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Abstract

Supramolecular chemistry is the “chemistry of molecular information”. Information stored
in the structural features of molecules is recognized and processed at the supramolecular level and
drives the ever more complex organization of matter — from the formation of simple host-guest
complexes, to the assembly of viral capsids and the emergence of life itself. The work presented
in this thesis uses basic principles governing intermolecular interactions to manipulate the
assembly of DNA, a molecule that exemplifies the concept of information storage in its structure.
In Chapter 2, simple molecular recognition principles are applied to expand the DNA base-pairing
alphabet. A small molecule, cyanuric acid, with three thymine-like faces, is determined to
reprogram the assembly of poly(adenine) strands into micron-long fibers with a unique internal
structure. Adenine residues and cyanuric acid molecules are shown to associate into hexameric
rosettes that bring about the formation of poly(adenine) triplexes and subsequent polymerization
into nanofibers. Fundamentally, this finding demonstrates that a small molecule can induce nucleic
acid assembly, giving rise to a new type of structure from inexpensive, readily available materials.
Further examination of the mechanisms involved in nanofiber formation in Chapter 3 uncovers
that the supramolecular polymerization of poly(adenine) strands proceeds through a cooperative
mechanism. A new methodology to analyse thermal hysteresis profiles provides a quantitative
understanding of the kinetics and thermodynamics of the assembly process. In addition, key
parameters influencing assembly are identified and can be tuned to modify nanofiber properties in
potential nanomaterials applications. While hydrogen bonding and m-stacking interactions
dominate the co-assembly of poly(adenine) and cyanuric acid described in Chapters 2 and 3, a
different combination of intermolecular interactions is used to manipulate the long-range assembly
of DNA nanostructures into ordered networks in Chapter 4. Blunt-ended DNA tiles, or tiles lacking
complementary single-stranded portions at the duplex ends, with and without a cholesterol
anchoring moiety, are interfaced with lipid bilayers, a soft support with composition-dependent
properties. The balance of m-stacking interactions between DNA duplex ends, cholesterol-
mediated nanostructure anchoring, electrostatic DNA binding to the bilayer surface, and the fluid

nature of the lipid bilayer enable the formation of dynamic materials with long-range order and
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tunable morphology on a cell membrane-like support. In turn, these lattices represent a tool for
organizing materials such as nanoparticles or proteins at a biological interface, with potential
applications in cellular recognition, development of model systems for study of membrane proteins
or plasmonics. Altogether, this thesis demonstrates that information encoded in molecular building
blocks and the interplay between intermolecular interactions can be used to manipulate the

assembly and long-range organization of DNA to achieve new structures and higher complexity.
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Résumeé

La chimie supramoléculaire est aussi appelée la « chimie de l'information moléculaire ».
L'information structurelle des molécules est reconnue et traitée au niveau supramoléculaire,
entrainant ainsi la complexification de 1’organisation de la matiére — de la formation de simples
composés d'inclusion a 1'émergence de la vie elle-méme. Le travail présenté dans cette thése
applique les principes fondamentaux régissant les interactions intermoléculaires pour manipuler
I'assemblage de I'ADN, un archétype du stockage de I'information dans la structure moléculaire.
Dans le Chapitre 2, des principes élémentaires de reconnaissance moléculaire sont appliqués pour
¢largir 1'alphabet d'appariement de bases d'ADN. L'acide cyanurique, une petite molécule a trois
faces de type thymine, est utilisé pour reprogrammer 1'assemblage de brins de poly(adénine) en
fibres d’une longueur de 1’ordre du micrometre avec une structure interne unique. Nos résultats
indiquent que l'association des unités d'adénine et d'acide cyanurique forme des rosettes
hexamériques, entralnant ainsi la formation de triple-hélices de poly(adénine) et leur
polymérisation subséquente en nanofibres. Fondamentalement, cette découverte démontre qu'une
petite molécule peut induire 1’assemblage de brins d'ADN, formant ainsi une nouvelle structure a
partir de matériaux peu coliteux et abondants. Dans le Chapitre 3, des études visant les mécanismes
impliqués dans la formation des nanofibres révelent que la polymérisation supramoléculaire des
brins de poly(adénine) avec 'acide cyanurique passe par un mécanisme coopératif. Une nouvelle
méthodologie d’analyse de profils d'hystérése thermique fournit une compréhension quantitative
plus approfondie de la cinétique et de la thermodynamique du processus d'assemblage. Certains
parametres clés qui influencent I'assemblage sont également identifiés et peuvent étre modifiés
afin d’ajuster les propriétés des nanofibres et de développer des applications potentielles en tant
que nanomatériaux. Alors que les liaisons hydrogene et les interactions entre cycles aromatiques
dominent le co-assemblage de poly(adénine) et d'acide cyanurique décrit dans les Chapitres 2 et
3, une combinaison différente d'interactions intermoléculaires est utilisée pour manipuler
l'assemblage de tuiles d'ADN en réseaux ordonnés a grande échelle dans le 4° Chapitre. Ainsi, des
tuiles d'ADN a extrémités franches, c’est-a-dire sans ajout de portions d’ADN complémentaire

