figure 21 FRET for detecting DNA hybridization witfuorescence
Circular dichroism (CD)

CD spectroscopys based on the different absorption of left and right circularly
polarized light it could be utilized to analyze the DNA conformation. If molecules
interact with DNA, CD spectroscopy is recorded tolyw@the change of the cotton
effect. For example,he interactionof the tricyclic tetrahydroanthracenigand on
RU' (Rutha) with calf thymus DNA results in the appearanceadED band centered
around 376380 nm'®4

Fluorescence measurements

Although the intrinsic fluorescence of most nucleic acids is very low, the
polynucleotide structure could be measured by incorporati@aflobrescence group

The most typical example is [Ru(Phgudppz)f*, which shows solvatochromic
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luminescence in orgéc solvents. However, no luminescence will be detected because

water deactivates the excited state through hydrbgeding with the endocyclic

nitrogen atoms of the intercalating ligand. When the complex intercalates with DNA,

the luminescence appears,a DNA cr eates a region of organ

complex avoids the hydrogdsonding formatiort*?

NMR spectroscopy

NMR allows for the structural determination of a complex at @omic level.
Intercalation of DNA with complexes often results in the change of NMR, including
'"H-NMR shifts, NOE crosgeaks, and interruption or weakening of NOE connection
between sequential DNA nucleotiddde one and twaedimensionalNMR datafor
d(TGGCCAY) in the presence ofRh(NHs)4(Ph)]** is consistent with the rhodium
complex intercalatedhto the GsC, site from the major groovevith the Phi ligand
fully inserted and stacked in the column of base p&ir§edoroffalso investigated
the interaction oN,NNpis-(2-(dimethylamino)ethyb3,4,9,10perylenetetracarboxylic
acid diimide (PIPER) with tetramolecular quadrupt§X TAGGGT], through NMR.

The results indicate théte ligandis sandwiched between terminal G4 plalfés
X-ray crystallography

A lot of DNA crystals in the presence of complexes have been reported,
including metallointercalatorS” and metalleinserterd®? This is a very powerful
method to analyze the interaction. As previously mentioned;rifstal structure from
the telomerc DNA sequence d(GGGGTTTTGGGG) in the presencd8806039

revealed thaacridineboundat oneend ofthe G-quartetd®”
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Isothermal titration calorimetry (ITC)

ITC is a physical techniquemployedto obtainthe thermodynamic parameters of
interactions ina solution and it has been applied to investigate small molecules

binding to the DNA duple¥®and the Gquadruplex.
Binding constants measurement

Binding constants are usually measured to demonstrate the strength of the
interaction between ligands and DNA, and the valyecéuld be obtained in the
following equation Figure 22). d is the concentration of DNAKy, is the intrinsic
binding constant, s is the binding site siggis the extinction coefficient observed for
the metato-l i g aw¥ ) (cHarge transfer (MLCT) absorption band at a given
DNA concentrationg is the extinction coefficient of the complex free in solution,

ande, is the extinction coefficient of the complex when fully bound to DA

A p + mMWINNTe—)

Figure 22 Equation for measurement of binding constant

There are still some other methods to detect the interaction between the DNA

and complexes, such as linear dichroism (LD), and viscosity.

1.2 4 Hypervalent silicon complexes

Silicon mmplexes with more than four coordination numbers date back to the
beginningof the 19th centuryvith the discovery of [Si§f* and Si(NH)-F.. These
kinds of hypervalent silicon complexes have attracted a lot of attention as they may
have a potentiahpplication in the field of nucleophilic activation and catalysis. The
preparation of these types of compounds has been extensively sttidide. general

procedures to synthesize pensamd hexacoordinated silicon compounds are similar.
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Here, we mainly give some typical examples for synthesizing the-dw@inated
silicon complexes.

Through fuoride donation to ahalogenosilane Kumada et h successfully
obtained the organopentafluorosilicates by reaction of excessive KROnwkth
RSICk."® Another very useful method is thetérmolecularcoordination to an
organosilane Hexacoordinated complexes Me,SiX2-2Py, MeSiXs-2Py and
SiX,-2Py!™ and SiX4-2PMel’@ could be obtained very easilg,2-bipyridine and
1,10-phenanthrolineeactwith halogenosilargto afford aneutralcompoundtal’, or
cationic compound&’?, 3al"¥ and 41® (Scheme 2 If 1a was used as the starting
material, it can react with one equivalent or two equivalents biyridine to afford
the new neutral complex or 6. Then5 would further react with ROH (R = Ck H)
or Ch to give the cationic silicqiv) complex7 or 8, respectively. In addition§
could be oxidized by;lto afford the new cationitris(2,2"-bipyridine)silicon(lV)
complex9. Moreover, compound is a very good intermediate, which can react with
two equivaénts of MeOH and O to give the productO (Scheme B! Another
special example is that the neutral silicon complék coordinated with
1,10phenantroline to afford2 (Scheme %

Hexacoordinated silicon complexes could also be obtained by the use of a
substitutionin atetrafunctionalsilane by abidentateligand Some complexes have
been reportedb-diketones as ligandgacted with SiGlto afford acationic complex
13’7 while the neutral product4’® will be obtainedfrom the starting compound
Si(OAc), (Scheme b

Albeit, many hypervalent siliconomplexes existRare reports on hypervalent
silicon in biological systembave been reported. RecentByessmutlet al. obtained
the first examples of a sioordinate silicon complex fonatural products
enterobactirSi(1V) (15a) and salmochelSi(lV) (15b) (Scheme B Both of these
complexes arestable undemormal physiological conditions. Compared to other

silicon complexesenterobactin angalmochelin cause significant bacterial gro¥th
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Chapter 2 Aim of work

My work mainly includes two parts, one GNA asa scaffold for molecidr
aggregates of chromophoreand the other one ihe design of octahedral silicon

complexes as DNA binder

GNA asa scaffold for chromophore aggregates

" Arrays and clusters of chromophores have been used as imaging tools in life
sciences and as compnts of industrial dyes and pigments because of dliféarent
properties between momomeric state and stacking $tates.

Over the past few decadd3NA plays more and moresignificant role for the
design and construction of nanostructuaesl functional’ systemd®? DNA itself
lacks remarkabléunctionality; therefore applications of DNA based on material rely
on the controlled modification of DNA in order to introduce the required functionality.
Modified nucleic acids are nowadaysaddy accessible through standard automated
solid phase synthesis using nucleoside phosphoramidites as building blocks, enabling
the synthesis of oligonucleotides greater than 100 bases. Unfortunately, in particular
due to the stereocenters in the deoxysd moiety and especially the anomeric
C l-dtgreocenter, the chemical synthesis of modified nucleotide building blocks for
automated nucleic acid synthesis often tedious and lengthy, includes the
chromatographic separation of diastereomers.

Due to thestraightforward synthetic accessibility of GNA nucleotide building
blocks in combinationwith high duplex stabilities, GNA comprises an appealing
scaffold for future nucleic acid base functional nanostructéités.

Our work mainly focuses odesign of functional architectures, control stacking
and assembly of functional building block by usiByA backbonejn particular we
pursue the control of stacking and assembly of chromophoresonfugated

molecule$ within a GNA duplex scaffold. Chromophores which have extended
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hydrophobic moieties such as: perylene bisimide, phthalocyanine and porphyrin
(Figure 23, can be readily incorporated into single strands with a DNA synthesizer
and upon hybrization of another single strands, different numbers of chromophores
can be stacking inside a duplex which lead to functiaréficial doublehelical

structures.
b
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Figure 23 (a) Constitution of the§)-GNA and structure of the artificial bases. @quence of the

duplexes
Design of octahedral silicon complexes as DNA binder

DNA is one of the three major macromolecu{atong with RNA and protein)
that are essential for all known forms of liféince the elucidation of the structure of
double helical DNA,there is growing interest in developing the small organic
molecules andnetal complexes thatan bind specific site of DNA for promising
diagnostic probe.

Carbon of small moleculars is limited to coordination numBetsvhich makeit
a significant handicap for the efficient construction of defined globular
threedimensionalstructures Over the past several decadextahedral transition

metal complexesare a burgeoning class of DNAbinders, they have been
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extentensively applied in DNA groove bining, intercalation and inseftidfi. These
kinds of octahedral metal compleXesve theirown advantages, such as the ability of
the structual center to organize substituents in the three dimensional space and create
novel globular structures increase substantially as manifested by the difference of
possible stereoisomers of 2 for an asymmetric tetrahedral center versus up to 30 for an
octahelral centef®” Moreover, Meggers group have desidraefamily ofoctahedral
highly potent and selectivectahedralmetatbased inhibitors of protein kinasés.
Unfortunately, metabased toxicities currentlys the general conceror wider
applicationof octahedral metal complexes in the lifeesices. Accordingy, designing
the low toxic octahedral nemetal DNA binders is very promising and challenging.

In contrast to low coordination carbon and toxic transition metal, siiEadne
next higher congener of carhotinis element has availabémpty 2l orbitals, and it
has the tendency to forpenta and hexacoordinated complexes and might therefore
constitute an interesting candidate to serve as a stable structural substitute for a
lacking hypervalent carbon moreover, the synthesis of thgerta and
hexacoordinated silicon complexes has been extensively stuffied® 8. we
envisage that designing of thgdrolytically stable and at the same time structurally
diverse hypervalent silicon compound scaffolkls very promising choice for DNA
binder instead of small organic molecules and the toxic octahedral transitioh meta
complexes Figure 24. To reach this goal, therogress into this direction with the
design of a class of hydrolytically stable, high affinity DNA binders based on

octahedral siliconvill be discussed in the subsequent parts

‘ /1y ‘ W\ 11y ’ K\
TN AN [ AN

tetrahedral carbon octahedral silicon octahedral metal
limited stereochemisty toxicity concerns

Figure 24 Octahedral silicon as a naassical structural template

31



Results: Synthesis of GNA Building Blocks

Chapter 3 Resultsand Discussion
3.1 GNA as Scaffold for Chromophore Aggregates

3.1.1Synthesis ofGNA building blocks

We designed the asymmetric, amphiphilic phosphoramidite building déck
based on two criteria: the large planar and hydrophobic perylene bisiniédl (
molecule can stack well in GNA duplexes opposite an ethylene gbpader as
shown inFigure 25 and longhydrophilic oligoethylene glycol side chaimproves
the solubility ofPBI moiety, while modified PBI planarity and distinguished physical
properties are kept at the sametidaue t o t he | ow s'olsutbadkiitnygg a
interaction of PBI derivatives in a variety of organic solvents, synthesis and
purification of the designed buildinglock are quite challenging. Another very
interestingchromophore phthalocyanine phosphoramidite, building bldtkvas also
designed, and the main problem is still the separation of the product from the mixture

because of the stroig™ st a c k iiom@igure2b).er act

O §
\/o\/\o/\/o\/\N . /Y\ODMTr
7O~ ¢ SN
PN

(i-| Pr) N~
16

Figure 25 Structure of phosphoramidite building blotk and17

In order to obtain the unsymmetrid2Bl, the monoanhydride monoimide should
be synthesized first. Although the simpialkyl-3,4:9,10perylenetetracarboxylic
monoanhydride monoimide (alkyl = H, methyl, ethyl, propyl, butyl, etc.) can be
obtained by condensation of 3,4:9A€rylenetetracarbokyg dianhydride with
alkylamine easily®? this method did not work when the amine was not the alkyl

amine.Scheme 7depicts the synthesis of two starting amine derivatREesnd 25.
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Results: Synthesis of GNA Building Blocks

2-(2-(2-ethoxyethoxy)ethoxyethanamine 21 was synthesized in three steps.
2-(2-(2-ethoxyethoxy)ethoxy)ethylp-tosylate 19 was easily obtained from the
triglycol monoethyl ethed 8 in the presence of TsCThen, 19 further reacted with
sodium azide to afford the compound22(2-ethoxyethoxy)ethoxy)ethyl azid20,
and 2-(2-(2-ethoxyethoxy)ethoxygthanamine21l was obtained from20 in the
presence of PRh The enantiomerically pure compound
(9-3-(dimethoxytrityloxy)2-hydroxylpropanamin@5 was also synthesized in three
steps. The starting materiaf){3-amino-1,2-propanediol?2, was first acylated to give
the 3trifluoroacetamidel,2-propanediol 23, which was easily converted to the
corresponding dimethoxytrityl eopound 24. After being deprotected, the final
(9)-3-(dimethoxytrityloxy)2-hydroxylpropanamine was obtain&d.

TsCl/pyridine NaN,/EtOH
\/O\/\O/\/O\/\OH L» \/O\/\O/\/O\/\OTS 3
CH,Cly, 12 h reflux, 24 h
18 92% 19 90%
SO~ PPh; o o
1) N3 - 0 e Y \/\NH2
THF/H,O
20 24 h, 97% 21
HQN/Y\OH CF3CO,Me F3COCHN/\‘/\OH DMTrCl/pyridine
OH MeCN, 12 h OH 12h, 52%
92%
22 23

F3COCHN/\‘/\ODMT|’ 4N aq. NaOH/MeOIi HQN/\‘/\ODMTF

OH MeOH, 4 h OH
4 95%

25

Scheme7 Synthesis of amine derivati&l and25

With 21 and 25 in hand, the GNA building blockPBI derivative 16 was
synthesized §cheme B According to the procedure in the literature!®”
3,4:9,10perylenetetracarboxylic acid monopotassigfiicaneasily be prepared from
perylenetetracarboxylic dianhydride. However, condensati@Y efith amine21 did

not afford the desirechonoanhydride monoimide produdkifter many attempts, the
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Results: Synthesis of GNA Building Blocks

best condition for carrying out this step was discovered. The reactiofirstastirred

at room temperature fdour hours, and then heated at 90 € for anoth&o hoursin

1:1 H,O-PrOH (v/v). The resulting mixture waacidified with IN HCIl. The
precipitate was filtered and rinsed with water to remove residual amine. The solid was
stirred in hot 10% potassium hydroxide, then the mixture was filtered to remove the
unreacted?l1, and the filtrate was acidified withNLHCI to precipitate the product.

