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ABSTRACT

Supramolecular selissembly represents aykéechnology for the spontaneous
construction of nanoarchitectures and for the fabrication of materials with enhanced
physical andchemical propertiedn addition, a significant asset of supramolecular- self
assemblies rests on their reversible formatitbanks to the kinetic lability of their nen
covalent i1 nteractions. This dynamic -natur e
healingo and fAsmarto materials towards t hi
various external factor@ne particlar intriguing objective in the field is to reach a high
level of control over the shape and size of the supramolecular architectures, in order to
produce weldefined functional nanostructures by oatal designin this direction, many
investigatiors have been pursued toward the construction ofastfembled objects from
numerous lowmolecular weight scaffolds, for instance by exploiting multiple directional
hydrogenbonding interactions. In particular, nucleobases have been used as
supramolecular syntims as a result of their efficiency to code for +umvalent
interaction motifs. Among nucleobases, guanine represents the most versatile one,
because of its different -Hond donor and acceptor sitesvhich display sel
complementary patterns of interactionsnterestingly, and depending on the
environmental conditions, guanosine derivatives can form various types of structures.

Most of the supramolecat architectures reported in this The@am guanosine
derivatives require the presence of #arawhich stabilizes, via dipoléon interactions,
the macrocyclic Gquartet that can, in turn, stack in columnarg@druplex
arrangementdn addition,in absence of cations, guanosine can polymerize via hydrogen
bonding to give a variety of supramolecular networks including linealomdbbrhis
complex supramolecular behavior confers to the guagua@ine interactions their upper
interest among all & homonucleobases studigithey have been subjected to intense
investigations in various areas ranging from structural biology and mabahemistryi
guaninerich sequences are abundant in telomeric ends of chromosomes and promoter
regions of DNA, and are capable of forminggGartet based structuieso material

science and nanotechnology



1 Thesis Organization

This Thesisprganizednto five Chapters describesnainly some recent advances
in the form and function provided by sa@ésembly of guanine based systeisre
generally, Chapter 4 will focus on thlwnstruction of supramolecular se@lésemblies
whose seHassembling processd selfassembledrchitectures can be controlled by light
as external stimulus.

Chapter 1 will describesome of the many recent studies ofgGartets in the
general area of nanoscien®¢atural G quadruplexes can be useful motifs to build new
structuresand biomaterials sudhs seifassembled nanomachines, biosensors, therapeutic
aptamer and catalysts. Ghapters 24 it is pointed out the core concept heldis PhD
Thesis i.e. the supramolecular organization of lipophilic guanosine derivatives with
photo or chemical addressabilitg¢hapter 2 will mainly focus on the use ofation
templated guanosine derivativesas a potential scaffold for designing functional
materials with tailored physical propertiesfiowing a new way to control the bottam
realization of well-defined nanoarchitecturedn section 2.6.7, the selfassembly
properties ofcompound28a may be considere@én example of opetshell moieties
ordered by asupramoleculaguanosine architectuhowinga new (magneticproperty
Chapter 3 will report on ribbonlike structuressupramolecular architectures formed by
guanosine derivatives that may be of interest for the fabrication of molecular nanowires
within the framework of future molecular electronic applicatiolms.section 3.4 we
investigate the supraolecularpolymerizationsof derivativesdG 1 and G 30 by light
scattering technique and TEM experiments. The obtained data reveal the presence of
several levels of organization due to the hierarchicalassémbly of the guanosine units
in ribbons that in turn aggregate in fibrillar or lamellar soft structures. The elucidation of
these structures furnishes an explanation to the physical behaviour of guanosine units
which display organogelator properti€Shapter 4 will describe photorespsive sel
assembling system&lumerous research examples have demonstrated that thef use
photochromic molecules in supramolecular-ssi$éembliess the most reasonable method
to noninvasively manipulatibeir degree of aggregation and supramoleculdrit@ctures.

In section4.4 we reporton the plotocontrolled selassembly of modified guanosine
nucleobaseE-42: by the introduction ofa photoactive moiety at C8t is possible to
operde a photocontrol over the s@fsembly of the molecule, where #wastence of G
guartets can balternately switched on and ofih section4.5 we focus on the use of



cyclodextrins aphotoresponsive hoguest assemblie§ICDi azobenzeneonjugatesi7-
48 (sectiond.5.3 aresynthesizedn orderto obtain gpohotoresponsive systeexhibiting a
fine photocontrollble degree of aggregation and sadembled architectur&inally,
Chapter 5 contains the experimental protocolsedsfor theresearch described in
Chapters 2-4.
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SUPRAMOLECULAR FUNCTIONAL ASSEMBLIES

Chapter 1. The G-Quartet in Nanoscience

A gred deal of the material in thist@pter is published in :

1 Kaucher, M. S.; Harrell Jr., W. A.; Davis, J. ih Quadruplex Nucleic Acids
Neidle, S.; Balasubramanmg S. (Ed.), Royal Society of Chemistry, Cambridge,
U.K., 2006, Chapter 10.