aux extrémités, sont modifiées avec une molécule de cholestérol servant d’ancre hydrophobe.



L’¢étude de I’interface entre ces tuiles, modifiées ou non, et des bicouches lipidiques, supports
souples avec des propriétés dépendantes de la composition, est entreprise. L'équilibre des
interactions entre cycles aromatiques joignant les extrémités des duplex, l'ancrage de la
nanostructure médiée par le cholestérol et les liaisons €lectrostatiques de I'ADN a la surface de la
bicouche permet de construire des matériaux dynamiques ordonnés a grande échelle, permettant
aussi d’obtenir des morphologies ajustables. A leur tour, ces réseaux représentent un outil pour
organiser des matériaux tels que des nanoparticules ou des protéines a une interface biologique,
avec des applications potentielles dans la reconnaissance cellulaire, le développement de systémes
modeles pour I’étude de protéines membranaires ou les systémes plasmoniques. En somme, cette
thése démontre que I’information structurelle codée dans des blocs de construction moléculaires
et un juste équilibre d’interactions intermoléculaires peuvent étre utilis€s pour manipuler

I'assemblage de 'ADN et son organisation a plus grande échelle.
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1.1 Supramolecular chemistry and self-assembly:

The chemistry of molecular information

Whether on the atomic or on the galactic scale, the emergence of complexity in the matter
that surrounds us is driven by self-organization.! While at the level of star systems self-
organization is operated by gravitational forces, in the realm of supramolecular chemistry, there is
a collection of intermolecular interactions that determine how molecules acquire secondary

structure, affect each other and assemble into larger complexes.

The father of supramolecular chemistry, Jean-Marie Lehn, has called this field ‘the
chemistry of molecular information’.? This information is stored in the structural features of every
molecule. It is then read at the supramolecular level following principles of molecular recognition,
taking into account electronic and steric effects, conformational flexibility, solvation (including
the hydrophobic effect), etc.2 The interplay of adhesive and repulsive forces® (such as hydrogen
bonding, n-n stacking and van der Waals forces) defines interactions between molecules and drives
the ever more intricate, hierarchical organization of matter. The spontaneous and reversible
process by which molecules associate into larger and more complex structures according to the
information stored in the molecules themselves is called self-assembly.* From the formation of a
simple inclusion complex, to the folding of a protein serving a specific catalytic function, the
assembly of a highly structurally complex biological entity such as a virus, and the emergence of

life itself — the information stored in molecular structure drives ordering and complexity.

1.2 Self-assembly across length scales

The development of nanotechnology and nanomaterials, technologies and materials that
operate and have specific size features on the nanometer scale, can be achieved by two main
approaches — “top-down engineering” and “bottom-up synthesis”.> On one hand, the top-down
approach starts out with bulk materials and uses advanced techniques to engineer and manufacture
miniaturized systems. On the other hand, the bottom-up method uses molecular synthesis and
supramolecular interactions to produce functional nanoscale structures. Importantly, self-assembly
can access the size range relevant to nanomaterials, from the molecular (measured in angstroms)

to the top-down fabrication worlds (~ 100 nm). The added advantage of self-assembly is that



hierarchical organization can be integrated into the building blocks, providing access to ordered
materials and systems at a larger scale, which is beautifully illustrated in the long-range

organization and hierarchical complexity encountered in natural systems.