The final suspension was filtered, and the solid was rinsed with water and dried at 100
°C overnight to afford monoimide®8. Unfortunately, monoimidePBl was not
dissolve in any organic solvent; however, monoim&Bwas dissolvd in CHCk

when CECOOH was added (about 1/20 viWH-NMR spectrum of28 could be
measured in GGEOOD/CDC} (1/20 viv), and the spectrum looked very good.
However,®*C-NMR spectrum o8 showed double the estimated peaks number, the
reason for which is still unclear. Compou28 was precipitated again after methanol
was added, and the precipitat@s usedfor the further reactiom Monoimide 28
reaced with an excess of amin25 in pyridine in the presence of Zn(OAdp give

the unsymmetrical perylene bisimid®, and the final phosphoramiditéuilding

block 30, was obtained after unsymmetrical perylene bisimite reacted with
2-cyanoethylN, N- diisopropylchlorophosphoramidiie the presence of DIPEA. This
product @n be readily purified by using silica gel chromatography. Is baod

solubility in CHsCN, which made it very suitable for further GNA synthesis.
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1)5% aq KOH,
PO . 0O 0.0
¢} N~ O ™
2)10% CH3(‘,OOH O COOK  1: 1 H,0-PrOH (v/v) o °©

r.t.,98% 4hatr.t.,
then 2 h at 90 °C, 88%;

cl
_P. CN
(i-PrpN” 07

25

. o od {04 oPen
D Y . /Y\ODMTr

Zn(OAc),, pyridine, Q Q CH,Cly, 2 h, 82%
reflux, 20 h, 81%
29
\/0\/\0/\/0\/\ N g.g /Y\ODMTr
CN
(- Pr)zN O/\/

16

Scheme8 Synthesis of GNAwilding block 16 (DIPEA = N,N-Diisopropylethylamine)

Next, we continued with the synthesis of another chromophore phthalocyanine
phosphoramidite, building block7. Scheme 9displays the route of synthesis.
Nitration of phthalimide afforded the -ditrophthalamide31, which further reacted
with aqg NHOH to give the 4nitrophthalamide32 Dehydration of 32 with
trifluoacetic anhydride resulted in the formation of the produnitbphthalonitrile
33. Then the reduction product was obtained fi@8rby 10 wt. % Pd/C. The amino
group was converted to iodido group with NaNénd Kl in 25% HSO.. With
4-iodophthalonitile and 4tert-butylphthalonitrile in hand,
tri-tert-butyliodophthalocyaninatocoppe87 was synthesized at 15% vyield, then
coupling of37 and 38 afforded the compoun89, which reacted witl2-cyanoethyiN,
N-diisopropylchlorophosphoramidite to furnish giptoramidite building blocKL7
(Scheme 9).

Together with the porphyrin GNA building block that was synthesized in our lab,
there werdhree GNA building blocks in handrigure 26.
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Conc. H,SO,/Conc. HNO3
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CN
O,N” i :CN

33

CN 35
_ >
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CN

36
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O e}
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10% Pd/C, EtOH
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P CN
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Scheme9 Synthesis of GNAwilding block 17
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Figure 26 Constitution of the$-GNA and structure of the artificial base
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3.1.2 PBI as arartificial GNA surrogate

3.1.2.1 Synthesis of PBiodified GNA oligonucleotides

Now we had obtained the propabg 2diol-modified PBI building block that
has a unique combination of properties: (i) the building block is capable of stacking in
GNA duplexesopposite an ethylene glycél spacer, as shown figure 27 (ii) the
phosphoramidite building block is easily synthesized, and lhikling block was

then incorporated into GNA oligonucleotidds, Figure 27.

g
0 0o 30 }3
\/O\/\o/\/o\/\ 0.0 \"\\\
N N ODMTr
OO
o B CN BN
(i-PrpN” 07 o o /B .
- o2
O/
16 o R
O:y 0o
o5 ) o -0 Yo 8 \
e, bs
\\L\ N . N\/\O/\/O\/\O/\ o
(@) /O Oy !
_p O o R H (abasic sit
on o 02 (abasic site)
v? %
B (S)-GNA backbone

B:H GNA base pair

Figure 27 Structure operylene bisimidghosphoramidit&é6and constitution of the5|-GNA backbone.
B:H base pair used in this study

The PBI-containedGNA oligonucleotides were synthesized by using a DNA
synthesizerPBI phosphoramiditel6 was dissolved in CHCN for use in the DNA
synthesizer and the coupling time was three minutes. The synthesis and detritylation
of GNA strands was followed by an additional purification step with a revgrisasie
HPLC column, and th&BI-containing GNA oligonuleotides were obtained in high

purities. The modified oligonucleotides were identifiedW&LDI spectrometry.
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3.1.2.2Thermal stability

Thermal stability of DNA duplexes was usually measured as a main tool for
investigating the effects of modification on DNA. In order to investigate howBie
surrogate will influence the GNA duplexes, the melting poif) (of the modified
duplexesshould be measured first.

The stability of GNA duplexes containing a sind®8l (B) was first investigated
Table 1shows the UVWmelting data of duplexes witlB in the middle of 16mer
duplexes and two reference duplexes. It is noteworthy that all GNA duplexes
investigated in this work contained only A and T nucleotides, in order to keep the
GNA scaffold as simple as possible. PairBgvith the ethylene glycol abasic site
afforded a duplex with a melting point of 48 (GNA2, Table ), compared to 54C
for an A:T base air at the same positiotsNAL, Table ). Replacing the abasic site
H of theB:H base pair irON3:ON4 (GNA2, Table J) for the natural nucleobases T
or A, both resulting iB:T andB:A base pairs, reduced the stability by an additional 6
°C (GNA3 and GNA4, Table ). Apparently, these larger natural nucleobases could
not be accommodated well opposite the sgamesuming nucleobad®, suggesting
that thePBlnucl eobase was accommetdadleidngwiafhi hhe
duplex Figure 2&\).

We also investigated @ilexes that contained two adjacelPBl base pairs.
Incorporation of a second adjacd®tH base pair positioning thEeBI on opposite
strands GNA5 and GNAG, Table ) increased the duplex melting temperaturg £
65 °C and 61°C, respectively), by 12C and 7°C, respectively, upon the melgn
temperatures of the referen@éatsori Crick duplexes GNA1, Table 1 Ty, = 54 °C).
Replacing the abasic sitd of the B:H base pair with the natural nucleobabe
(GNAS, Table 9 improved stability by an additional €. However, when the two
PBI dyes weresited in one same oligonucleotide, the stability of the du@BbA7

was reduced by 1Z (Figure 2&\).
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Table 1 Thermal stabilities ofPBI-containing 16mer GNA duplexes together with Watgomck

reference duplexés

Entry Sequence Tm (°C)

GNAL SNTAAAAATAATAATATT -2Nj (ONOY) 54
2NATTTTTATTATTATAA -3N;j (ONO02)

CNAZ 3-FAAAAA THATAATATT -2 Nj  (ONO3) 29
2-NTT TTTABTATTATAA-3 Nj  (ONO04)

GNA3 3-MAA AAAT AATAA TATT-2 Nj  (ONOY) 48
2-NTT TTTABTATTATAA-3 Nj  (ONO4)

CNAL 3-MAA AAAT TATAATATT-2 Nj  (ONO5) 48
2-NTTTTTABTATTATAA-3 Nj  (ONO4)

CNAS 3-MAA AAAT HBTAATATT-2 Nj  (ONO6) 65
2-NTT TTTABHATTATAA-3 Nj  (ONO7)

ENAG 3-NAAAAAT BHTAATATT-2 Nj  (ONOS8) 61
2-NTTTTTAHBATTATAA-3 Nj  (ONO9)

GNA7 3-NAAAAAT BBTAATATT-2 Nj  (ON10) -
2-WTTTTTAHHATTATAA-3 Nj  (ON11)

ENAS 3-NAAAAAT TBTAATATT-2 Nj  (ON12) 50
2-WITTTTABTATTATAA-3 Nj  (ON04)

GNAS 3-MAAAAA HBHTAATATT-2 Nj  (ON13) 5
2 -WITTTTBHBATTATAA-3 Nj  (ON14)

GNALO 3-MAAAAA HBHBAATATT-2 Nj  (ON15) 5
2 -WITTTTBHBHTTATAA-3 Nj  (ON16)

GNALL 3-MAAAA HBAAHBATATT-2 Nj  (ON17) -
2 WITTTBHTTBHTATAA-3 Nj  (ON18)

GNALD 3-MAAAHBTAATHBTATT-2 Nj  (ON19) -
2 -WTTTBHATTABHATAA-3 Nj  (ON20)

GNALS 3-MAAAAA BTHTAATATT-2 Nj  (ON21) 46
2 -WITTTTHTBATTATAA-3 Nj  (ON22)

GNALA 3-MAAAAA BAHTAATATT-2 Nj  (ON23) 45
2 -WTTTTTHABATTATAA-3 Nj  (ON24)

GNALS 3-MAAAAA BTHTAATATT-2 Nj  (ON21) -
2 -WTTTTTHABATTATAA-3 Nj  (ON24)

CNALE 3-MAAAAA BAHTAATATT-2 Nj  (ON23) 53
2 -WITTTTHTBATTATAA-3 Nj  (ON22)

a1 1 AEOETT10d pm - O1TAEOI DPET OPEAOAR pnm I -
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Figure 28 UV-melting curves of duplexes (fro@NAL to GNA8). Changes in absorbance upon heating
asmoni tored at 260 nm. Conditions: 10 mM sodium phos

strand

The results encouraged us to incorporate more thanPiIs into the GNA
duplexes, thus the duplex€@NA9 and GNA10O were synthesizedsNA9 contained
threePBI dyes in the form of the interstra®HB/HBH with the opposite abasic site
H. However, the result was quite disappointing; the stability of the d@iX9 was
reduced by £C. As the number oPBI dyes in the GNA duplex increased taifdn
the form of zippelike BHBH/HBHB, the T,,of duplexGNA10 was about 56C. It
seemed only the duplexes bearing dPBl interstrand dimerBH/HB increased
thermal stabilityWe also synthesized the duplexgslA11l andGNA12, and both of
them contained two pairs &BI interstrand dimers. F@BNA11, the twoPBI dimers
were separated by two natural base paifs, while thePBI dimers ofGNA12 were
separated by four natural base p#if§. Both of the duplexes were stabilizby 14
°C and 4°C, respectively.

PBI in the dimeric form might have a potential application as a probe for
mismatched GNA base pair detecti@@NA13, GNA14, GNA15 and GNA16 were
synthesized and studied; they contained an intersfP&iddimer that was sepated
by one intervening base pair A/T, T/T or A/A with the counterbddséigure 2B
displays the melting curves of these duplexes. When the separated base pair was
mismatched with base pair T/T or A/A; of GNA13 andGNA14 was 46°C and 42

°C, respectively. This indicated that the duplexes were highly destabilized. However,
40
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when the ineérvening separated base pair was matched base pair A/T, the melting
temperatures 0ofNA15 and GNA16 were 52°C and 53°C, respectively; they
showed similar stability to the reference dupBXAl. Compared totGNA2 with

only one pair oB:H in the middle ofluplex, which destabilized the duplex by it
seemed that th&Bl dyes in GNA15 and GNA16 had a minor influence on the
stability of the GNA duplexedgure 29.

A B

— GNAL — GNAL
0304  ——Gnao 0259  ——GNAL3
=— GNAL0 — GNAL4
0254  ==GNAll — GNA15
— GNAL2 0204 = GNAL6

Hyperchromicity
é
Hyperchromicity

0.05 +

20 30 40 50 60 70 80 20 30 40 50 ] 60 70 80
T(C) T(C)

Figure 29 UV-melting curves of duplexes (fro@NA9 to GNA16). Changes in absorbee upon
heating as monitored at 260 nm. Conditions: 10 mM

of each strand

3.1.2.3UV/Vis-absorption spectroscopy

UV/Vis-absorption is a very important tool for understanding the relative
conformation of clodg located molecules. Hence, UV/Vabsorption of
PBI-modified GNA should be measured.

Figure 30shows that the UV/Visbsorption spera of duplexGNA5, GNA6 and
their corresponding single stran@\N6, ON7, ON8 and ON9 at room temperature.

Both the absorption bands shifted bathochromically and the relative ratios of the
absorption bands at 505 and 545 nm were significantly changed in duplexes compared

to the relative ratio of t hePBOmbdomeamd OVYDO

single strands. Thi-s exoiwean itch ait n RBhrear cet iwoenr:

dyes insideGNA5 andGNAG6 at room temperature.
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Figure 30 UV/Vis-absorption spectra of GNA dupkess and their corresponding single strands.
Conditions: 10 mM sodium phosphat e, 1 0N6:OMM NaCl , pt

ONG6 andON7 at 20°C. (B) ON8:ON9, ON8 andON9 at 20°C

As expected, absorption of tRBI in the duplexGNA7 was the same as that in
the single stran@N10, while the twoPBI chromophores existed in the same single
strandON10in the form ofBB with the couterbasdsH (Figure 3).
= ODN10: ODN11

== ODN10
= ODN11

Absorbance

N,

300 400 500 600
wavelength (nm)

Figure 31 UV/Vis-absorption spectra of GNA duplexes and their corresponding single sttz2@RC
(ON10:ON11, ON10andON11). Conditions: 10 mM sodium phosphat®0 mM NacCl

GNAO9 contained thre@®BI dyes in the form of the interstra®HB/HBH with
the opposite abasic sité. Figure 32A shows that the UV/Visbsorption speatim of
GNA9 at low temperatures as different from the corresponding spectra of Bl
monomer and dimer in oligonucleotides. As the obvious change of peak ratio occurred

between 50C and 60°C, the range of the melg temperatures of the duplexds,E
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50 °C). However, if there were four interstraR@l chromophores in the duplex, the

situation was definitely different. The UV/\@bsorption spectrumof GNA1O0

showed similar absorption &fBI dimer in the duplex; athe temperature increased,

the change of band absorption was not very obvious even though the duplex
completely denatur ed. enhdist ovmisc ciarBBesrda cbhtyi ar

inside the oligonucleotides.