ONature that framdédd us o

Warring within our breasts for regiment,

Doth teach us all to have aspiring minds:

Our souls, whose faculsecan comprehend

The wondrous Architectur
Christopher Marlowe (1564593),Conquests of Tamburlaine

1.1 Introduction

Selfassembly is central to many processediology and chemistry. The -G
quartet, a hydrogehonded macrocycle formedpaon the catioftemplated seilf
association of guanosine analogs, was first identified in the early 1960s as the basic
buil ding bl ock f orGMPR.\5idae thgse éady ddys, mamg differeny 5 0
nucleosides, oligonucleotides and synthetic derieatilave been shown to form a rich
array of Gquadruplex structures. This Chapter summarizes some of the many recent

studies of Gquartets in the general area of nanoscience.

1.2What is Supramolecular Chemistry?*

As a distinct area, supramolecular chemistry dates back to the late 1960s, although
early examples of supramolecular systems can be found at the beginning of-dendern
chemistry, for example, the discovery of chlorine clatte hydrate, the inclusion of
chlorine within a solid water lattice, by Sir Humphrey Davy in 1810.

So,what is supramolecular chemisty 't has been descri bed
the mol ecul ed, whereby a O6super moylnenrcul e 6
covalent interactions between two or more covalent molecules or ions. It can also be
describédhesi 6t egd i h brickrépedentseaancléculdr euiding
block and these blocks are held together by intermolecular interactions (bonds), of a
reversible nature, to form a supramolecular aggregate. These intermolecular bonds

include electrostt i ¢ interactionsi’ hywdreaqpernt i doxndi r
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interactions and hydrophobic or solvophobic effe@spramolecular chemistry is a
multidisciplinary field which impinges owarious other disciplines, such as the traditional
areas of orgdn and inorganic chemistry, needed to synthesise the precursors for a
supermolecule, physical chemistry, to understand the properties of supramolecular
systems and computational modelling to understand complex supramolecular behaviour.
A greatdeal of biobgical chemistry involves supramolecular concepts and in addition a
degree of technical knowledge is required in order to apply supramolecular systems to the
real world, such as the development rdnotechnologicaldevices. Supramolecular
chemistry can bsplit into two broad categoriebpsi guestchemistry(see4.5) andself
assemblyThe difference between these two areas is a question of size and shape. If one
molecule is significantly larger than another and can wrap around it then it is termed the
0lda 6 and the smaller mol ecule is its O0gue
(Figure 118). One definition of hosts and guests was given by Donald Cram, who said
Orhe host component is defined as an organic molecule or ion whose binding sites
convergein the comple& The guest component is any molecule or ion whose binding
sites diverge in the compl&%A binding siteis a region of the host or guest that is of the
correct size, geometry and chemical nature to interact with the other sfgduiss.in

Figure 1la the covalently synthesised host has four bindiitgs that converge on a
central guest binding pocket. Hbgtiest complexesiclude biological systems, such as
enzymes and their substrates, with enzymes being the host and the substratest.thre gue
terms of coordination chemistry, métigand complexes can be thought of as hggést
species, where large (often macrocyclic) ligands act as hosts for metal cations. If the host
possesses a permanent molecular cavity containing specific gudstgbgites, then it

will generally act as a host both in solution and in the solid state and there is a reasonable
likelihood that the solution and solid state structures will be similar to one another. On the
other hand, the class of solid statelusioncompound®nly exhibit hostguest behaviour

as crystalline solids since the guest is bound within a cavity that is formed as a result of a
hole in the packing of the host lattice. Such compounds are generally telattedtes

from the Greekklethra meam n g dMigare 416). Where there is no significant
difference in size and no species is acting as a host for another, tocevadent joining

of two or more species is termedlfassembly Strictly, selfassembly is an equilibrium
between two or mar molecular components to produce an aggregate with a structure that

is dependent only on theformation contained within the chemicdluilding blocks
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(Figure 11c). This process is usually spontaneous but may be influenced by solvation or
templation effetsor in the case of solids by the nucleation and crystallisation meses
Nature itself is full olsupramoleculasystems, for example, deoxyribonucleic acid
(DNA) is made up from two strands which sa#fsemblevia hydrogen bonds and
aromatic stadkg interactions to form the famous double helical structure. The inspiration
for many supramoleculaspecies designed and developed by chemists has come from

biologicalsystems.

-L >

Covalent
—_—
SY"thescs Small
molecular guest ™
Small molecules Larger molecule (host) Host—guest complex

(solution and solid state)
Larger
molecule .
host
o = - l I I
Small
molecule )
o - . . -
Lattice-inclusion host—guest complex or clathrate
(solid state only)

i I I I m
I l Covalent Spontaneous

synthesns

Small molecules Larger molecule

Self-assembled aggregate
(solution and solid state)

Figure 1.1. The development of a supramolecular system from moleculatimgiiblocks
(binding sites represented by circles): (a) hgsest complexation; (b) lattice inclusion;
(c) selfassembly between complementary molecyléam reference 1)
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1.3 SeltAssembly

Selfassembly is a powerful tool for the preparatiorasdemibes of weltdefined

(nano)architecture and for obtainimgaterials with tailored physicochemical properties
(in particular, electronic and optical propertidégihis approach has been used to obtain

different materials, for example, gels, liquid crystalsd discrete assemblies, with

potential broad practical applications. A great effort has been devoted to the investigation

of selforganised architectures from functional dye (and othernmlecularweight)

scaffoldé™ based on directional, multiple hyrrerbonding interactions. As mentioned
before,one valuable feature of supramolecular-ssembly is its dynamic nature, due to
the reversibility of the noncovalent interactions. This dynamic nature leads to the

preparation of functional materials, tpéysical properties of which can be tuned and

controlled by external stimulii, for example, light.