1.3 Natural and man-made long range self-assembly systems

The rational design of self-assembly systems is largely inspired by nature and assemblies
found in biology. On the scale of isolated binding events, supramolecular interactions direct
substrate binding to a receptor. At the level of small, discrete particles, viral genomes are
sequestered for their protection inside protein shells that assemble according to exquisite symmetry
through precise interactions between different subunits. Recently, artificial counterparts, protein
cages composed of non-viral building blocks, have been rationally evolved® and were even able to
encapsulate a viral genome.’ In addition, countless drug delivery systems inspired by the cargo
protection afforded by viral capsids have been developed in the last few decades to encapsulate

small molecule drugs or nucleic acids for potential gene therapy applications.®

On a larger scale, supramolecular interactions drive the formation of complex materials
with hierarchical organization that have a variety of fundamental functions. Biological membranes
self-assembled from amphiphilic lipid molecules under the influence of the hydrophobic effect’
have essential roles in creating compartmentalization in living organisms. They sequester different
cellular components into separate compartments, thus giving rise to spatial organization and
creating organelles with specialized functions. Furthermore, lipid membranes represent a fluid
support to organize enzymes, receptors mediating communication with the outside environment,
and tether scaffolding components. The scaffolding inside the cell, composed of dynamic yet
robust supramolecular filaments, maintains the cell’s shape, acts as a track for the transport of
materials inside the cell, and can be reconfigured to direct cell motility.!” There is a wide variety
of supramolecular fibers in the extracellular environment as well, with structural and

communication-related roles.!-'?

It is no wonder that biological materials are a source of inspiration for long-range
organization in technological applications. Compartmentalization afforded by supramolecular
membranes and shells can be used to create a nanoreactor or to protect sensitive cargo during

targeted drug delivery. Scaffolding materials can organize materials precisely in space, while



addressable surfaces have the added advantage of accelerating the kinetics of reactions by
confining active components to 2D rather than 3D space. Altogether, the levels of controlled
assembly achieved with hierarchical organization obtainable by self-assembly give rise to intricate
structure that consequently enables greater functional complexity. The elegance and complexity

of natural systems thus serve as a template for researchers to elaborate new functional materials.

1.3.1 Amphiphilic self-assembly and lipid bilayers

Amphiphilic molecules are among the most powerful building blocks for self-assembly.
They are ubiquitous in biology (lipids), daily life (detergents) and advanced technological
applications.”> Amphiphiles contain both hydrophilic and hydrophobic portions which have
opposing minimum energy requirements for solvation, defining their interactions with the
surrounding medium. In water, amphiphilic self-assembly is driven by the hydrophobic effect,
resulting in aggregation of hydrophobic portions away from the aqueous environment, and leaving
hydrophilic groups exposed.'*

Phospholipids are amphiphilic molecules which constitute the main components of
biological membranes. Their structure is characterized by (1) a hydrophilic polar head group, which
can be charged or zwitterionic, (ii) a linker, typically a small molecule such as glycerol, and (iii)
hydrophobic tail groups, alkyl chains of variable length and degrees of unsaturation.'> Glycero-
and sphingophospholipids are the main types of phospholipids composing biological membranes
(Figure 1.1 a).'® Depending on the size and shape of their hydrophobic and hydrophilic portions
(determined by the size and electrostatic properties of the head group, as well as the number, length
and degree of unsaturation of the alkyl tails), phospholipids can self-assemble into various

architectures such as micelles, extended bilayers or vesicles (Figure 1.1 b).