GNA9

— 20°C = 30°C
m— 40°C = 50°C
= 60°C === 70°C
—80°C

e ODN13: ODN14
== ODN13
== ODN14

Absorbance
Absorbance

200 300 400 500 600 300 400 500 600
wavelength (nm) wavelength (nm)

Figure 32 UV/Vis-absorption spectra of GNA duplexes and their corresponding single strands.

Conditions: 10 mM sodium phosphat e, 100 mM NacCl,
ON13:0ON14, ON13andON14at 20°C. (B) GNA9 temperaturaepedent

As we know, more than twBBI chromophores in the form of interstrand would
result in the destabilization of the duplexes. On the other hand, if theBivdyes in
one single strand were separated by intervening matched GNA natural bases, the
duplexes would be stabilize@6NA11l and GNA12). The UV/Visabsorption spectra
of GNA11 andGNA12 were very similar to that dBNA10. At 20°C, both the single
strands ON17, ON18 ON19 and ON20) and double strand$s(NA11l and GNA12)
showed that therdcweéioai st i o PR dyascEBvenans of t
the temperature increased to 8D, at which the duplexes had been completely
dehybridized, there were Isti st'roexgci'tonic i ntPBlIrdgest i ons o

(Figure 33.
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Figure 33 UV/Vis-absorption spectra of GNA duplexes and their corresponding single sitz20f€.
Conditions: 10 mM sodium phosphat e, 100 mM NaCcCl,
ON17:0N18 ON17andON18. (B) ON19:O0N20 ON19andON20

We have mentioned th@&BIl dye might be used as a tool for the detection of
mismatched GNA base pairs. The temperatlependent UV/Visabsorption of these
kinds of duplexes was measurgdNA13 had two PBI chromophores, which had
been separated by the intening mismatched natural:T base pair; as the
temperature increased, the absorption ofRBé had no obvious change, and always
showed the corresponding spectra of B monomer in oligonucleotides-igure
34A). However, the situation was completely different @&xA14 in which the two
chromophores were separated by the mismatéh@dbase pair. At 26C, we found
that the PBI chromophores could interact with each other. As the temperature
increased to 8(°C, only the corresponding spectrum of tR&l monomer in
oligonucleotides was observeBidgure 38). For GNA15 and GNA16 in which two
PBI chromophores were separated by the matghddbase pair, no matter how the

temperature changed, only tRBI monomer band absorption was observed.
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Figure 34 Temperaturadependent UV/Visabsorption spectra of GNA duplexdgSonditions: 10 mM
sodium phosphat e, 100 mM NaCl , GNA13 (B)GNA14.4d00d 2 &M of

GNA15. (D) GNA16
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3.1.2.4CD spectroscopy

In order to learn more about the conformationP&l in GNA duplexes, CD
spectroscopy was applied to gain more insight into the excitonic interaction of the
PBI dyes inside GNA duplexes.

Figure 35shows the CDspectrumof GNA2 that contained only on®BlI
chromophore withiH or T as the opposite abasic site. The CD signals in the GNA
absorption region were almost identical to those of the native GNA duplex. No
long-wavelength CD bands of exciton coupling D) between the twdBI

chromophores were observed.

— ONO3
e ONO4
m— ON03:0N04 (GNA2)

CD (mdeg)
o

&
M

-10

200 300 400 500 600
wavelength (nm)

Figure 35 CD spectra of modified GNA duplexes and their corresponding single stedn23 °C.
Conditions: 10 mM sodium phosphate, 10N, ONdM  Na Cl p

andON3:0ON4

As show in Figure 3@\, CD spectra of the duplex€NA5, GNA6 and GNA7
were investigatedGNA5 and GNA6 contained the interstranBBI dimer in the
duplexes while two PBIs of GNA7 sat in the same single strand. FGNADS, in
addition to the CDspectrumof the duplex poly[d(A)]:poly[d(T)] in the baseair
region (200300 nm) the CD spectrumof duplex GNA5 also displayed a strong
negative band at 565 nm aagositive band at 505 nnThese longvavelength CD
bands were attributed to the excitooupling CD between the twoPBI

chromophore&€® Remarkably, the longvavelength bands dBNA6 were different
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from GNAD5, ard the CD spectrum showed a mirror imatere was a strong positive
band at 565 nm amanegative band at 505 nrRigure 3@). The difference between
GNA5 and GNA6 was in accordance with similar observation reported by Lewis
and coworkers®” The intensity of the positive and negative bands of the
excitonrcoupling CD spectra for two identical paralleremophores @nbe described

with the following equation:

3- — Y OE&{—

Where ¢, and g4 are the electronic transition dipole moments of the two
chromophoresgq, is their centetto-center distance, ardlis the angle between their
transition dipoles. The intensity is siof2dependent. Whed = 0°, 9¢, or 180, the
intensity is zero. The maximum intensity is obtainedemti = 45° or 135. However,
the exact value is very difficult to obtain. Compari®NA5 and GNAG, the
alignment directios of two samePBI chromophores ere opposite, so the mirror
long-wavelength bands in the region of 5600 nm vere reasonable. The CD
spectrumof GNA7 were also investigatedalmost no longwavelength bands in the
region of 500 nm to 600 nm for the single str@d10 wereobserved at 28C

The CD spectra o6NA9 (three PBI chromophores interstrand) am@NA10
(four PBI chromophores interstrand) were also measured. Becausenterestrong
excitoncoupling CD spectra for the single stran@®i14, ON15 and ON16, the
situation was more complicated. At 2D, there was a strong negative band at 575 nm
and a positive band at 505 nm foN14, and a strong positive band at 570 nm and a
negative band at 505 nm f@N16 (Figures 3A and37B). On the other hand, the CD
spectrumof duplexGNA9 at 20°C displayed strong negative bands at 575 nm and
490 nm and a strong positive band at 550 nm. There was & stegiative band at
575 nm and a positive band at 510 nm in thegpBctrunof duplexGNA10 (Figures
37A and37B).
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Figure 36 CD spectra of modified GNA duplexes and their corresponding single stedn2s °C.
Conditions: 10 mM sodium phosphat e, 10 ®NOBHyM NaCl , p

ONO7 andONO06:ONO7. (B) ONO8, ON09 andON08:ON09
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Figure 37 CD spectra of modified GNA duplexesd their corresponding single strarats 20 °C.
Conditions: 10 mM sodium phosphat e, 10 @WNI3M NacCl , p

ON14andON13:0N14 (B) ON15, ON16andON15:0N16

UV/Vis-absorption spectra ddNA13, GNA14, GNA15 and GNA16 in which
two PBI chromophores were separated by one matched baseApgior one
mismatched base palr:T or A:A were also measured. Only the UVA&bsorption
spectrumof GNA14 was different from the other three. As shown kigure 38
GNA13, GNA15 and GNAL16 displayed a strong negative band at 550 nm in the
long-wavelength region, which might be induced by the exeitompling between
PBI chromophores with nature base pairs. However, thes@&trumof GNA14
displayed a strong positive band at 570 nm and a strong negative band at 505 nm,

which were the typical excitecoupling CDs of two samEBI chromophores. These
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CD result were condisnt with the UV/Visabsorption spectra and gave us more

confidence to usBBI as a potential mismatchdxhse pair detector.

A B
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—10°C s 20°C —10°C —20°C
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Figure 38 Temperaturalependent CD spectra of modified GNA duplexes #reir corresponding

singlestrands Condi ti ons: 10 mM sodium phosphate,

(A) GNA13. (B) GNA14. (C) GNAL15. (D) GNA16
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3.2.1.5Fluorescence spectroscopy

PBI and its derivatives have been applied as fluoreshyd in organic materials
owing to their outstanding photochemical stability as well as the high fluorescence
quantum yield$®® Based on thesePBlI may be used as a potential probe for
fluorescent DNA/RNA analytics and functionalized DMsed architectures. It is
disappointingthat he fl uorescence iIs str-ongtwcguegch

betweerPBI chromophores and the adjacent DNAdsm our case.
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3.1.3Phthalocyanine as an artificial GNA surrogate

3.1.3.1Synthesis ofphthalocyanine-modified GNA oligonucleotides

With the phthalocyanine phosphoramidite building blotK in hand, the
phthalocyaninanodified oligonucleotides were prepare#figure 39. To avoid
precipitation of the phthalocyaning7 during the automated DNA synthesis, a
building block solution was prepared in THF, and the coupling timeliwas
extended from 1.6 min (standard) to 10 min. The other processes were the same as

synthesis oPBI modified oligonucleotides.

N
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NC, ow 7 N N— 3
Mg — = _ 36 B ok
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N
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Figure 39 Structure of phthalocyanine phosphoramidieand constitution of theS]-GNA backbone.
Y:H base pair used in this study

3.1.3.2Thermal stability

Table 2shows the 16mer GNA duplexes with phthalocyanine surrogate in the

middle and two reference duplexds.comparison to the referen€&NAL, pairing
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phthalocyanine with the ethylene glycol abasic $ttewas strongly destabilized
(GNAL17, Table 2; the duplex could not form a stable structure alQ0This result
was unexpected. Howeverncorporation of a second adjaceMtH base pair
positioning the phthalocyanine on opposite straraiNA18 and GNA19, Table 2
could form stable duplexe$he T, values 0flGNA18 andGNA19 were 54°C and 62
°C, respectively. In contrast, the stability ®NA18 was very close to the reference

GNAL, and the interstrand dimer inside the dupBNA19 stabilized the duplex by 8

°C. When the twophthalocyanine chromophores existed in the same single strand

ONB30, the duplex GNA again became very unstable. Where than two interstrand
phthalocyaninechromophores were incorporated into the duple@&$A21 and

GNA22, they could not form Watse@rick structures at 28C. We tried to synthesize

the oligonucleotides containing more than two phthalocyanine chromophores;

however, it was impossible to purifigem by the general HPLC method as the content

of acetonitrile of the mixed eluents reached almost 100%.

Table 2 Thermal stabilities of phthalocyanioentaining 16mer GNA duplexes together with

Watsorn Crick reference duplexés

Entry Sequence Tm(°C)
GNALT 3-MAA AAA THATAATATT-2 Nj  (ONO3) ]
2-NTT TTTAYTATT ATAA-3 Nj  (ON25)
GNALS 3-MAA AAAT HY TAATATT -2 Nj (ON26) 54
2 -NTT TTTAYHATTATAA -3 Nj (ON27)
GNALO 3-NAAAAAT YHTAATATT -2 Nj (ON28) 6
2 -NTTTTTAHYATTATAA -3 Nj (ON29)
GNAZ0 3-MAAAAAT YY TAATATT -2 Nj (ON30) ]
2 -NTTTTTAHHATTATAA -3 Nj (ON11)
CNADL 3-NAAAAA HYHTAATATT -2 Nj (ON31) ]
2 -NTTTTTYHYATTATAA -3 Nj (ON32)
CNADD 3-MAAAAA HYHYAATATT -2 Nj (ON33) ]
2-NTTTTTYHYHTTATAA-3 Nj (ON34)
3-MjTAAAAATTATAATATT -2 Nj (ON35)
GNAZ3 2-NI'TTTT AAT ATT ATAA Y-3 Nj (ON36) 65
a1 1 AEOETT10d pm i - O1TAEOI PDPET OPEAOAR pnm I -

GNA23 bears the phthalocyanine moiety)( at t a c h-gedninus of the h e
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two oligonucleotides. With caps on the end, the duf@®&l23 was stabilized by 11

°C (Figure 40. It is noteworthy that this kind of aggregation may be applied to

supramolecular material.
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Figure 40 UV-melting curves of duplexggrom GNA17 to GNA23. Changes in absorbance upon

heating as monitoreat 260 nm. Conditions: 10 mM sodium phosphate, 100 mM NaCl, pH 7.0, and 2

mM of each strand

3.1.3.3UV/Vis-absorption spectroscopy

Because we know that only the duplexeSA19, GNA20 and GNA23 could

form stableduplexes at 20C, herein we discuss tHgV/Vis-absorption spectra of

only these three GNA duplexes and their corresponding single strands in detail.