1.4 Guanosineis a Building Block for Diverse Assemblies

As mentioned beforen at ur e 6 s

us e of

a

simpl e

complex functions is ra inspiration for supramolecular chemistryn fact DNA

nucleobases carry the key information utilizing a variety of cooperatin norcovalent

interactions. One versatile multiple hydrogeonding unit is represented by guanosine.

Nucleobases are wellnkwn for their ability to form complementary hydrogen

bonds with their base pair§igure 1.3. These hydrogen bonds, on the Wat€witk

edge, are essential in holding DNA duplexes togéthathough all nucleobases can

form additional hydrogen bonds tdugh their Hoogsteen edges, guanine is-watiwn

for its ability to selfassociatg

NH,
N =N
&

N N)
R

adenine (A) 1

Figure 1.2.Natural nucleobases

N NH
]
N NANHZ

R

guanine (G) 2

NH»

:
e
R

cytosine (C) 3

thymine (T) 4

0

ﬁNH
A
R

uracil (U) 5
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Guanine2 contains both a Watse@rick edge and a Hoogsteen edBg@re1.3).°
Moreover, the Watsofrick edge has two hydrogen boddnors that can hydrogen bond
with the two hydrogen bond acceptors on the Hoogsteen edge. With this series that are
possible for hydrogen bonds, there are several different structures -@issetiated

guanine Figure 1.4.

Figure 1.3. Depiction of the WastonCrick (red arrows)and Hoogsteerfblue arrows)
edgesof guanine2.

Not including dimers, there are two long polymeric or ribbon structures that
guanine carform (see Chapter)3™ The first structure is a ribbon with an overall dipole
(Figure 1.4), while the other ribbon has no dipdleigure 1.4h. Although ribbons with
no dipoles are favored, ribbons with dipoles are observed particularly R/ large
group.Figure 1.4cshows a third selissembled structure that guanine can form: a cyclic
seltfassembled structure. This cyclic structure, thquartet, is typically favored in the
presence of cations, since cations stabilize the electrostatically negative regions of the
central oxygens of the-Guartet. The sugar moiety typically associatgth the guanine

base also has a large impact on the structure formed by guanine derfirdtiVes.
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N H N H
A
/ /

I\IH,/ ' Overall Dipole

b) R~N™N R-NN
/O"': ,H;.umN /O”f; *

HewN : _
HN;VH/NENH HN;’M H’N:_'/ No Dipole

Figure 1.4 Selfassembled structures of guanine: a) ribbon with a dipole, b) ribbon with
no dipole, and c) cyclic tetramer {guartet).

1.5 Guanosine Forms SelHAssembled Cyclic Structures” G-Quartets

The Gquartet was first identified in 1962 as the basic building block for
formation of hydrogels by 85MP 6.*2Gellert and colleagues used fiber diffraction data
to propose that a squapéanar Gquartet was formed by eight intermolecular hydrogen
bonds between the Hoogsteen and WaftSook edges of neighboring nucleobases

(Figure 1.4¢. Shortly after,polyguanylic acid was also found to form multistranded

6
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helical coils®® It was also oberved that hydrogels were not formed at basic pH. The
smaller Gquartet assemblies in basic conditions could be studied by NMR
spectroscopy” It was later shown that alkali metals (Nand K°) stabilized these G
guartets.Coordination to the four inwardirected carbonyl oxygens by alkali metal ions
enabled the @uartets to be stacked intedbadruplexes. Pinnavaia and colleagoesd

that 5*GMP 6 forms diastereomeric K" octamers by sandwiching two-Guartetswith
eight inward directed carbonyl oggns coordinated to a central catidMore recently,

Wu and colleagues used a combination of data from diffusion NMRdgmamic light
scattering measurements to determine the size of nanostructures forreediloy 5
GMP 6 at pH 8 Figure 1.5.1° Wu 6gsoup identified two major species solution:
stacked 5GMP monomers and stackeddbartets. For SGMP concentrations the 18

34 wt % range, the structures had an average length between 8 andc@0®rasponding

to a cylinder composed 0f24-87 staked Gquartets. The impressiviength of G
quadruplexes formed from -6MP 6 in water underscores the highlsooperative
participation & hydrogen bond, iomlipole, "1° stackingand catioindipole interactions
and causes, at a sufficiently high concenbratithe seHcorrelationof the columns to

generate liquietrystallinephases

Na* 0o NT"N""NH, -
0P0 o 2=~—_ ANy H
Na"  OHOH '

-— Wwu Qg-8

G-quartet G-quadruplex

Figure 1.5 Depiction of the Gguadruplex cylinder formed by the saésembly of 5'
GMP 6. (From reference 16)
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1.6 DNA G-Quadruplex Structures

Interest in the structurarrangements of @Quartetbased systems dates back to
early 1990s by the identificatioiat guaningich sequences are abundant in telomeric
endsof chromosomesnd promoter regions of DNA, and acapable of forming &
quartetbased structures, the-@uiadruplexes,in vitro.!” Since those days, thousands of
reports have been published on the biological relevanceqfa@et formation and on the

structural investigation of the arrangements efu@druplexes®

1.6.1 G-rich DNA and RNA regions form G-quadruplex gructures

Both DNA and RNA have been found to fold integ@adruplex structure3.hese
tertiary structures of the folded DNA and RNA molecules can be aithienolecular,
bimolecular, or a tetraplexEigure 1.6.°% The biological importance dhese DNA and
RNA G-quadruplex structures have come under increased attentigurtioular with

regard to telomeric DNA and nucleic acid aptant&fé

a) b) c) 3 d)

ﬂ<\ /7§\ 5 333y
N\

5' 5‘ Sr 5 Sl

Figure 1.6 Examples of nucleic acid-Guadruplexes: a) unimolecular, b) edgewise loop
bimolecular, ¢ diagonal loop bimolecular, and d) parallel tetraplex. Gray rectangles
represent Quartets, while the lines represent the phosphate backbone.