Within lipid bilayers, the structural features of phospholipids play additional important
roles in long-range organization by influencing the bilayer phase behavior. Different phase
behaviours (Figure 1.1 ¢) arise from lipid-lipid interactions that determine lipid packing and are
highly dependent on the length and degree of unsaturation of the hydrophobic tails.!® In typical
biomembranes, liquid disordered (Ld), or fluid, phases tend be enriched in unsaturated
glycerophospholipids, while solid-like gel phases are enriched in sphingomyelin, a saturated long-

chain lipid. Gel phases exhibit much denser packing than do L4 phases which, in contrast, allow



for a high degree of translational mobility. Sterols, a non-polar lipid class, such as cholesterol
(Figure 1.1 a), are also important biomembrane components. Cholesterol participates in the
formation of liquid ordered (Lo), or ‘raft’-like phases which display the high degree of ordering of
a solid and high translational mobility of a fluid at the same time.!” Artificial membranes can be
generated from lipid mixtures where mixture composition and temperature allow fine control over

phase behaviour.'®
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Figure 1.1| Biological lipids, their self-assembled structures and phase behaviours. a) Lipid types commonly
found in biology: glycerophospholipid, sphingolipid and sterol. b) The shape of the lipid molecule highly influences
the type of assembly it forms. Common lipid assemblies: i) Micelle, ii) Bilayer, and iii) Vesicle. ¢) Lipid bilayer
phases: i) Liquid disordered (Lg), or fluid phase, ii) Gel phase (Lg), and iii) Liquid ordered (L,), or ‘raft’ phase. d)
Non-lamellar lipid structures: i) Hexagonal phases (inverted and micellar), and ii) Bicontinuous cubic phases.

(Adapted with permission from: (a)-(b) Ref. 15,2014 ACS; (¢) Ref. 16, 2008 Springer Nature; d) Ref. 17, CC by 4.0)



Beyond bilayers or the lamellar phase (stacked bilayers separated by a thin water layer),
biological lipids, surfactants, and their mixtures can organize into an array of non-lamellar long-
range structures with 3D polymorphism (Figure 1.1 d).!” Such structures have complex phase
diagrams depending on molecular shape of the lipids, mixture composition, temperature and
pressure. Hexagonal and cubic packing phases have lyotropic liquid crystal properties. Hexagonal
phases are characterized by the formation of thin lipid cylinders which pack into a hexagonal
lattice. On the other hand, cubic phases, such as a bicontinuous inverted phase, consist of
continuous curved membranes folded into a cubic network and separating water compartments. '°
Both hexagonal and cubic non-lamellar phases are said to be ubiquitous in biological structures

(e.g. mitochondria), and play a role in events such as membrane fusion.!”

The properties of natural lipids and common surfactants have long served as an inspiration
for the development of advanced materials. Beyond traditional amphiphiles composed of a small

polar head group and alkyl chains, molecules incorporating m-stacking moieties,?’ metal binding

21 23 24,25

complexes,?' macrocyclic components,?? peptides,>® nucleic acids or that are themselves
products of self-assembly (supra-amphiphiles)?® have generated much interest by expanding the
repertoire of available amphiphilic building blocks for self-assembly. Furthermore, amphiphilic
block-copolymers?’ are a class of materials with highly tunable self-assembly and stimuli-response
properties. Overall, the still-growing class of amphiphilic building blocks and materials has broad
application potential in, among others, drug delivery, catalysis, tissue engineering, photoelectric

materials and stimuli-responsive surfaces.'*?33!

1.3.2 Supramolecular polymers and fibers

The term ‘supramolecular polymers’ first brings to mind their traditional counterparts, one-
dimensional polymers built by covalently linking repeating units (monomers). Supramolecular
polymers on the other hand arise following non-covalent assembly of the constituent monomers;
the discussion here is limited to linear 1D assemblies. What supramolecular polymers lack in
mechanical and chemical robustness commonly associated with conventional polymers, they make
up in reversible and reconfigurable assembly, adaptive behaviour and stimuli-responsiveness —
characteristics well-suited for the development of advanced materials with tunable properties,

which can be recycled, and adapt to their environment.*> Depending on monomer structure, the



collection of non-covalent interactions bringing the building blocks together, and the assembly
conditions, supramolecular polymers can take on a variety of structures including ribbons, helical
tapes and tubes.’> The dynamic nature of polymer assembly also makes morphological