The UV/Vis-absorption spectra o&6NA18 and GNA19 (Figure 4) at low

temperatures were different from the corresponding spectra of single strands with one

phthalocyanine. Both the absorption bands shiftathochromicallyfrom 694 nm to

684 nm, and the relative ratios of the absorpbands at 642 nm and 694 nm were

significantly

transitions of the phthalocyanine monomer in single strands. This suggested that there

wa s-’

“"excitonic
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GNA19 at room temperature. At high temperature, the absorption maxima shifted to

those that are typical for a monomer phthalocyanine modification in single strands.
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Figure 41 UV/Vis-absorption spectra of GNA duplexes and their corresponding single strands
Conditions: 10 mM sodium phosphate, 100 mM NacCl,
ON26:0N27, ON26 andON27 at 20°C. (B) GNA18 temperaturaependent. (CPN28:ON29, ON28

andON29at 20°C. (D) GNA19 temperaturalependent

3.1.3.4 Selt-Assembly of a Phthalocyanind.inked GNA Dumbbell

into Supramolecular Polymers

In contrast to the duplexéSNA18 and GNAL1Y9, the situation was completely
different; the UV/Visabsorptionspectrumof GNA23 was measured in the normal
conditions (10 mM sodium phosphat e, 100 mM
°C. No typical absorption for a single phthalocyanine modification in oligonucleotides
was observed. The two phthalocyanine dyesveen two independent duplexes

strongly interacted with each other. As the temperature increased, the
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long-wavelength absorption region of phthalocyanine barely varied. This indicated
that the phthalocyanine could still interact even after complete datiaturof the
GNA duplex Figure 4Z). Next, we continued to investigate the mono4chener
equilibrium for GNA23, which is dependent @ salt concentration and temperature,
as well as the concentration of the duplex. This phthalocyanine existed predominantly
as a monomeric state at 20 in aqueous buffer in the absence of added salt. As the
temperature increased, the phthalocyaninemedeo interact with each other again
(Figure 42). However, when the concentration of salt NaCl was increased to 10 mM,
the aggregatin of the duplexGNA23 became dominant at 2T (Figure 4B). We

also measured the UV/\f&bsorption spectra @NA23 in 30 mM and 6mM NaCl

at 20°C, and it indicated aggregation among this kind of duplex would be intensified

as the salt concentration increasEwj(re 4D).
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Figure 42 UV/Vis-absorption spectraf GNA23. Conditions: 10 mM sodium phosphate, pH 7.0, and 2
eM of each strand. (A) temper at udependdregi@OmMe nce wi tF
NaCl (C) temperature dependence in 100mM N#TJ NaClconcentrtion dependence at 2G
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The UV/Vis-absorptionspectrumof GNA23 was also measured i1 ¢ M
contrast to the spectra in2 M, the ratio of monaoumbr i c pht

higher in the same buffer and salt conditions. Moreover, the trend of aggregation was

similar as the salt concentration increadeédre 43.
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Figure 43 UV/Vis-absorption spectra @NA23. Conditions: 10 mM sodium phosphate, pH 7.0, and 1
eM of each strand. (A) t e mp e rcancantragordepenpence dt€hh c e wi t h

°C
In addition, the CD spectra of the phthalocyanimedified GNA duplexes were

also measured to investigate the conformation. However, nowanglength CD

bands of exciton coupling between the two phthalocyanine chromophores were found
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3.1.4 Interstrand stacking of heterochromophores as an

artificial GNA surrogate

Our group successfully incorporated porphyrin into GNA as an artificial
surrogaté?® Even GNA bearingone interstrand porphyrins dimer inside the duplex
was destabilized. So it is unrealistic to incorporate more porphyrins into GNA
duplexes. Next, a series of oligonucleotides with three different chromophore
surrogate (PorphyriR, Phthalocyaning/, Perylene bisimid®, Figure 26
modifications in the middle were synthesized. This triggered our great interest in
investigating heterochromophore interaction in GNA duplexes. Although énereo
reports about heterochromophore interaction inside DNA scaffolds, we envisioned

that this might give us some interesting results.
3.1.5 Interstrand stacking of PBFporphyrin

3.1.5.1Thermal stability

The influence ofPBI and porphyrin on the stability of the duplexes was
evaluated by thermal denaturation studies. | worked together with Hui Zhou from our
group, and some of resuligerealso described in his the$is? Table 3displays the
experimentall, values of the duplexes that contairfe8l and porphyrins, as well as

of the reference duplex.
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Table 3 Thermal stabilities ofPBl-porphyrin 16mer GNA duplexes together with WaiS0rick

reference duplexés

Entry Sequence Tm(°C)

GNAL SNTAAAAATAATAATATT -2Nj (ONOY) 54
2NATTTTTATTATTATAA -3Nj (ONO02)
3NJAAAAAT HPTAATATT -2Nj (ON37)

GNA24 ] 64
NATTTTTABHATTATAA -3Nj (ONO7)
3NJAAAAAT HBTAATATT -2Nj (ONO6)

GNA25 ) 68
2NATTTTTAPHATTATAA -3N;] (ON39)
3NJAAAAAT PHTAATATT -2Nj (ON39)

GNAZ26 i 63
2NATTTTTAHBATTATAA -3N;j (ONO09)
3NJAAAAAT BHTAATATT -2Nj (ONO08)

GNAZ27 ) 64
2NATTTTTAHPATTATAA -3N;j (ON40)
3NJAAAAA HBHTAATATT -2Nj (ON13)

GNAZ28 . 78
2NATTTTTPHPATTATAA -3N; (ON41)
3NJAAAAA HPHTAATATT -2Nj (ON42)

GNAZ29 . 57
2NATTTTTBHBATTATAA -3Nj (ON14)
3NJAAAAA HPHPAATATT -2Nj (ON43)

GNA30 : 70
ONATTTTTBHBHTTATAA -3Nj (ON16)
3NJAAAAA HBHBAATATT -2Nj (ON15)

GNA31 . 66
ONATTTTTPHPHTTATAA-3N| (ON44)

aConditions: 10 mM sodium phosphate, 100 mM NaCl, andv#V individual strands

As described inTable 3 GNA24, GNA25, GNA26 and GNA27 all contained

the interstrandheterochromophord3BI-porphyrin dimer. In contrast to the, (54 €)

of GNAL1 with two A:T base pairs at the same position, the four modified duplexes

showedT, at 64 €, 68 €, 63 € and 64 C, respectively, demonstrating that the

incorporationof @Bl-p or phyr i n

pair

had

a

st ap=ilizing

10 € for GNA24, T.gq= 14 € for GNA25, Ty 9 € for GNA26 a n dT, =p

10 € for GNA27). When more than two heterochromophores were incorporated into

GNA duplexes,duplex GNA28 containing three chromophores in the form of

sandwichtype P-B-P exhibited amelting point T) of 78 €, and the duplex was

stabilized by an additional 24 €. On the other hamtliplex GNA29 was only

stabilized by 3€C in which the three heterochromophores arrayed in the form of
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sandwichtype B-P-B. The melting pointsof GNA30 and GNA31 containing four
heterochromophoreB{P-B-P and P-B-P-B) were 70C and 66C, respectively.
Figure 44displays the U¥melting curves of the duplexes. As a result, it was revealed

that PBI-porphyrin aggregation had remarkably positive effects on the stabilization of

GNA duplexes.
030d ===GNAL === GNA24
— GNA25 = GNA26
e GNA27 e GNA28
0.25q  mmmmmGNA29 === GNA30
m— GNA3L
>0.20 1
()
g 0.15
ey
e
2 0.104
>
I
0.05 s
0.00 s
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Figure 44 UV-melting curves of duplexes (froNA24 to GNA31). Changes in absorbance upon
heating as monitored at 260 nm. Conditions: 10 mM

of each strand
3.15.2 UV/Vis-absorption spectroscopy

A J-aggregate is a type of dye with an absorption bandstiawvs bathochromic
shift of wavelengthwith increasing sharpness when it aggregates under the influence
of a solvent or additive or concentration as a result of supramolecular
self-organisatio®® Jaggregate dyes are found with polymethine dyes in general,
with cyanines, merocyanines, squaraine and perylene bisin@aesthe other hand,
H-aggregatesdisplays hypsochromic shift of walkengthwith low or no fluorescence.
Almost all these kinds of aggregation are investigated among identical dyes. The

heteroaggregation is seldom studideéh acquire information about the interaction
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betweenPBI andporphyrinin the GNA duplexesin the present study, the modified
duplexes and their correspondingsingle strands are investigated by
UV/Vis-absorption spectra.

The modified duplexe&NA24, GNA25, GNA26 andGNA27 all containedB-P
dimer. Here we only gave the detailed analysisGMA24 as an exampldrigure 45
shows UV absorptionof GNA24 and the corresponding single strar@slO4 and
ON37; the soret band for porphwrishifted bathochromically from 427 to 431 nm,
whereas th@BIl absorption band also had a small bathochromic shift from 508 to 514
nm and 546 to 55@m, respectively. Moreover, the relative ratios of peak heights of
porphyrin andPBI also changed. Together wilh, we could clearly infer that there

was interaction of th€BI and porphyrin ilGNA24.
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Figure 45 UV/Vis-absorption spectra of GNA duplexes and their correspondinglesistrands
Conditions: 10 mM sodium phosphat e, 10 ®WN3IKM NacCl ,
ONO04 andON37:0N04 at 20°C. (B) GNA24 temperaturalependent

As described inFigures 48 and 46B, the absorptiorspectrumof the duplex
GNA28 containing three chromophores in the form of sandwype P-B-P was
investigatedRemarkablythe absorption properties of the dupleare different from
the single strandsThe absorption band for the porphyrin in single stra@dit1
showed &athochromic shift from 409 nm to 426 nm, on the other hand, there were
two absorption bands at 504 nm and 542 nnPBl in single strandDN13. However,
the broad absorption band appghat 542 nm foPBI in the duplexGNA28. As the

temperaturancreased from 20 € to 90 €, the gradual dissociationtbé duplex
60
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GNAZ28 was observed, and the interaction of chromophores in the single strands in
ON15 and ON34 was weakened. MoreoveFigures 4€ and 46D show the
absorption spectra ofie duplexGNA29; there was an obvious bathochromic sfaft

the porphyrin from 424 nm to 433 nm upon the formation of the du@A29.

There was no absorption band shift 8Bl observed, whereas the ratio of the
absorption intensity at 510 nm and 548 nm changed.
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Figure 46 UV/Vis-absorption spectra of GNA duplexes and their corresponding single strands
Conditions: 10 mMs odi um phosphat e, 100 mM NacCl , ON1B 7. 0, anc
ON41 and ON13:0N41 at 20 °C. (B) GNA28 temperaturaependent. (C)YON42, ON14 and

ON42:0N14at 20°C. (D) GNA29 temperaturalependent

Figure 47shows the UV absorption @NA30 and corresponding single strands
ON43 and ON16. The absorption band @NA30 containingB-P-B-P showed that
there was an 18 nm bathochromic shift in the range of the porphyrin soret band and a

4 nm bathochromic shift in the range of Bl band, respectively
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Figure 47 UV/Vis-absorptbn spectra of GNA duplexes and their corresponding single strands
Conditions: 10 mM sodium phosphat e, 10 ®N4yM NacCl , p
ON16andON43:0N16 at 20°C. (B) GNA46 temperaturaependent

3.15.3 CD spectroscopy

As shown inFigure 48 the CD spectra of duplex€aNA24, GNA25, GNA26
and GNA27 that containB and P dimer were investigated first. The CD spectra
resembled that of the native duplex in the GNA absorption regiori 3200nm). A
negative CD signal was observed at 428 nm, which attributed to the porphyrin in
duplexGNA24 (Figure 4&\). There was also a very weak negative signal at 425 nm
in duplex GAN25 (Figure 48). However, the situation was a little different for
GNA26 and GNA27 in comparison tocGNA24 and GNA25. The CD spectrumof
GNAZ26 displayed a strong negative peak at 428 nm and a positive peak at 441 nm,
which were both in the porphyrin soret band; howetlegre was very weak cotton
effect of thePBI observed Figure 4&). A similar phenomenon was also observed

for duplexGNA27.
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Figure 48 CD spectra of modified GNA duplexes and their corresponding single st@omditions: 10

mM sodium phosphat e,
andON37:0N07. (B) ON06, ON38andON06:0ON38 (C) ON39, ON09 andON39:0N09. (D) ONO8,

ON40andONO08:0ON40

100

mM Na Cl ,°C. pAHON37, QNP7 and

Figure 49shows the Cspectrumof GNA duplexes modified by more than two

heterochromophore# strong negative CD signal at 421 nm and a positive CD signal

at 436 nm were observed, and both of these two absorption bands attributed to the

porphyrin in duplexGNA28; however, no obviousotton effect ofPBI was found

(Figure 49\). On the other handsoret bands of porphyrin in duple®NA29

displayed a strong negativegsal at 431 nm and a relatively weak positive signal at

448 nm; moreover, the CD signal at 505 nm and 570 nm attributeBltoould also

be observed. As we know, bottGNA30 and GNA31 contained four

heterochromophores, but the Gpectrumshowed little diference. FOIGNA30Q, a

strong positive signal at 422 nm and a strong negative signal at 437 nm attributing to

porphyrin were observed, while a negative signal at 502 nm and a positive signal at
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565 nm attributing toPBl were also detectedrigure 4€). The soret bands of

porphyrin observed iIGNA31 were similar to that oGNA30; however, the cotton

effect ofPBI was nearly unobservable.
Accordingly, together withT, and U\:spectroscopy measurement, more than

two interstrand heterochromophores incorporated into GNA duplexes were possible to

increase the stability.
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Figure 49 CD spectra of modified GNA duplexes and their corresponding single staomditions: 10
mM sodium phosphat e, 100 mM NacCl ,°C. AHONI3 AN41 and 12 ¢

andON13:0N41 (B) ON42, ON14andON42:0N14. (C) ON43, ON16 andON43:0N16 (D) ON15,

ON44andON15:0N44
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3.1.6 Interstrand stacking of phthalocyanineporphyrin

3.1.6.1Thermal stability

Encouraged by the resultsf interstrand stacking ofBIl-porphyrin, we

continued to investigate the interstrand stacking of phthalocygainghyrin

Table 4 Thermal stabilities oPBI-Phthalocyanine 16mer GNA duplexes together with WaiSdok

reference duplexés

Entry Sequence Tm(°C)

GNAL SNTAAAAATAATAATATT -2Nj (ONOY) 54
ONATTTTTATTATTATAA -3Nj (ON02)
3NTAAAAAT HPTAATATT -2Nj (ON37)

GNA32 i 53
ONATTTTTAYHATTATAA -3Nj (ON27)
3NTAAAAAT HY TAATATT -2Nj (ON26)

GNA33 . 60
2NATTTTTAPHATTATAA -3N;j (ON39)
3NTAAAAAT PHTAATATT -2Nj (ON39)

GNA34 ) 66
2NATTTTTAHY ATTATAA -3Nj (ON29)
3NTAAAAAT YHTAATATT -2Nj (ON29)

GNA35 : 62
2NATTTTTAHPATTATAA -3Nj (ON40)
3NTAAAAA HYHTAATATT -2Nj (ON31)

GNA36 , 74
2NATTTTTPHPATTATAA -3Nj (ON41)
3NTAAAAA HPHTAATATT -2Nj (ON42)

GNA37 , low
2NATTTTTYHY ATTATAA -3Nj (ON32)
3NJTAAAAA HPHPAATATT -2Nj (ON43)

GNA38 , low
2NATTTTTYHYH TTATAA-3Nj (ON34)
3NTAAAAA HYHY AATATT -2Nj (ON33)

GNA39 , low
2NATTTTTPHPHTTATAA -3Nj (ON44)

aConditions: 10 mM sodium phosphate, 100 mM NaCl, and 2- individual strands.