Telomeric DNA is a @&ich region at the end of DNA strands. In healthy cells,
telomeric DNA slowly decays, whiceventually leads to cell dedth®%’

In tumorous cells, telomeric DNA is extended through the action of the telomerase
enzyme, thus allowing the tumorous cell life to be prolorffetelomeres are single
stranded DNA substrates for telomerase enzyf@sSince these @ich ends of DNA
can form GquadruplexegFigure 1.7)and stop telomerase from extending the DNA, G

quadruplex stabilizing molecules are potentially valuable anticancer drigShese

8
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telomerase inhibitors recognize the face, edgep, or groove of the Guadruplex
(Figure 1.§.2%

Furthermore DNA and RNA aptamers are nucleic acid species that fold into
tertiary structures that can bind to specific targets such as small mofécDles.of the

more studied Gich aptamers is théhrombin binding aptamer. The thrombin binding

aptamer (TBA) is a Besidue DNA oligonucleotide with the sequence -d(5'
GGTTGGTGTGGTTGE3') that binds with high affinity and selectivity to the protease

thrombin®

Figure 1.7. (a) Side view of the antipallel human telomeric @uadruplex structure
solved by Wang and Patel using NMR spectroscopy, from @d&ein Data Bnk)entry

143D. (b) Detailed view of the centralquartet from PDB entry 143D. (c) Side view of

the parallel human telomeric-@uadrupéx structure solved by Parkinson, Lee and Neidle
using Xray crystallography, from PDB entry 1KF1. (d) Top view of the parallel structure
from PDB entry 1KF1. In all cases, guanines are shown as cylinders, other bases as balls
and sticksPotassium ions arshown in magenté-rom referencé.8¢



SUPRAMOLECULAR FUNCTIONAL ASSEMBLIES

Edge

_/

Loop 5

3I

Figure 1.8 Examples of binding sites that are targeted by telomerase inhibitors.

Nanomolar concentrations of this DNA aptamer can inhibit formation of the fibrin
clots that result from thrombin activation. Shys#fter its discovery, the groups Bblton
and Feigon used NMR spectroscopy to det el
presence of K**4° The singlestranded d (S6GTTGGTGTGGTTGG3') can form a
unimolecular Gquadruplex that is shaped like a chaaith two stacked Qjuartets
connected by two TT loops and a centrdla®e TGT loopKigure 1.9. Potassiuntation
is essential for the templation and stabilization of the elypie Gquadruplex byTBA,
and both solution NMR spectroscopy and mass speetrgrhave shown that thEBA
G-quadruplex has a pronounced selectivity for coordination*afuér N&.**** An x-ray
crystal structure of a thrombihBA compl ex ¢ o n f-like smecdireamdB A6 s ¢
suggested that this-GQuadruplex DNA bound to the filmogen exosite, an anidsinding
|l ocation distinct f r “6 batertekperimgnts hdve shewhad s act
thrombin has 2 distinct binding epitopes that recognize differequa@ruplexigands®

By using thrombin mutants, competitive binglirassays and chemical cross
linking, Tasset and colleagues confirmed that theants TBA binds to the fibrinogen
exosite, whereas another -g8r oligonucleotide, one that folds into a different G
quadruplext opol ogy, bi nds t i ghbintdingyexoditea A humbeoaohb i n 6 s
thrombin biosensors have been developed based on the simultaneous use of these 2
distinct Gquadruplex recognition sites. Although the TBA aptamer originally gained
notoriety for its potential as a therapeutic dhtombolytic agnt, this oligonucleotideas
also been important in the supramolecular chemistry-qii&lruplexes. Adescribed in
more detailed below, the TBA sequence has served as the primary modék for

development of a range of sensors and nanomachines.

10
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Figure 1.9. Schematic of the thrombin binding aptamer (TBA).

1.7 Biosensors and Nanostructures Based on DNA -Quadruplex

Structures

1.7.1 Potassium ion ensors

As described earlier, TBA, a 4®er oligonucleotide, folds into stable-G
quadruplexesinder welldefined conditions. TBA has been exploited to develop optical
and electronic sensors, for analytes ranging fronpK to proteins to nucleic acids based
on this facet. The use of the TBA sequence as the basis for a biosensor is nicely
demonstrated n a recent st ud?¥ Theywsed arkoelified KB &Gsa gr o u
fluorescent indicator for detectingkn water. Attachment of pyrene groups to the 5' and
3-ends of t he DNA gave-pwyuo pfrobme patoa s1€idu mi
oligonucleotidepyrene.This PSQGpy is a promising sensor for the ré@mhe detection of
K™ in biological and environmental samples. One challenge in developing an optical K
sensor is achieving selectivity in the presence of high &tacentrations. Another
challenge is to obia a fast response that allows for rate monitoring of the cation.
PSGpy used the excimer formation fromstacked pyrenes to signal Kinding. In the
absence of K PSQpy is primarily unfolded and provides little excimer emission. In the
presenceof K*, the 5' and 3' ends of the folded DNA stack pyrenes in atfefeee
geometry to give a new excimer barkgure 1.10. Importantly, the presence of other
cations gave little interference as only Kinds with highaffinity to the TBA G
quadruplex.The fluorescence spectrum of P@in the absence of 'Kshowed a weak
monomer emission at 390 nm. Addition of Have a strong excimer band at 480 nm,