transformations and hierarchical organization possible.>*

Supramolecular polymers and fibers are ubiquitous in biological systems. Amyloid
fibers,> cytoskeletal filaments such actin and microtubules,'? extracellular matrix components
such as collagen,*® viral protein filaments®” are all members of a vast supramolecular polymer
family with important functions in biology.*®*° For example, amyloids are a class of
supramolecular polymers widely represented in nature. The formation of amyloid fibrils as a result
of protein misfolding is most commonly associated with neurodegenerative diseases like
Alzheimer’s,* however amyloids also fulfil useful functions throughout biology, and represent a
fundamental class of proteinaceous material.*’ Amyloid peptides, which can have a variety of
amino acid sequences,’’ aggregate into fibrillar structures where they take on a cross-p
conformation (Figure 1.2).% In this arrangement, the polypeptides are arranged perpendicular to
the direction of fiber growth, and hydrogen bonding between adjacent chains results in B-sheet
formation, driving longitudinal polymerization. Furthermore, fibrils exhibit higher order
hierarchical organization through pairwise -sheet packing into proto-filaments that then associate
into polymorphic fibrils which vary in width and are typically several micrometers long.*!
Amyloid polymerization proceeds via a nucleation-growth cooperative mechanism, and is often

irreversible owing to high kinetic barriers and/or large thermodynamic driving forces.*

In general, mechanisms of supramolecular polymerization are described by kinetic and
thermodynamic aspects of the polymerization process and have a crucial influence on the structure
of the resulting polymer.>> Polymerization thermodynamics have been scrutinized at length,
providing a solid theoretical foundation to describe the process.** The main mechanisms of
polymerization are isodesmic and cooperative self-assembly. The isodesmic mechanism of
supramolecular polymerization is similar to step-growth of covalently-linked polymers and
implies that addition of each monomer to the growing chain is characterized by the same
equilibrium constant K, such that the affinity of the polymer end is independent of chain length.
Isodesmic polymerization typically gives rise to product populations with high polydispersity. On
the other hand, the cooperative polymerization mechanism is characterized by at least two distinct

stages. In the first step (nucleation), monomer association is described by linear growth with an



association constant K, up to a total number of monomers s.** Beyond this point, various
cooperative effects contribute to a change in the association constant to K. (elongation), which is
higher than Kn.***> Cooperative polymerization is described as a nucleation-elongation mechanism

due to the distinct stages of assembly.
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Figure 1.2| Hierarchical self-assembly of amyloid fibrils. The assembly of amyloid fibrils from short peptides
displays hierarchical elements of architecture (secondary, tertiary and quaternary structure) mediated by non-covalent

interactions. (Adapted with permission from Ref. 41, 2013 National Academy of Sciences.)

Hallmarks of the nucleation-elongation mechanism include (i) a time-dependent lag in
polymer formation which (ii) can be eliminated with the addition of nuclei (seeding) at the onset
of polymerization, and (iii) a critical monomer concentration or critical temperature associated
with the onset of polymer growth.** Concentration- and temperature-dependent effects in general
are very important in characterizing systems that undergo supramolecular polymerization.** For
example, temperature plays different roles depending on whether the system undergoes assembly
driven by entropy or by enthalpy. In entropy-driven polymerizations, there is a floor temperature
below which no polymerization takes place. Entropy-driven polymerizations are often encountered
in biological systems (e.g. amyloid fibril formation).*} In contrast, polymerization processes driven
by enthalpy are characterized by a ceiling temperature above which no polymerization is observed.
Altogether, thermodynamic parameters of supramolecular polymerization have a profound impact
on molecular structure, polymer robustness, chain length and length distribution in the product
population, as well as responses to temperature or concentration changes.*? Understanding this
impact is essential in creating rationally designed supramolecular polymers with well-defined

properties that are tunable to suit desirable functionalities.