As shown inTable 4 GNA32, GNA33, GNA34 andGNA35 contain all possible
permutations of the interstrand heterochromophore porppytitfalocyanine dir.
In contrast to th@,,(54 €) of GNA with two A:T base pairs at the same position, the
four modified duplexes showel, at 53 €, 60 €, 66 € and 62 €, respectively,

demonstrating that the incorporation of porphyrinphthalocyanine pair had a
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stabii zi ng effect on Thh-&C BNGNAIRU JbpebxCefar. (op
GNA33, T 12 € for GNA34 a n di, g8 € for GNA35).

When more than two heterochromophores were incorporated into GNA duplexes,
the situation became more complicated. Tdheplex GNA36 containing three
chromophores in the form of sandwitype P-Y-P exhibited a melting pointTg,) of
74 €, and it improved the duplex stability by an additional 20 €. However, duplexes
GNA37, GNA38 and GNA39, in which the heterochromophores arrayed in the form
of Y-P-Y or P-Y-P-Y or Y-P-Y-P, were even unstable at 2C; no T, value was
obtained Figure 50.

0.30 =
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m—— GNA37 = GNA38
m— GNA39

© o o
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Figure 50 UV-melting curves of duplexdfrom GNA32 to GNA39 (seeTable 4for the sequences)).
Changes in absorbance upon heating as monitored at 260 nm. Conditions: 10 mM sodium phosphate,
100 mM NaCl,pH7.0,and2M of each strand

3.1.6.2UV/Vis-absorption spectroscopy

First, the modified duplexe&NA32, GNA33, GNA34 and GNA35 thatcontain
P andY dimer were studied in detail. The UV/\f@bsorptionspectrumof GNA32
displayed thathe absorption bands shifted bathochromically from 695 nm to 705 nm

for phthalocyanine, and had a small bathochromic shift from 427 nm to 436rnm
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porphyrin Figure 51A. In addition, we observed that the intensity of the absorption
also had a pronounced chandgég(re 51A. As shown inFigure 51 similar results
were obtained for the other three duplex@BlA33, GNA34 andGNAS35).

The UV/Visabsorption spectra of duplexes that have more than two
chromophores were also measured. RemarkétdylUV/Vis-absorption properties of
duplexGNA36 containing three chromophores in the form of sandwyple P-Y-P
were significantly different from the single strands. The absorption band for the
porphyrin insingle strandDN41 showed a smabathochromic shift from 419 nm to
426 nm; on the otheralmd, there were two absorption bands at 643 nm and 687 nm
for the phthalocyanine in single stra@iN31. Theabsorption band mainly appeared
at 717 nm for phthalocyanine in dupl&XNA36 (Figure 52A. All these results
indicated that a strong interaction of porphyrin and phthalocyanine existed in this kind
of arrangement in the GNA duplexdsidure 52\). The influence of temperature on
the UV/Vis-absorptionspectrumof the duplexes was analyzed. As showrfigure
52B, a temperature increase from 20 € to 90/@sulted in the gradual change of the
absorption band. After complete denaturation of the duplex, there was no interaction
of the heterochromophores.

Although we could not determine the melting points of duple@®$A37,
GNA38 and GNA39 with UV-dependent termal stability, temperatwdependent
UV/Vis-absorption spectra showed that interaction between two chromophores was
temperature dependent. As shownFigures 5 and 52D, the UV/Visabsorption
spectrumof GNA37 showed that there wasbathochromic shift from 424m to 427
nm for the porphyrin surrogate; the intensity of the absorption band at 639 nm for the
phthalocyanine surrogate also changed. As the temperature increased, the trend of the
absorption change in the lofgavelength still did not give us enough infmation
about the stability of the duple¥igure 520. For GNA38 and GNA39, both of the
absorption bands shifted bathochromically nfro408 nm to 425 nm, and the
absorption bands in the region 5800 nm showed pronounced changes afQ0

(Figures 52Eand52P.
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Figure 51 UV/Vis-absorption spectra of GNA duplexes and their corresporsifingge strandat 20°C.
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Figure 52 UV/Vis-absorption spectra of GNA duplexes and their corresponding single strands
Conditions: 10 mM sodium phosphat e, 10 WN3HhM NacCl ,
ON41 and ON3LON41 at 20 °C. (B) GNA36 temperaturaependent. (CYON42, ON32 and
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3.1.6.3CD spectoscopy

First, the CD spectra of duplexdSNA32, GNA33, GNA34 and GNA35
containing one pair of interstrand heterochromophore phthalocyanine and porphyrin
were investigated. The CD signal of the modified GNA duplexes in the GNA region
resembled that of the native GNA duplex. Only a very weak negative CD signal was
observed a#28 nm, which attributed to porphyrin surrogate. No signal was observed
in the corresponding region for the phthalocyanine. In addition, CD melting profiles
also provided values di, similar to those obtained from the UV daFgure 53.

As we have mentionethe duplexGNA36 containing three chromophores in the
form of P-Y-P was highly stabilizedRemarkably it was notd that the CD signal of
porphyrin in GNA36 was completely different from that ifON41 in the
long-wavelength region. CBpectrumof GNA36 had an obvious positive signal at
around432 nm and a strong negative signabeiund420 nm in contrast to that of
ON41 in the same regian(Figure 54). Together with these results, Wwas
demonstrated that the phthalocyanine and porphyrin ineetattGNA. Sincethe CD
spectra 0lGNA37, GNA38 and GNA39 in the baseair region (200300 nm) vere
very weak at 20C, it indicated that such modification somehow distorted the overall

GNA duplex conformation
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3.17 Interstrand stacking of phthalocyanine-PBI

3.1.7.1 Thermal stability

As described inTable 5§ GNA40, GNA41, GNA42 and GNA43 had four
different permutations of adjacer®®Bl-phthalocyanine heterochromophores. In
contrast tathe T, (54 €) of the GNA with two A:T base pairs at the same position,
the four modified duplexes showad at 56 €, 55 €, 60 € and 58 €, respectively
(Table 5 and Figure 535, demonstrating that the incorporation of a
PBI-phthalocyanine pair had little stabiliziegf f eTg & 2 € fgr GNA40, T.gF
1 C for GNA41, T. 6 € for GNA42a n dl, g3 € for GNA43).

When more than two heterochromophores were incorporated into GNA duplexes,
the situation was more complicatedudex GNA44 containing three chromophores
in the form of sandwicltype B-Y-B exhibited a melting pointTg) of 69 €. It
improved the duplex stability by an additional 15 €. However, if saadwichtype
was Y-B-Y, the duplexGNA45 was highly destabilized and onlysglayed aT,, of
43 €. Melting temperature o6NA46 only showed 42C, andGNA47 was also very
unstable even at 2X{C. Both of them contained four interstrand heterochromophores

in the form ofB-Y-B-Y (Figure 53.
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Table 5 Thermal stabilities oPBI-Phthalocyanind6mer GNA duplexes together with Wats@nick
reference duplexés

Entry Sequence Tm(°C)

GNA1L SNTAAAAATAATAATATT -2Nj (ONO01) 54
NATTTTTATTATTATAA -3Nj (ONO2)
3NTAAAAAT HBTAATATT -2Nj (ONO6)

GNA40 . 56
2NATTTTTAYHATTATAA -3Nj (ON27)
3NJAAAAAT HY TAATATT -2Nj (ON26)

GNA41 ) 55
2NATTTTTABHATTATAA -3N;j (ONO7)
3NJAAAAAT BHTAATATT -2Nj (ONO08)

GNA42 . 60
2NATTTTTAHYATTATAA -3Nj (ON29)
3NJAAAAAT YHTAATATT -2Nj (ON28)

GNA43 . 58
2NATTTTTAHBATTATAA -3N;j (ONO09)
3NJAAAAA HYHTAATATT -2Nj (ON31)

GNA44 . 69
2NATTTTTBHBATTATAA -3Nj (ON14)
3NJAAAAA HBHTAATATT -2Nj (ON13)

GNA45 _ 43
2NATTTTTYHY ATTATAA -3Nj (ON32)
3NJAAAAA HBHBAATATT -2Nj (ON15)

GNA46 . 42
ONATTTTTYHYHTTATAA -3Nj (ON34)

SNALT 3NJAAAAA HYHY AATATT -2Nj (ON33)
ONATTTTTBHBHTTATAA -3Nj (ON16)

aConditions: 10 mM sodium phosphate, 100 mM NaCl, andv#V individual strands.

0300 = GNAL === GNA24
— GNA25 = GNA26
0.25 = s GNA27 e GNA28
— GNA29 === GNA30

m— GNA31
0.20 «

0.15 «

0.10

Hyperchromicity

0.05 <

0.00 «

20 30 40 50 60 70 80 90
T(°C)

Figure 55 UV-melting curves of duplexdfrom GNA24 to GNA31 (seeTable 3for the sequences)).
Changes in absorbance upon heating as monitored at 260 nm. Conditions: 10 mM sodium phosphate,
100 mM NacCl, pH 7.0, and 2 mM of each strand
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3.1.7.2 UV/Vis-absorption spectroscopy

First, duplexesGNA40, GNA41, GNA42 and GNA43 that containPBI and
phthalocyanine dimer were studie@ihe UV/Vis-absorptionspectrumof GNA40
mainly displayed the band absorption at 694 nm for phthalocyanine, 545 nm and 508
nm for PBI in the longwavelength region at 28C. In comparison to the sirgl
strandsONO6 and ON27, no band shift was observed, but the ratio of the absorption
bands forPBI at 508 nm and 545 nm changed; in addition, the intensity of band
absorption at 694 nm for phthalocyanine also changed. Similar results were also
observed fothe UV/Vis-absorption spectra @NA25, GNA26 and GNA27 (Figure
56). This initial measurement indicated that there was some Kkinghtefaction
between phthalocyanine and tPBI inside GNA duplexes.

Figure 57 shows the UV/Vis-absorption spectra of duplexes in which more than
two heterochromophores were incorporated. Remarkably, UV/Vis-absorption
properties of duplex GNA44 containing three chromophaein the form of
sandwichtype B-Y-B were significantly different from the single strands. The
absorption band for theBI shifted bathochromically from 542 nm to 547 ;andfor
the phthalocyanine, themgasa small bathochromic shift from 687 nm to 693 nm. It
was noedthat the absorption band at 643 nm almost disappeahedielative ratio of
the absorption bands f&Bl at 506 nm and about 545 nm had a pronounced change.
All these results gave us clear information that the strong interactiéBlofand
phthalocyanine would occur in this kind of arrangement in the GNA dupl&igs €
57A). The influence of temperature on the UVAdigsorptionspedrum of the
duplexes was analyzed. As showrFigure 5B, atemperaturencreasefrom 20 €
to 90 € resulted in the gradual change of the absorption baridch can be
explained by the dissociation of the duplexes into their corresponding single strands
(phthalocyanine andPBl moieties), leading to no interaction. Although duplexes
GNA45, GNA46 and GNA47 had been strongly destabilized by the

heterochromophore aggreéme, the UV/Visabsorption spectra indicated that three
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types of arrangemenB-Y-B, B-Y-B-Y andY-B-Y-B, still interacted with each other
(Figure 53. The most apparent one waSNA30 with B-Y-B-Y type the
UV/Vis-absoption spectrum of single strardN34 indicated that the interaction was
very strong between two phthalocyanine dyes because the main peak showed at
around642 nm. However, the UV/Viabsorptionspectrunof GNA46 wasdefinitely
different the interaction betwegphthalocyanine an&BI resulted ina change of the
ratio of peaks at 693 nm and 642 nm. As the temperature increased, the duplex
GNA46 denaturegdonly interaction of chromophores in the single strand®MNiL5
andON34 existed.

Accordingly, we found that the UV/V4absorption spectra of heterochromophore
aggregation were more complicated than those of homochromophore aggregation.

These initial results inspired us to make an extensive study in the future.
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Figure 56 UV/Vis-absorption spectra of GNA duplexes and their corresponding single strands

10 mM sodium phosphat e, 10 ®ONOBEM Na Cl
ON27 and ONO6:ON27 at 20 °C. (B) GNA40 temperatura@ependent. (CYON26, ONO7 and
ONZ26:0NO07 at 20°C. (D) GNA41 temperaturaependent. (EPNO8, ON29 and ONO8ON29 at 20
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3.1.7.3 CD spectroscopy

First, the CD spectra of modified duplex&\NA40, GNA41, GNA42 and
GNA43 were investigated. The CD signals of those modified duplexes in the GNA
absorption region were almost identical to those of the native GNA duplex. A very
weak negative CD signal at 545 nm which attribute®Bd was observed. No signal
appeared in the carsponding region of the phthalocyaniegUre 58. In addition,

CD melting profiles also provided valuesBf similar to those obtaed from the UV

data.

A B
GNA40
10 s ONO6 —20°C = 30°C
=— ON27 10 ——40°C ——50°C
m— ON06:0N27 (GNA40) e §0°C = 70°C
— 80°C

0 o W

CD (mdeg)

200 300 400 500 600 200 300 400 500 600
wavelength (nm) wavelength (nm)

Figure 58 CD spectra of modified GNA duplexes and their correspondingle strands at 26C.
Conditions: 10 mM sodium phosphat estrand QAIONOGBM Na Cl ,
ON27andONO06:ON27 at 20°C. (B) GNA24 temperaturalependent

It is noteworthy that the absorption band PBI in GNA44 was completely
different from that inON14. The CDspectrunmof GNA44 had a strong positive signal
at 550nmand a strong negative signal at 529 nm and 486 nm, but trsp&Drunof
single strandDN14 displayed a strong negative signababund570nmand a strong
positive signal at 505 nni{gure 59. Together with these results, it demonstrated that
PBI and phthalocyanine interacted in this kind of special arrangement in GiNA.
situation for GNA45, GNA46 and GNA47 that were strongly destabilized was

definitely different(Figure 59.
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Figure 59 CD spectra of modified GNA duplexes and their corresponding single st@omditions: 10
mM sodium phosphat e, 100 mM Na CION31pON14Aand0, and 12 ¢l
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3.2 Design ofOctahedral Silicon Complexes as DNABinders

3.2.1Synthesis ofsilicon complexes

The synthesis of octahedral silicon complexes was divided into two parts: the
first was the direct synthesis of silicon complexes harboring arenediolate ligands from
arenendiol, and the second swvasynthesis of silicon complexes harboring
phenazinediolate from the octahedral silicon complexes that were obtained in part

one.