11
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accompanied by quenching of monomer emission. Changes in excimer fluorescence
indicated that the KandNa' complexes of PS@y had dissociation constants (Kd) of
7.33 and 272 mM, respectively. This/Ka" selectivity coefficient of 37 for PSPy is
higher than for many other previous” Kensors. Independent CD measurements of
PSOpy,in the presence and age of K, confirmed that the excimer fluorescence
corresponded to a structural shift from a random coil to a-tikailG-quadruplex. The
dynamics of the fluorescence response for the -pBR" system also showed a short
response time (within seconds) amp variation in ion concentration. Moreover, this
dynamic excimer fluorescence was both reversible and reproducible. ThgyPSO
oligonucleotide, well suited for retime monitoring of K in water, is representative of a
range of bioprobes that have beeatianally designed by using knowledge of G

quadruplexstructure and properties.

hv monomer
“Aﬁ)“’ emission

— hv

<8 K+ L excimer
C83 1 emission

Figure 1.10. Chemical structure of the PS8y and the expected-GQuadruplex induced
by K" binding. Pyrene excimer emission occurs in the presencé offkom reference
44)

The PSQGpy oligonucleotide, which uses excimer emission as an optical signal, is
actually a second ener ati on sensor . Takenakads prot
modified DNA oligonucleotide that underwent efficient fluorescence resonance energy
transfer (FRET) upon folding into an intramoleculaxGadruplex® This original PSO

12
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with the sequence d (BGGTTAGGGTTAGGGTTAGGE3) had a 6
carboxyfluorescein donor group attached to k€8t and a rhodamine acceptor linked to
the 3‘terminus. Whendlded into a Gquadruplex, the 2 chromophores are located close
enough together to undergo efficient energy trangfegure 1.1). Importantly, G
quadruplexformation by this PSO, as measured by FRET, was again highly selective for
K" over N4.

FAM O O/ ° Potassium Sensing Oligonucleotide
(Donor) co; (PSO)

H |
O M B
- i by
0-P=0 o] (HaC)zN 0 N(CH3),
A
0

|
GGGTTAGGGTTAGGGTTAGG(;}
g N

o:ﬁl@/\(\/\/
L -
0 o]

OH

C O; TAMRA
(Acceptor)

Random coil

FRET

Figure 1.11. Chemical structure of the PSO and the expectegi&iruplex induced by
K* binding. In this case FRET occurs in the presence off€om referencd5)

Ho and Leclerc described another interesting method for the optical detection of
K*, based orformation of colored complexes between a cationic polythiophene and
negatively charged DNAFfgure 1.2).*®*’ Because of changes in the conformatiofitsf
conjugated backbone, this flexible polymer senses different DNA topologies. Ho and
Leclerc showed hat this polythiophene distinguishes the sirgjlanded and G
quadruplexforms of TBA, enabling the polymer to be used as a selective probe’ for K
since that specific i1on is required for
detection of the TB G-quadruplex (or for any species that templates or stabilizes G

quadruplexstructure) has the obvious advantage that it does not require chemical labeling
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of the DNA. Ho and Leclerc have also shown that their method is useful for the selective

and sensive (femtomolar range) measurement of the thrombin protein and for the highly
enantioselective detection ofddenosiné® L ecl erc6s bi osensor stra
ideal for identification of small molecules that bind to the@druplex, thus providga

new method for screening potential aefiomerase drugs.

Path B

<

Polymer 1

Figure 1.12 An optical K" sensor based on a complex formed betweegu&iruplex
DNA and a conjugated cationic polymé¥from reference 46)

Wang and ceworkers recently developed a relatedypter-based assay for 'K
detection that benefits from the sensitivity that is available from the FRET process. In
their case, energy transfer was observed from a cationic conjugated polymer to a TBA
oligonucleotide labeled at its-8hd with a fluoresceiacceptor. Notably, they observed a
significant increase in emission at 518 nm for the polylaeeled TBA complex only
when in the presence of relatively low concentrations 'ofTke magnitude of the FRET

signal, which has a f/dependence on the distanbetween donor and acceptor, was
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attributed to the stronger electrostatic interactions that hold the cationic polymer closer to
the compact and chargikense Gguadruplex form of the TBARigure 1.13. In this way,
K" ion was readily detected in water ati concentrations, even when other monovalent

and divalent cations were present in exéss.

V'V
O- l%"—O
T
5-GGTTGGTGTGGTTGG-3'
ssDNA-FI PF
Weak Strong

Weak FRET  Fluorescence Efficient FRET Fluorescence

Tetraplex
structure

A B
Figure 1.13 Schematic representation of an opticdl $énsor based on-@uadruplex
polymerinteractions that lead to FRE{From reference 48
1.7.2 G-quadruplexes as optical sensors forrpteins

In 1998, Hieftje and colleagues described the first example of a protein sensor
formed by the TBA sequené®They prepared a DNA conjugate that had the TBA

labeled at its 5end with fluorescein and modified at itse3id by an amino siloxane

15
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linker, enabling covalent attachment of the oligonucleotide to a glass suFatee(
1.14). Once the modified DNA had been tethered to glass they used evaneagent
induceddetection of fluorescence anisotropy to detect tleeifip binding of thrombin in
solution to the immobilized TBA ligand. The resulting protBINA complex, being
much larger than the DNA probe showed a significant change in its rotational diffusion
rate, as detected by the change in fluorescence anisoffbpychange in fluorescence
anisotropy was specific to both the TBA and the protein analyte. Thus, scrambled DNA
sequences t haguadruplexes did nbt sliow an enhanced fluorescence
anisotropy. Likewise, serine proteases other than thrombinadidind to thdluorescein
labeled TBA. This TBA biosensor was sensitive and rapid, as it could detditie as

0.7 amol of thrombin over a dynamic range of 3 orders of magnitude (franomolar to

micromolar) in less than 10 minutes.
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Figure 1.14 A fluorescein modified DNA oligonucleotide that functions as biosefwgor
thrombin.(From referencd9)

Lee and Walt used a related strategy to build a thrombin biosensor by covalent
attachment of the TBA sequence to silica microsphi@réhey then usea fiber optic
device to detect the binding of fluorescéabeled thrombin to these glass beads. They
also developed a more practical assay that involved the competitive binding and
displacement of fluoresceiabeled thrombin by unlabeled protein. Desgtie need for
specialized equipment this paper described an assay for thrombin in solution that was
highly selective, rapid and reproducible.2001 Stanton and colleagues described the use
of fAaptamer hiieeatdetatto of thrombin bimdiEr' They chemically
synthesized an oligonucleotidbat contained the TBA sequence embedded within a
longer DNA strand that wadesigned to form a stefoop structure in the absence of

thrombin. This DNAoligonucleotide contained a fluorescein chromophairés 5‘end
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and a quencher grougt its 3‘end. Thus, when the oligonucleotide was in its sheop
conformation the Sluorescein was quenched by the nearblpABCYL unit. Addition

of thrombin shitedd he DNAGs conf or mat i o mdobp steugure | i br i
to a folded Gquadruplexcausing an increase in the chromophguencher distance and

a fluorescence enhancemerigure 1.1%. The authors stressed that this method for
thrombin detection could, in principle, be applied to other nuceid aptamers by

simply embedding the protein binding sequence within an unproductivelsigm

structure that contained juxtaposed fluorescent label and quencher. Binding of the target
protein should shift the conformational equilibrium and stabilizeatipet a mer 6 s st r u
resulting in fluorescence enhancement as the fluorogeacher separation changes.

They envisioned using this strategy to make biosensors for proteomics applications using
high-throughput, automated selection techniques.
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Figure 1.5, A protein biosensor based on the fia]
shifts the DNAOGs c¢ on f-quadmgex and praduceseaq mdrease b r i u
in fluorescence as the dorguencher groups get farther apart, compared to theletgm

strudure. (From referencgl)

Tan and colleagues also used the aptamer beacon strategy to develop real time
sensing of thrombif®>® In addition to using fluorescence quenching, they also used both
FRET and excimer strategies that allowed for significantréscence enhancement upon
formation of a DNAthrombin complex. Their aptamer beacon design involved labeling
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the 5'end of a 18mer with an energy acceptoF&M, and the 3end with a coumarin
group as an energy donoFidure 1.1% This modified 15mertended to favor a random

coil conformation in low salt and the absence of thrombin, whereas the equilibrium was
shifted to the folded TBA Guadruplex in the presence of thrombin. This conformational
change resulted in a significant enhancement in theefieence signal for-BAM as the
chromophores came closer together in the folded state. These assays werehgjtie

giving a detection limit of 112 + 9 pM for thrombin.

a) 5 - C1G2TaT4GsGsT7GaT9G10G11T12T13G14G1s b)
I '
0=P-0 . Acceptor
9 o)
¢ 7
o<
HN
=0
o< 3

. Donor
Coumarin

Figure 1.16. Structure of a) acceptalonor TBA and b) schematic showing FREfon
binding of thrombin to TBA(From reference 52

In 2003, Nutiu and Li described a strategy for the preparation of fluorescent
sensors based on their use ofcsa |l | ed B&i tocbinge Si gi*dl ing
These DNAaptamers work by undergoirggmajor structural change from duplex DA
a DNA-target complex. The starting duplex is formed between a DNA strand that
contains the aptamer sequence and 2 shorter oligonucleotides; one of the shorter
oligonucleotides contains a fluorophore and thewoghort strand contains a quenchier.
the absence of the thrombin target the aptamer strand binds to the short oligonucleotide
containing the quencher, bringing it into proximity to the fluorophore and causing
maximum quenching. Upon addition of the timimin protein, the aptamer sequence
releases the short oligonucleotide containing the bound quencher, resulting in a strong

fluorescence enhancemerfiigure 1.17

18
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5' Stem-1 Stem2

QDNA

Q
Thrombin l G-quadruplex

Figure 1.17. The StructureSwitching Signaling Aptamer. A DNA duplex composed of
three strands of DNA places a fluorophore (F) close to a quencher groupgJ(@n
addition of thrombin, the QDNA piece is released, and the fluorescence inc(éases.