3.2.1.10ctahedral silicon complexesontaining arenediolate ligands

According to the literatur€? Sil, r eact s  bipytidne and 2 Nj
1,10phenantroline to affordcis[Si(bpy)lo]l. 40 and cis[Si(phen}l;]l, 41,
respectively, at room temperatutecheme 100 However, the desired products were
never obtained in this condition. When the reaction was carried out &,5%e
desiredproducts could be obtained in high yield, and the products were highly stable
at-20°C.

Seven ortho-dihydroxyarenes (catechol 52, 2,3-dihydroxynaphthalene53,
phenanthren®,10diol 54, benzp]anthracene,6-diol 55, 5,6-chrysenediol 56,
4,5pyrenediol 57 and benzd]phenazines,6-diol 58) were chose (Scheme 11
Compounds52 and 53 are commercidy available. 10 wt. % Pd/C catalyzed
hydrogenation 09, 10phenanthrenedion&9 affords phenanthren®, 10Gdiol 54,
which is not stable andaa be oxidized by air very fashence it should be used
immediately after iis synthesized. Compouid can be synthesized fro80 and61
in five steps Co mp o u-bramotdlunitrile 60 reacs with benzenesulfinic acid
sodium salt dehydrat®l to afford ortho-(Phenylsulfonylmethyl)benzonitriles2,
which is further reduced to thertho-(Phenylsulfonylmethyl)benzaldehyd#8, and
compound 1,-dimethoxynaphthale@(1H)-one65i s o0 bt a i-maghtholifoneo m b
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step in the presence of PhI(OAc)Then 63 and 65 react to give the

% The final compound

Benzfglanthracene, 6-dione 66 in the presence dafBuOLI.
Benzf]anthracené,6-diol 55, can beobtained by direct reduction @6 in the
presence of Hwith 10 wt. % Pd/C as catalyst. Similar 4, compound55 is not
stable, and it should be used directly. In order to compare with the complex
[Rh(bpyk(phz)](CDs,*° we  also  attempted to get compound
benzop]phenazines,6-diol 58. The compound benzajphenazineb, 6-dione 69 can
be synthesized frorG7 in two steps in high yield. However, whéB is reduced, it
affords apurple solid which has little solubility in normal solvent. It condd be used

for the next step evathoughwe screened It of conditions.

2+

Sil, M [Si(bpy),lyl, —2rtfo-arenediol " (PFg)2
plo]ly, ————————» .
CHCl3 55 °C CHCls, 55 °C - Si(bpy),
24h, 87% 40
42-45
2+
1 (PFe
Phen (2.2 eq) ortho-arenediol .
Sil, —— "> [Si(phen)ylyll, — - o-areNedIot_ _Si(Phen),
CHCl3 CHCl3, 55 °C
24h, 84% M
46-51
2+ 2+ 2+ 2+
N e, OGS N ers N ] ey T
=N TN S S U O B SN o
0, | Ny 0, Ny 0, | Ny ) NS 0, | Ns
‘Cl o’Si\\N/l O/SI\N,I OO o’Si\N" QQO O/Si\N,‘ @o’sl\\w‘
NOA NoA N NoAY NOA
G = ~ C @i?
42 43 44 45 46
39% 16% 15% 17% 48%
2+ 2+ 2+ 2+ 2+
1 SN
JNt S ‘Nt /‘T(Pm2 JNt | (PFe) ; oy P o~ v oY ek
o, | .N o, | N o, | .n o, | .N 0, | N
O/SI\N OO, O/Si\N ‘ o’S{\N l 3 o7 \\N ‘ ’gl o’si\N"
NOA N N N N
® ® - | < ®
47 48 49 50 51
35% 17% 16% 16% 17%

Schemel0 Synthesis obctahedral silicon complexes containing arenediolate ligands
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Schemell Structure and synthesis aftho-dihydroxyarenesCompound56 and 57 were synthesized

by ChenFu from Megger$roup

Having all the ortho-dihydroxyarenesprecursor synthesized, we tried to
synthesize the octahedral silicon complexes ff8itbpy)l.]l. 40 and [Si(phemn) ]l
41. A series of solventsvere screened, such as DMF, DMSO, £{HN, CHCl,,
toluene, chlorobenzene achloroform Only chloroform, toliene and chlorobenzene
were suitable for the reactiomnd maybe DMF, DMSQand CH3;CN can coordinate
with [Si(bpy)l2]l, and [Si(phen);]l.. Complexest0 and41 reactedwith a number of
different ortho-dihydroxyarenes to afford the novel silicon complex¢& 51

harboring arenediolate ligands with varying aromaigystems $cheme 10
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As shown in Figure 6Q the silicon complex catioM8 was structurally
characterized by singlerystal X-ray diffraction. The central atom in silicon complex
48 ligated by four nitrogen atoms and two oxygen atoms in slightly distorted
octahedral coordination geometry. N1 and O2 omxiifwo sites of axis (the angle of
N1-Si1-02 is 173.5 (8). Four atomsO1, N4, N15 and N18 can be considered to
occupy equatorial positions with the sum of the bond angles around the silicon atom
(01-Si1-N4, N4Sil-N15, N18Si1-N15 and O1Si1-N18) of 359.8 (9)°. X-ray
crystal structureonfirmedthe octahedral coordination mode around silicon.

The hydrolytic stability of several silicon complexes was evaluatetHHEYMR
in CDsCN/D2O 5:1 No signs of decomposition were observed after one week at room
temperatureFigure 61shows that48 was hydrolytically stablen 5:1 CD3;CN/D,O.
The stability of48 in 1:1 DMSO/buffer (10mM sodium phosphate and 20M NacCl
pH = 7.0) and 1:1 DMSO/LO in the presence of 5 mM mercaptoethanol was also
studied, and no signs of decomposition were obsett/edalso worth noting that this
remarkable kinetic inertness is complemented with a high configurational stability as

determined with the resolved individual enantiomerd&f

Figure 60 Crystal structure of the silicon 9, Hhenanthrenediolate complé8 ORTEPrepresentation

with 50% thermal ellipsoids. Counterions and solvent molecules are omitted for clarity. Selected bond
distances (A) and angles (3: NSi1 1.956(2), N4Si1 1.926(2), N15Bi1 1.947(2), N1&i1 1.923(2),
01-Si1 1.7081(19), OBil 1.7172(19);01-Si1-N18 93.28(9), OISi1-N4 92.98(9), O1Si1-N15
175.42(10), O4Si1-N1 88.55(9), N155i1-N1 89.%2(9)
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Figure 61 Hydrolytic stability of complexd8 at room temperature in GON/D,O 5:1

T
7.0

3.2.1.2 Octahedral silicon complexescontaining phenazinediolate

ligands

It became very difficult when we strived to get more complicated silicon
complexes because of the low solubility and inert reactivityrthio-dihydroxyarenes.
Since metallecomplexes withdppz ligand have been reportetlaving strong
interaction with DNA, we also wanted to introduce this ligand to the silicon
complexes; however, the low yield makes synthesis meaningless. Some other ligands,
such as phenantrolirfs 10dione and other phenantroline derivatives, which have
functional groups for further reaction, were used to replace? thddphjidine and
1,10phenantrolingit seems that this method is almost impossible.

As silicon complexes are stable in acid conditions, we envisaged that it might be
possible to modify t@ current octahedral silicon complexes. Silicon protection group
is very useful in organic synthessnd it inspired usto considerthat the Si(Phen)
part of46 could be regarded as protection of the catechol. The reactivity of catechol
will not change very much. On the other hand, the catechol could be converted to 3,
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4-dinitro catechol or 4,5-dihydroxycyclohexe3, 5dienel, 2-dione in acidic
condition easily.Fortunately, the dinitiro complexesl and 73 were obtained in
guantitative yield fronY0 and46 in the presence of fume nitric acid and concentrated
sulfuric acid respectively.71 and 73 were then further reduced to the diamine silicon
complexes/’2 and74 (Scheme 1R However,72 and 74 oxidized very fast and even

decomposed at20 °C. It was impossible for us to purify them using normal

chromatography. After the reduction step, the diamine product should be used

immediately.

2+ j 2+ 2+
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fuming HNO4/CH;COOH r\‘l 4
Ny

0, | Ny viv 21 ON ij(o,,,, ol

S N — | H, o) |
i o i flux, 3h :@ i
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NOA N \N\ N
7
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2+
2+ 2+
N . N e
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couldn't be purified because of instablity

Schemel2 Structure and synthesis diamine silicon complexes2 and74

These twodiamine silicon complexes/2 and 74, condensed with a series of
ortho-arenediones in CKN at room temperaturaffording the silicon complexes
77-86 harboring phenazinediolate liganddcheme 1B Fluorescence properties of all
these silicon complexes in DMSO and £ were measured, and the excitation
wavelength staed from 350 to 500 nmat interval 10 nm, unfortunately, no
fluorescence signalvas observed. Compared to silicon complex&51, silicon
complexes77-86 contain phenazine part which may increase the possibifity o

forming hydrogen bond between ligands dDHA bases.

In conclusion, we have successfully synthesized a series of octahedral silicon

complexes which may be used for biological activity investigation
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Schemel3 Synthesis of octahedral silicon complexes harboring phenazinediolate. l{jattds step,
all the starting materiad2 or 74 has beerconsumedthe yeld is difficult to be calculatedabout 20%

in two steps75and76 were synthesized by Chen Fu from Megdersup)
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3.2.2Silicon complexes as DN intercalators or groove binders

3.2.2.1Silicon complexes with simplearenediolate ligands

Having these stable octahedral silicon compleXés5(Q) in hand, the influence
of octahedral silicon complexes on the thermal stability of duplex DNA was firstly
investigated, and the 15mer oligonucleotides duplex
S5NAGTGCCAAGCTTGCA3MNJCACGGTTCGAACGT5N] was  forhthes e n
measurement. The melting temperature of a mseguence 15mer duplex DNA (2
nmM) in the presence of complexes was monitored by temperdependent UV
spectroscopy at 260 nnkigure 62displays melting curves of the duplex. In the
presence of different concentrations @f 10phenanthrenediolatd8, the melting
temperaturesf the DNA duplex igreased as the concentrationd@was increased
gradually, and the finaklative concentration of silicon complex to DNA duplex was
fixed at 4. From this result, we inferred that the octahedral silicon complexes might be
used as DNA intercalators. Nexte continued to investigate the impact of different
ligands of the [Si(Pheglarenediolatef] on the stability of DNA duplexes. The
melting temperature of 15mer duplex DNA €21) in the presence of complexes
4651( 8 ¢ M) wa shy temperaturedpendedt UV spectroscopy at 260 nm.
As displayed irFigure 63 whereas the complexds$, 47, and50 did not significatly
alter the melting point of the DNA duplex, thelO-phenanthrolinediolate compleb8,
benzp]anthracene, 6-diolate complex49, particularly the 4, fpyrenediolate
complex51, led to a remarkably strong stabilization of the duplex DNAble 6

shows the change of the melting point in the presence of silicon complexes.
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Figure 63 UV-melting curves ofdupl e x -BOTSCCAANCTTGCA3 NiTGANGGTT
CGAACGT-5 Nghangs in absorbance upon heating as monitored at 260 nm. CondisonsM
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Silicon canplexes as DNAintercalators

Table6UV-mel ting temper at ur e -®€l (52nMgpM 7.4 With NaCL(FOIméIx i

in the presence of or in the absence of 4.0 equiv silicon complexes

complex Tm Plm
- 55.5 -

46 56.5 1.0
47 56.2 0.8
48 66.4 10.9
49 72.8 17.3
50 61.1 5.6
51 74.8 19.3

We also comparefSi(Phen)(arenediolatef] with [Si(bpy)(arenediolatef] to

n

i nvestigate t he d-bipyfidecne andl10phemdntrolineon the o f

stability of the DNA duplexes. As shown Figure 64 compared to complex8,
which led to a strong stabilization of the duplex DNA by 1iCl the melting
temperature of the dugt was only increased by 4°6 in the presence @R. Similar
results were obtained for other corresponding silicon complexes. All the
[Si(Phen)(arenediolatef] (48, 49, 50 and51) intensified the stability more than the
corresponding [Si(bpyfareneditate)f* (42, 43, 44 and 45) in the same condition.
This indicated that [Si(Phesfprenediolatef] is a better DNAintercalator than
[Si(bpy)(arenediolatef]. Next, we mainly focused on the properties of

[Si(Phen)(arenediolatef] (48, 49, 50 and51).

A B

—— dsDNA (55.5C) 7] ==——dsDNA (55.5°C)
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Figure 64 UV-melting curves ofdupl e x -BOTSCCAANCTTGCA3 NiTGARGGTT
CGAACGT-5 Nfhanges in absorbance upon heating as monitored at 260 nm. Conditions
TrissHCI, 50 mM NaCl, pH 7.4,and 2 eM of eamnh tshter apdesence

[Si(Phen)(arenediolatef] (A) Complex42 andcomplex48. (B) Complex43 andcomplex49
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Silicon canplexes as DNAintercalators

CD spectroscopy was performed to further analyze the interaction of silicon
complexest8 and51 with DNA duplex Figure 65shows that the addition of just one
equivalent of complexX8 to duplex DNA resulted in a dramatic change of the cotton
effects which continued to be intensified with increasing comglgxintil saturation
was reached at a [DNA]:[SI] ratio of around 1:5. Analogous results were observed for
the 4, 5pyrenediolate compleX1l.