referencebb)

In 2005, Heyduk and Heyduk took advantage of the fact that thrombin has 2
different DNA binding epitopes to facilitate the simultaneouassnciation of 2lifferent
aptamers?® Each aptamer was outfitted with a flexible linker region and a BBiguence
that would allow DNA duplex formation and enable simultaneous F&BRncementn
the absence of t he thrombin an bdcauseehet he
complementary binding region is too short. However, when both sequamcbsund to
thrombin the increased entropy favors duplex formation and subsedtiRBT

enhancemer(Figure 1.13.

a) THR20 w

GGTTGGTGTGGTTGGRXXXXCGCATCT 3'dabeyl

THR21 M

5' Flour-AGATGCGXXXXXAGTCCGTGGTAGGGCAGGTTGGGGTGACT

u_/_‘ﬁ)+
SN

Figure 1.18 a) Detection of thrombin by binding 2 differentdqaadruplexes at different
epitope binding sites. b) Association of the 2 strands of DNA on the thrombin surface
leads to fluorescence quenching. (From refer&gye

L

Thrombin
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Willner a n d coll eagues used t hrombinés 2
ingenuous method for the optical detection of thrombiwi | | ner 6s group u
nanoparticles functionalized with thiolated aptamers to enable the amplified detection of
thrombin both in slution and on glass surfaceBiqure 1.19.°®°° Reaction of the
functionalized Au nanoparticles with thrombin in solution led to significant aggregation,
since thrombindés two binding epitopes ena
Addition of thrambin led to a significant decrease in the plasmon absorbance for the Au
nanoparticles. The isolated precipitates were resuspended in solution containing a CTAB
surfactant and then used to seed nanoparticle growth using HAuCI4 and NADH. This
catalytic growh o f the nanoparticles wasPlasmomi t or e
absorbance at 530 nm. Furthermore, the enlarged nanoparticles showedhdtedd
absorbance at 650 nm that was proposed to originate from a coupled plasmon exciton due
to contacts betwen enlarged Au nanoparticles. These solution protocols for Au
nanoparticle growth were also adapted to enable the optical sensing of thrombin on glass.

A TBA oligonucleotide containing a siloxane unit was covalently attached to a glass
surface and thrombinvas bound to the resulting monolayer. The Au nanoparticles
containing the thiolated TBA were then allowed to bind to thrombin through the second
epitope site. Catalytic growth of the bound Au nanoparticles was then carried out in the
presence of HAuCl4, TAB, and NADH. Both absorbance spectra and QCM
measurements confirmed that the thrombin could be detected in a concentration
dependant fashion. SEM images also showed that the Au nanoparticles came in contact
with each other, entirely consistent with thregence of the interparticle absorbance band

at 650 nm.
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Figure 1.19. Amplified detection of thrombin based on enlargement ohAnoparticles.
(From referencé&?)

1.7.3 G-quadruplexes in the electrochemical detection ofrpteins

In the past few yea a new direction in TBAased biosensors has been the
development of methods for the electrochemical detection of thrombin. Some of the
reported advantages of these electrochemical biosensors are their potential to provide
high sensitivity, fast respongemes, low costs, easy fabrication, and the possibility for
miniaturization. lkebukoru and colleagues were the first to report on a TBA based
electrochemical senst.Li ke ot her s, they took advantag
binding sites. Fabricatioaf the device involved immobilizing a thiolated TBA sequence
onto a gold electrode. A second oligonucleotide that can fold intoqaia@ruplex
structure was covalently modified at itseBid with the enzyme glucose dehydrogenase
(GDH). Addition of thrombinto this solution resulted in formation of a sandwich
structure wherein the GDH was brought close to the gold electrode. Oxidation of glucose
by the immobilized GDH enzyme resulted in a measurable electrical cuFiguirg
1.20. No current was detected the absence of thrombin, demonstrating that the GDH
needs to be close to the Au electrode. Using this electrochemical detection device,

thrombin at concentrations as low as 1 uM could be detected.
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Thrombin U
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G-quadruplex

¢ transfer

A

Figure 1.2Q Electrochemical detection of thrombinrdlugh the coupled oxidation of
glucose by glucose dehydrogengseom referenc@0)