A lot of metallointercalatos, suchas [Rh(phen)Phi** and [Ru(bipy)dppzf”,
are stereoselective, and baffenantiomers of the two complexes are preferred. To
investigate the stereoselectivity of the silicon complexethe DNA duplex, complex
48 wasresolvedwith a CHIRALPAK IB HPLC column (250>4.6 mmdn an Agilent
1200 Series HPLC System by Chen Fu from Meg@mip Figure 6§. Using this
method, milligram amounts of the individual enantiomers were obtained. The two
enantiomers are configurationally stable at rommperaturgdissolved in MeCN and
stored in a glass vial at room temperature on the laboratory bench, no change in the
enantiomeric ratio was observed aftéree days. Figures 67 and 68 show that the
absolute configurations of the individual enantiomers were assigned based on their CD
spectra. According to the literatuf&? the absolute stereochemistry of enantiomer48of
canbe ver i £(+)4Sibpy)]4 exhibged a major positive CD band at lower
frequency and a nege¢ CD band at higher frequency. ThesAantiomer o#i8 showeda
similar CD pattern with major negative CD bands at 256amch268 nm anda positive
CD band at 285 nm, so enantom&rwas assigned as the absolut

Similarly, enantiomeB wasassigned as the absolute configuratipn
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Figure 65CD spectr a o f-AGIGCLCAASKTT@OR2 NBCINIGGTTCGAACGTS Nj
titrated with increasing amounts of complexes. Conditions: 5Tm$4HCI, 50 mM NaCl, pH 7.4 and 20
eM dupl e x-phenamdhyerdiflate48 (@1 2 0 ¢ M) .-pyrénBdjiolatd compbeXl (0i 180

e M)

10 15 z0 = 0

Figure 66 HPLC trace for racemic silicon complet8 (Measurement carried out by ChEn from

Meggers group

Figure 67HPLC trace for enantiomer A of complég. Integration of peak areas: 94.8:5.2 &).HPLC
trace for enantiomer B of compld8. Integration of peak areas:8:94.2 e.r(Measurement carried out

by Chen Fu from MeggeiSroup)
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Figure 68 CD spectra of the two enantiomersd& Conditions: 5 mM TridHCI, 50 mM NacCl, pH 7.4
enant i ont®rspectr&d sesantiomeroA is ashignadethe absolute

and 20 e M
i s assigned as o

configuration s and é&hanti omer B

As shown inFigure 69 we noticed that the addition of both enantion®8do
duplex DNA resulted in @ramatic change of the cotton effects. To determine the

stereoselectivity, some other measurement methods should be used.

m— SDNA
=+ racemic 48
m— +enantiomer A
= +enantiomer B

40 =

CD (mdeg)

250 300 350 400

wavelength (nm)

Figure 69 CD spectra of the racemi8 and the two enantiomers @B in the presence of DNA.
pH 7. 4, 2048 dupl ex

Conditions: 5 mM TrisHC | 50 mM NaCl ,
duplex DNA

enantiomers of 48 The CD spectra of the
(BNAGTGCCAAGCTTGCA3NBN] CACGGTTCGAACGTF5Njalone and the sum of the CD spectra of

the individual enantiomers in the presence of DNA are given for comparison
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Silicon canplexes as DNAintercalators

Finally, the effect of duplex DNA on the absorptgpectrunof silicon complex
51 was investigatedBinding constants were measured by absorption titration of 4,
5-pyrenediolate silicon compx 51 with calf thymus DNA at room temperature, in 5
mM TrisHC | 20 mM NacCl , pH 7.5 and 20 €M comp
added from O to 200 eM. The dilution of si
the titrations was negligible. The valueSeguilibrium DNA binding constants, K,
were determined by the following equation, which we have discussed in the

theoretical section:

A p + mrnmne—)

Figure 70shows that the addition of calf thymus DNA B4 produced in a
concentratiordependent fashion strong hypochromicity afth = Y~ * absor pt i on
at 355 nm (45% decrease), together with a modest bathochromic shift of 6 nm.

Absorption titration resulted in a binding constant of (1X&)x10° M™.
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Figure 70 UV/Vis-absorption spectra of 4;fyrenediolate compleX1 titrated with increasing amounts
of calf thymus DNA (6200nM). Conditions: 5 mM TrisHCI, 20 mM NacCl, pH 7.5 and 28M complex.
Insert: Plot of é-€)/(e,-&) versusincreasing DNA concentration, witl = extinction coefficient of the
complex at a given DNA concentratiog,= extinction coefficient when fully bound to DNA, aed=
extinction coefficient of the complex in the absence of DMeasurement carried oby Dr. Pijus

Sasmalfrom MeggersGroup)
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Silicon canplexes as DNAintercalators

Taken together, the strong thermal stabilization of duplex DNA by the silicon
complexes48 and 51, along with the modulation of the secondary structure as
observed by CD spectroscopy, and the hypochromic and batmoichshifts of the
UV-absorptono##8( phenant hrene “~¥{(pytreaesitYion)rame
upon DNA titration, are indicative of an intercalative binding with the extended
“-systems of thel,10-phenanthrolinediolate and 4;pyrenediolateligands inserted
between neighboring base pdis®3 Furthermore, the saturation effect observed for
the duplex stabilization and the change in the secondary structure at higher
concentrations o#i8 and 51 were consistent with the required distance between the
intercalation ges of these bulky silicon complexes (neighbor exclusion principle).
According to the neighbor exclusion principle, the access of another intercalator to the
binding site next to the neighboring intercalation pocket is hind&?etidditionally,
the observed tight binding of the 4-p$yrenediolate silicon comple¥l was
comparable to higlaffinity DNA metallo-intercalators. For example, for the classical
metallointercalator [Ru(pherjdppz)f* (dppz = dipyrido[3,2a:20,30-c]phenazine),
binding constants in the range o4’ M™* were reported?® °? This indicated that
interaction between the previoustahedral silicon complexes with DNA duplexes

was not as strong as the metaiitercalator [Ru(phenjdppz)f".

3.2.2.2Silicon complexescontaining phenazinediolate

As therewereten silicon complexes containing the phenazinediolate synthesized
77-86 (Scheme 13), we wondet if the special ligands harboring phenazine structure
of the octahedral silicon complexes would intensify the interaction thiehDNA
duplex. The thermal stability of the DNA duplexes in the presence of this type of
silicon complees was measuredFiure 7). The shifts in the melting temperatures
( @) of the DNA duplex were very low in the presencdair equivalents o¥8, 83,

85 and 86. However, the melting temperature of the DNA duplex would increase

obviously in the presence &dur equivalens of 77, 79, 80, 81, 82 and84 (Table 7.
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This indicated that the largée system has no strict relation to tbapability of the
interaction. As has been mentionefBi(Phen)(arenediolatef] (4851) showed
stronger interaction than the corresponding [Si(K@ygnediolatef] (42-45)
previously. However, for phenazinediolate contained silicon complexes structure, the
results were completely opposite. Some other methods were needed to fully
understandhe mechanism of the interaction between octahedral silicon complexes
with DNA duplexes. On the other handpmplexes78 and 79, 83 and 84 had similar
structures,and we could notice that liganbenzof]naphtho[2,3c]phenazinediolate
showed much stronger interaction than beajpfinoxalino[2,3c]phenazinediolate.

This might be caused bydrogen formation between the ligands and DNA ba&es.

had lower solubility tha@8 in CH;CN; the situation was similar f@3 and84.

Finally, we investigated the effect of duplex DNA on the absorption spectra of
silicon complexs77, 78, 80 and81. Figure 72showsthat the addition of calf thymus
DNA to 51 produced in a concentratiatependent fashion strong hypochromicity of
the ~Y * absorption b a ntheintensityofiabsbrgtioncoht band
the complexes v irregular while the concentration of the calf thymus DNA
increasedthis was uncommon. We inferred that the structure of calf thymus DNA
might change in an uncommon way in the presence of these kinds of silicon
complexesso it was very difficult to calalate the binding constants of the complexes.
On the other handhere wasan exception for compleX1. Figure 73showsthat the
addition of calf thymus DNA tdb1 produced in a concentrati@mependent fashion
strong hypochromicyt of the ”~ Y~ * absorption band at 405
together with a modest bathochromic shift of 6 nm. Absorption titration resulted in a
binding constant of 2.&10" M™. This complex showea higher binding constant

than the previous silicon complexes
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Figure 72 UV/Vis-absorption spectra of phenazinediolate complexes titrated with increasing amounts of
calf thymus DNA. Conditions: 5 mM TrHEICI, 20 mM NaCl, pH 7.5 and 26M complexes. (A)
Complex77. (B) Complex78. (C) Complex80. (D) Complex81
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Figure 73 UV/Vis-absorption spectra oBenzoR]quinoxalino[2,3c]phenazinediolatecomplex 79
titrated with increasing amounts of calf thymus DE0A200 niM). Conditions: 5 mM TrisHCI, 20 mM
NaCl, pH 7.5 and 26M complexes Insert: Plot of é-€)/(e,-&) versusincreasing DNA concentration,
with e, = extinction coefficient of the complex at a given DNA concentratign= extinction

coefficient when fully bound to DNA, arel= coefficient of the complex in the absence of DNA

98



Silicon complexes as DNAnsertors

3.2.3Silicon complexes as DNAnsertors

Metallo-insertion is another importantade A lot of metalleccomplexes have
been used as DNA mismatch detectossich as Rh(bpy)(chrysi)]Ck and
[Rh(bpyk(phzi)](Cl)s (chrysi = 5,6chrysene quinone diamine, dppz = dipyrido{3,2
a:29,39c]phenazine}**? The complexes bind mismatched DNA sites specifically and
upon photoactivation, promote strand scission neighfahe mismatch sitevhich
was confirmed by phosphorimagery of a 20% polyacrylamide denaturing gel.
However, unlike the metaloomplexes, the silicon complexes didt cleave the
DNA strands upon photoactivation. It was impossible for us to detechigreatch
site ina similar condition. For silicon complexesnly CD spectrum and/V-melting
could be utilized to compare the different changes of the interaction between the

complexes and matched or mismatched DNA.

3+ 3+

' s
M M. A
\N/ | \N/\ N \N/ \N/\
‘=N H
SN S
® 9

87 88

Schemel4 Structure of Rh(bpy)(chrysi)Cls(87) and[Rh(bpy)(phzi)](Cl)s (88)

N

7

We knew thaRh(bpy}(chrysi)Ck (87) and [Rh(bpy)(phzi)](Cl); (88) (Scheme 1%
can target the mismatch site. According to the literdfdfethese two rhodium
complexes can be obtained easily. Two 19mer oligonucleotides
(5-GCTCGTCATCGCTAGAGCA-3J 3-CGAGCAGTAGCGATCTCGT5" and
5-GCTCGTCATCGCTAGAGCA-Y 3 -CGAGCAGTACCGATCTCGTS5  were
chosen for measurement. The first one is a completely matched duplex, the second
one has one € mismatched base pair. As shown kigure 74 the melting
temperature$T,,) of the matched DNA duplex would increase BY5in the presence

of one equivalent 087, however, for the miTswaa®C; hed
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which was higher than %C. A similar situation was also observed for com@&x
Accordingly, we also measured the shift of the melting temperatutke matched

and mismatched DNA duplexes in the presence of the silicon complExkele 8
shows that silicon complexek?, 44 and48 had a similar impact on the matched or
mismatched DNA duplexeslowever, these results did not give us aonétion that

the octahedral silicon complexes had detected the DNA mismatched sites; so more
measurement should be carried out to make the results reliable.

CD spectrum was utilized to perform the change of the DNA deplexthe
presence of complexes. Firstly, as a comparison, CD spectra of the DNA ekiplex
were measured as the concentration of the rhodium comp&xesd 88 increased.

For complex87, we could observe that the cotton effect of the matched DNA duplex
at 260 nm would weakeas the concentration increasdtdgre 74A. However, the
situation was completely different for the @ mismatched DNA duples. Figure

74B showsthat the cotton effect would weakext 260 nm as the concentration
increased before the ratio oB7/[mismatched DNA] reached one. After one
equivalent of87 had been added, the cotton effect would be intensified as the
concentration of the complex continued to increase. This situatiometaglentical

for complex88, which has been reported to be diassa DNA mismatch detector. The
cotton effecs of mismatched and matched DNA dumsxvould both be weakened as
the concentration of the complex increasexen after the ratio oBB]/[mismatched
DNA] reached oneThis might be causedly these kinds of rhodium complexes not
beingversatile detectarfor all the GC mismatched DNA duples (Figures 74C and
74D).
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Table8UV-mel ting temperature of 2 &M mat-dC@dMand mi s ma
pH 7.4) with NaCl (50 mM) in the presence of or in the absence of 1.0 equiv silicon complexes
complex Matched{C) oil, (°C) | C-C mismatched°C) lm (°C)
- 61.1 50.3
42 63 1.9 57.1 6.8
44 63 2.0 57.1 6.8
46 61.2 - 50.4 -
47 67.1 6.0 55.4 5.1
49 64.7 3.6 51.9 -
50 63.1 2.0 57.2 6.9
15 A 15 = B
10 10 o
5 51
[a] Q-5+
05 6]
s 20uM matchedNA 210 = 20uM C-C mismatche®NA
10 +0.2eq 87 +0.2eq 87
+0.6eq 87 154 +0.6eq 87
+1.0eq 87 +1.0eq 87
15 +2.0eq 87 +2.0eq 87
+4.0eq 87 -20 1 +4.0eq 87
0 L . ) e " )
wavelength (nm) wavelength (nm)
15 = ¢ D
m— 20uM matchedNA
+0.2eq 88 10 o
10+ +0.6eq 88
+1.0eq 88
+2.0eq 88 5
§5' +4.0eq 88 §
O (@]
54 51 s 20uM C-C mismatched DNA
+0.2eq 88
oease
+2.0eq 88
-15 4 154 +4.0eq 88
2;:0 2;5 360 355 3%0 2%0 2;5 3[‘)0 355 3&::0
wavelength (nm) wavelength (nm)
Figure 74 CD spectra of matched and@mismatched DNA duplexdirated with increasing amounts
of rhodium complexes. Conditions: 5 mM FHEC | , 50 mM NacCl, pH 7.4 and 20¢

Matched DNA with comple87 (0i 80 M). (B) C-C mismatched DNA with comple&7 (0i 80 M) (C)
Matched DNA with comple88 (0i 80 M). (D) C-C mismatched DNA with comple38 (0i 80 ¢ M)

It was indicated that the bulky rhodium complexes might cause different changes
of CD spectra of the matched andddnismatched DNA duplexes. Next, theanbe of
the CD spectra of matched and mismatched DNA duplexes in the presence of silicon
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complexes was investigated. As showFigure 75 the situation of silicon complesd

was very similar to rhodium compled?; the cottoneffect of the mismatched DNA
duplex at 260 nm would be weakened as the concentration increased before the ratio of
[44]/[mismatched DNA] reached one. After one equivalerdéhad been added, the
cotton effect would be intensified as the concentratiothefcomplex continued to
increase Kigure 75. It is worth notingthat ligands of both complexes! and 87
contained similarly structured chrysene, and the change of CD spectra of matched and
mismatched DNA duplexes showed a $imtrend as the concentration of compdigx

increased. Accordingly, octahedral complexes might also be used as mismatched DNA

detectors
A B
151 —— 20uM matchedNA 154
+0.2eq 42
10 o — +0.6eq 42 10 4
+1.0eq 42
+2.0eq 42
= 5 +4.0eq 42 ~ 54
b &
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a °1 o
3) o
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+0.2eq 44
+0.6eq 44
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Figure 75 CD spectra of matched and@mismatched DNA duplexeagrated with increasing amounts

of silicon complexes. Conditions: 5 mM T#$C | , 50 mM NacCl, pH 7.4 and
Matched DNA with complex2 (0i 80&M). (B) C-C mismatched DNA with complef2 (0i 80 M) (C)

Matched DNA with complex4 (0i 80eM). (D) C-C mismatched DNA with Complesd (0i 80 M)

102



Silicon complexes as DNAnsertors

The interaction between other silicon complexes with mismatched DNA

duplexeswasalso investigated. kas foundthat complers48 and49 havea similar

impact on the mismatched DNA dupésto complex44. The enantiomers @8 were

also measured. Now we are striving to grow a crystal ofcestiplementary DNA

with mismatched basgairs in the presence of th48-A enantiomer and48-B

enantiomerrespectively Figure 76.
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Figure 76 CD spectra of € mismatched DNA dupletitrated with increasing amounts silicon

complexes. Conditions: 5 mM T#6C | ,

50

mM NacCl , pH 7.-@machedl 20

DNA with Complex49 (0i 80eM). (B) C-C mismatched DNA with racemic compldg (0i 80 M) (C)
C-C matched DNA with enantiomer compl&8-A (0i 80 ¢M). (D) C-C mismatched DNA with

enantiomer comple#8-B (0i 80 M)

In conclusion, we can infer that octahedral silicon complexes might be used as

DNA mismatched baspair detectors. However, there are not as many methods as

there are for bulky rhodium complexes to comfithat the silicon complexes have

really targeted the site of the mismatched hzse We believe that modification of
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the ligand, which could induce the fluorescence signal, may help us to confirm this

result.
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3.2.4Silicon complexes interaction with DNAG-quadruplex

It was very strange that several of the silicon complexes harboring

phenazinediolate structure had very weak interaction with the DNA duplex, as the
surface of thdigands should be strong enough to intercalate with the base pairs. As a

result, we wondered whether these kinds of silicon complexes would stabilize the

formation of the Grich quadruplex.
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Figure 77 CD spectraof the Gquadruplex (3AGs), titrated with increasing amounts of complexes

[Si(bpy)(phenazinediolte§f. Conditions: 5 mM TriH C | 1 @-quadruplé®t and values from O
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to 4. ¢ = [silicon complex]/[(T.AG3)4]). (A) Complex 77. (B) Complex78. (C) Complex79. (D)
Complex80. (E) Complexg1

Figure 77shows theCD spectra of the structures obtained by adding different
concentrations of[Si(bpy)(phenazinediolte§] (77-81) to the human telomeric
sequence Telo24T.AGs3)4] in the absence of a high concentration of free univalent
metal ions. For complexes/, 78, 80 and 81, asthe concentration othe silicon
complexincreasedthere was a sharp decrease in the band at 25&cuompanied by
a sharpincrease in the band at 285 nm. It was a little different for conffeas the
concentration of the complex increased, the band at 256 nm decreased, sharply
whereas the band at 285 nm only increadigghtly. As we know, the typical value of
the longwavelength CD maximum around 295 nm is the marker of Hog&lruplex
formation®®d However, in our case, as the concentratiorthefsilicon complexes
increased, the positive peak appeared at 285Ansimilar situatiorwasalso observed
that in Zn** induced structural transition from the random coil to quadruplex of
AG3(T.AG3);, CD spectrahad the characteristics of antiparallel-gaiadruplexes
although the longvavelength CD maximum is around 285 rewher than the typical
value of 295 nm. They explained that the difference spectrum showed an isobestic
point around 280 nmwhereas a hyperchromism was observed upegqu&iruplex
formation at 285 nm. Accordingly, we inferred that these silicon complexesdw
also induce &uadruplex formation in the absence of timvalent metal ions.

We continued to investigate the interaction between
[Si(bpy)(phenazinedioltef[ (82-86) and Gquadruplex. Figure 78 shows that
complexes[Si(phen}(phenazinediolte§] (82-86) might havea different impact on
the quadruplex froncomplexeqSi(bpy)(phenazinedioltef[(77-81). For complexes
82, 83 and86, on adding increasing concentrationtlod silicon complex there was a
sharp increase ithe band at 285 nnaccompanied by a sharp decrease in the band at
256 nm. However, the change was more complicated for the com@éxasd 85,

and nore investigation was needed to figure out the mechanism. It seemed that
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complexes82, 83 and 86 could indice the formation of the -Quadruplex in the

regard of the typical band at 294 nm
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Figure 78 CD spectraof the Gquadruplex (3AG3), titrated with increasing amounts of complexes
1 &-quadruplék and values from O

[Si(bpy)(phenazinediolte§f. Conditions: 5 mM TrigH C |
to 4. ¢ = [silicon complex]/[(TAG3)4]). (A) Complex82 (B) Complex83. (C) Complex84. (D)
Complex85. (E) Complex86

Next, we investigated the absorption specti@angs of several silicon

complexes78, 79, 80 and81, as the concentration of-Quadruplex increaseéigure
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78 showsthat the addition of Guadruplex (3AGs)s to these kinds of complexes

produced in a concentratithe pende nt fashion strong hypoc
absorption band at 435 nm 68 (59% decrease), 405 nm 169 (54% decrease), 430

nm for 80 (61% decrease) arll (46% decrease)Absorption titration resulted in a

binding constant of 2.210° M™(78); 2.9 x10° M™(79); 1.7 x10° M?(80); 1.2 x10°

M™(81).

Thermal melting experimesitvere often utilized to measure the stabilization or
destabilization of a duplex structure by a ligand. The same method was also used for
G-quadruplex, and the absorbance was measured at 295 nm instead of E@furen.

79 shows the melting curve of Gquadruplex in the presence @ or 80 in 100 mM
NaCl, 10 M Tris-HCI, and 1 nM EDTA at pH 7.4. The concentration @9 or 80

was five times greater thafT,AG3)a. Ho we v &% seemedhte be qery low
(Figure 80. These results conflicted with the binding capacity. Maybe the limitation
of low-intensity signal variation of UV and CD melting curves resulted in the
inaccuracy of the melting temperature. Accordingly, if we want to confirm the
stabilization of the Guaduplex in regardo the melting temperature, some other

sequences or methods should be introduced to make further investigation.

108



Silicon complexes interactiowith DNA G-quadruplex
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Chapter 4 Summay and Outlook

4.1 GNA as a Scaffold for Molecular Aggregates of

Chromophores

In the first part of this thesisimplified glycol nucleic acid(GNA) was used as
the templatefor the helical assembly of covalently bound homochromophores and
heterochromophoregerylene bisimide(PBI), phthalocyaning and porphyrin All
three nucleotide chromophore were successfully incorporated into GNA by
automated solid phasgynthesis. The synthetic route BBl and ghthalocyanine
phosphoramidite building blocks was described in detail in Chapter 3

First, GNA as a scaffold foPBI homochromophores aggregatiosas studied
(Scheme 1p The interstract PBI dimers of GNA5 and GNA6 could stabilize the
duplexes while pperlike PBI trimers or tetremers oiGNA9 and GNA10
destabilizel the duplexes. Some other typesRBI-modified oligonucleotides were
also synthesied, indicating thatPBI could be used as an excellent artificial base
surrogate. UV/Visabsorptionand CD spectroscopy were used to gain insight into
excitonic interaction of th€BIs inside the GNA duplexes.

An initial study of PBI as a tool for GNAbase mismatch detection walso
made. Both UV/Visabsorption spectroscopy and CD spectroscopyGofA13,
GNA14, GNA15, andGNAL16, in which twoPBI chromophores were separated by
one matched\:T base pair or one mismatch&dl or A:A base pair, were measured.

From thesefour, onlyGNA14 displayed different spectrum from others
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GNA1 GNA2 GNA3 GNA4 GNA5
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SISy ST AT o
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O N\/\O/\/o\/\o/\ O O

2 PE) o O © \

° 92 g%
B H (abasic site)

Schemel5 Sequences d?PBl-containing 16mer GNA duplexes together with Watsnick reference

duplex

Second, phthalocyanine was introduced either-&¢r3ninal or internal positions
(Schemel6) of GNA. Only the interstrand phthalocyanine dimersGi¥A26 and
GNA27 could stabilize the duplexe&NA17, GNA20, GNA21, and GNA22 were
highly destabilized. The UV/Viabsorption spectra &d6NA18 and GNA19 differed
from the corresponding speat of oligonucleotides with one phthalocyanine
modification Both absorption bands shifted hypsochromically from 694 nm to 684
nm, and the retave ratios of the absorption bands at 642 nm and 694 nm were
significantly changed. CD spectiere almost identical to that of the native GNA
duplex, and no longvavelength CD bands of exciton coupling @&D) between the

two phthalocyaninehromophoresvere observed
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Schemel6 Sequences oftithalocyaninecontaining 16mer GNA duplexes together with Watsanick

reference duplex

The aggregation o6GNA23 displayed that this kind of GNfhthalocyanine
conjugates have the potential to form ordered and thermally stable supramolecular
GNA-based architectures, which may be applied in the field of nanotechnology.

Finally, with three different chromophores innda GNA as a scaffold for
heterochromophores aggregatiasas also investigatedand these assemblieshe
main work was focused on phthalocyaniPBl, porphyrirphthalocyanine, and
PBI-porphyrin heterochromophore aggregation inside GNA duplexgstoUfour
PBI/porphyrin phthalocyaniné’Bl, or phthalocyanine/porphyrin
heterochromophores replaced the natural bases in the middle of the G&er
duplexes in the form of an interstrand alternating sequeBche(mel?). In the
presenceof zipperlike array of heterochromophores, some of thesspecially
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GNA28, GNA36, and GNA44, had very high thermal stability and displayed

interesting UV/Visabsorption and CD spectra.

THBT TYHT
AYHA AHBA

GNA24 GNA25

TBHT TYHT HYHT
AHYA AHBA BHBA

GNA26 GNA27 GNA28

HBHT] HBHB
YHYA YHY!

GNA29 GNA39

AYHA AHPA
GNA1 GNA32  GNA33
TAAT {TPHTJ {TYHT} [HYHT}
AHYA AHPA PHPA
GNA34 GNA35  GNA36
'
YHYA YHYH
¥ Tﬁﬂf“k?fi?ﬂfﬁf? z GNA37  GNA38
2 A-T-T-T-T-T T-T-A-T-A-A 3 AYHY

GNA39

ABHA AHPA
GNA40 GNA41
TPHT TBHT HBHT
[AHBA] [AHPAJ [PHPAJ
GNA42 GNA43 GNA44
BHBA BHBH
GNA45 GNA46
HBHB

GNA47

Scheme 17 Sequences of heterochromophetestaining 16mer GNA duplexes together with

Watson Crick reference duplex

Perylene bisimide, phthalocyanine, and porphyane important chromophores
because of theirexcellent photophysical propertiesGNA duplexes with
heterchromophric modification, especially with PBI and porphyrin, shown
significantly increased thermal stability. In order to better understanding their
interaction in the GNA duplexes, we have been trying to grow crystal of modified

GNA duplexes with diffeent length and sequences.

4.2 Design ofOctahedral Silicon Complexes as DNA binder

In this part of the thesis, the first examples of biologically active complexes
based on octahedral silicowere designed, and silicon complexes with simple
arenediol ligands 42-51) and phenazinediol ligands7{-86) were successfully

synthesized §cheme18). These kinds of silicon complexes could be used to
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intercalate with DNA dupbees, detect mismatched DNA base pairs, and stabilize the

formation of the Gquadruplex.

Schemel8 Structures of octahedral silicon complexes

In a proofof-principle study we have shown thatructural transition metals can
be replaced by inert octahedral silicétor the sole purpose of providing a structural
octahedral center, the metalloid silicon may encompass several advantages over
transition metalsThese includelow price and unlimid availability as the second
most abundant element in the Earthodés crust
of any interfeing redox and photochemistrylheir remarkably straightforward
synthesis as well asthe counterintuitive hydrolytic stabty of these octahedral
silicon complexesrendes them a novel class of structural templates for widespread

applications in chemical biology and medicinal chemistry.
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