In the last year a flurry of papers from the groups of Hianik, Plaxco, Lee and
O &ullivan have appeared describing a variety of approaches for the electrochemical
detectim of thrombin®*®® Plaxco and colleagues used dHivlated DNAoligonucleotide
containing both the TBA sequence and an electrochemically active @noethylene
blue) attached to the -8hd of the DNA®? This modified DNA oligonucleotide was
attached \a its thiol tether to the gold electrode. In the absend@irombin the DNA
adopts a conformation such that the electroactive methylene bluecibdlind to the
gold surface and enable electron transfer with the electrode. Howeweling of
thrombin ly the folded TBA sequence results in a conformational changeuttmest off
electron transfer between then8&thylene blue label and the gold electrdéieesumably
t he aptamer o0s conformational c h-tumnglieg s i gni
distancebetween the electrode and the electroactive label. This partssraor, used to
measure thrombin in blood serum, demonstrated excellent dynamicah©§&00 nM
and outstanding sensitivity, such that thrombin at1@0 nM concentrations could be
measired from blood plasmaF{gure 1.28. Ra d i and OO6Sullivan rec
similar approach wherein they attachedhiolated TBA sequence containing a redox
active ferrocene group to a gold electr88e bifunctional 15base TBA derivative with
a ferocene group and a thiol at its respectteand 3' termini was prepared. After
anchoring this electroactive aptamer to a gakttrode the rest of the gold surface was
coated with 2Zmercaptoethanol to form a mixedonolayer. Cyclic voltammetry (CV),
differential pulse voltammetry (DPV), amdectrochemical impedance spectroscopy (EIS)
were used to characterize this DN#odified electrode. The modified electrode gave a
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voltammetric signal due totheredoxe act i on of the TBAOGase ferro
in signal intensity upon bindinghrombin to the TBA sensor was attributed to a
conformational transition from randoooil to the folded Gguadruplex [Eigure 1.21h In

this -dsdgegbtemnt wahscsh t ool ax¥hé sueomsi gnal
noted an increaseaslectrochemical signal upon binding thrombin. They suggested that the

short length oftheir DNA tether resulted in a conformational change that brings the
ferrocene labelcloser to the electrode surface and increases electron etraisfis

A s i @ madctrochemical biosensor was used for the detection of thrombin without the

need forany special reagents. The sensor had nanomolar detection limit for its target and
showed little interference from nonspecific proteins. The aptasemsmld be easily

regeneratednd reused 25 times without any loss in detection sensitivity.

a) 35mer

Thrombin

. /
Au “Signal off”
b)
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< | 7
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Figure 1.21 El ectr ochemi cal bi osensors foaff t he ¢

systemo described for a 35mer o leiagdobp uc | eo
Ansi@omal s g eferencé2,69

1.7.4 Biosensors for nucleic aids

DNA can also be optically detected using TB#ombin interaction§®®® Fan and
coll eagues used an el ectrochemical ver sion
DNA hybridization by measuring the electrochemical signal that accompanied a
conformational change in the senf8bTheir strategy involved attaching a ferrocene tag

to a thiolated TBA sequence within a sté&dop DNA structure, followed by subsequent
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attachment of the labeled DNA to a gold electrode. Hybridization of this sensor with a
complementary DNA sequence then triggeaedonformational change in thsurface

confined TBA sensor, which led to a corresponding change in the electron tunneling
distancebetween the Au electrode and the ferrocene label. Using cyclic voltammetry,
target DNA concentrations as low as 10 pM could be measured using this $ersor.

elegant approach toward DNA detection, Willner and colleagues introdheedse of

ficat &lewt Y Bhéir. method is illustrated iRigure 1.2. Thethrombin protein

was covalently modified with an oligonucleotide containing the T&4uencé’ In the

absence of a complementary DNA strand the appended TBA sediodtheeénto a G
quadruplexand bl ocks the enzymebécomplancentarw@BNAs i t e.
strand unfolds the @uadruplex, resulting in substrate access totther o mbi nés ac
site. Hydrolysis of a fluorophore labeled peptide then results ieadily detectable

optical sigal.

hv hv

HoN ® o/ +NH2 . HoN ® o/ +NH2 .
co, T Peptide co, T Peptide
A Q

F F

Peptide-F W\ Peptide-F

Thrombin

G-quadruplex

Figure 1.2. Optical detection of DNA by catalytic activation of thrombin upon
dissociation of an intramolecular thrombiiBA complex.(From referencé&7)

1.7.5 The use of Gguadruplexes in building nranomachines

The TBA sequence has also beenduas the basis for single molecule systems
that have been coined #®HlEand Waa firstdemoassraied or n a
that conformational switching of a DNA oligonucleotide betweeduggdex and its folded

G-quadruplex forms resulted in a fieg motion®® They usedFRET to follow this
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shrinking and expansion motion in real time. In a similar fashidberti and Mergny
reported that the conformational equilibrium between DNA dumex quadruplex
defines a nanomolecular machifleThus, the coformational states of al-mer DNA
oligonucleotide, modified with Sluorescein donor and -Bhodamineacceptor groups,
could be readily detected by using FRET techniq@sitching betweerthe folded
unimolecular Gquadruplex and a duplex conformatioaused a % nm displacement
along the length of the oligonucleotide. This nanomachine could be dyetegen its
closed Gquadruplex state and open duplex state by sequential additiothexf DNA
strands, a secalled "Gfuel"and a "Gf u e | " .-fueloh eu nff ® lurdneldcular & e
guadruplex to gener at eelado dautprl e&nxlberawdie | @ s € ch
labeled 2imer so that it could refold into a-@uadruplex structure.

Simmel and coworkers recently described a nanomachine that can bind and

release thrombin as it undergoes conformational switclfiggi(e 1.3).”

i
W NeeireRy +TB
}f

Figure 1.23 A DNA-based nanomachine that binds and releases thrombin. Binding of
DNA strand Q to TBAprotein complex release thrombin, and addition of complementary
DNA strand Rremoves Q and shifts equilibrium back to the FB®ombin complex.
(From referenc&l)

In this DNA-based machine, the TBA sequence was fused to another DNA
sequence that can partiabind another DNA sequence (Q). Upon addition of the Q DNA
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