Much of the rationally designed supramolecular polymerization processes described in the
literature take place at equilibrium, under thermodynamic control. In many natural systems, on the
other hand, advanced functionality is achieved by controlling assembly/disassembly kinetics and
maintaining the process away from equilibrium, sometimes with continuous energy input, as in
the case of remodeling of actin filaments.*® The kinetics of supramolecular polymerization are
generally less well described than the thermodynamics. However, there is increasing interest in
examining and manipulating processes that take place under kinetic control, by harnessing kinetic
barriers, taking advantage of seeding, hysteresis effects, pathway-dependent self-assembly
outcomes or the coexistence of several metastable products.>*6->* In principle, systems assembled
under kinetic control or far away from equilibrium with continuous energy supply have a vast
potential for structural and functional diversity not accessible through more conventional self-

assembly pathways.>*

An great variety of synthetic supramolecular polymers has been developed over the last
three decades. Although multiple non-covalent interactions tend to be involved in the
polymerization process, it is convenient to classify the monomers that undergo supramolecular
polymerization according to their primary assembly motifs. The Lehn group reported several
landmark supramolecular polymerization studies of flexible and rigid building blocks based on
molecular recognition mediated by hydrogen bonding between uridine and diacyl-amino-
pyrimidine.>>*® The ureido-pyrimidinone group capable of dimerizing via quadruple hydrogen
bonding (Figure 1.3 a), developed by Meijer et al., gave rise to random coil supramolecular
polymers with mechanical properties similar to conventional polymers.’” Inspired by DNA
assembly, where hydrogen bonding associations are protected from competing interactions with
water inside a stacked structure, building blocks containing the related ureido-triazine group as
well as hydrophobic moieties that drive assembly due to solvophobic effects and solubilizing
peripheral groups assembled in water and organic solvents into columnar aggregates with
controllable helicity.’®> DNA structure (hydrogen-bonding recognition motifs and burial of
hydrophobic surfaces within stacked assemblies) also served as a model for the development of
helical rosette nanotubes, where the rosette refers to a six-membered hydrogen-bonded
supermacrocycle (Figure 1.3 b).°%%! The assembly of such nanotubes was shown to be entropically
driven, a finding which be explained by invoking the hydrophobic effect, wherein burial of

hydrophobic surfaces within the polymer releases ordered water molecules into bulk solvent for
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an entropic gain.®? The discotic benzenetricarboxamide (BTA) scaffold was used to investigate the
effect of building block chirality on assembly cooperativity through the addition of chiral and
achiral substituents (Figure 1.3 ¢),** and to examine supramolecular polymer dynamics using

super-resolution microscopy.**%*
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Figure 1.3| Rationally designed supramolecular polymers and fibers. a) Monomers with ureidopyrimidinone
(UPy) termini assemble via quadruple hydrogen bonding into flexible random coil supramolecular polymers. b)
Hydrogen-bonding monomers with recognition units resembling DNA bases form six-membered rosette arrays which
stack into nanotubes with helicity directed by a chiral substituent. ¢) Monomers with a Cs-symmetric discotic
benzenetricarboxamide (BTA) core assemble with a higher degree of cooperativity when modified with chiral side
chains. d) Peptide amphiphiles containing three distinct structural regions (lipid tail, -sheet forming peptide domain,
and hydrophilic bioactive domain) form extended nanofibers with helical features directed by B-sheet conformation.
e) Monomers containing oligo(p-phenylene vinylene) (OPV) fluorescent groups and aliphatic tails dimerize via
hydrogen-bonding groups and then stack into helical ribbons. f) Hexabenzacoronene (HBC) based monomers
functionalized with aliphatic chains on one side and hydrophilic oligoethylene glycol on the other form nanotubes
with tunable diameter and wall thickness dependent on the size of the substituents. (Adapted with permission from:
(a) Ref. 57, 1997 AAAS; (b) Ref. 60, 2001 ACS; (c¢) Ref. 63, 2008 ACS; (d) Ref. 65,2001 AAAS; (e) Ref. 66, 2006
AAAS; (f) Ref. 67,2004 AAAS; (a), (e), () Ref. 33,2012 AAAS.)

As discussed above, amyloid fibril growth is highly dependent on -sheet conformation of

adjacent peptide chains through hydrogen bonding between their backbone amide groups.*! Many
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synthetic supramolecular polymerization systems based on peptide building blocks rely on B-sheet
formation for longitudinal growth. Ghadiri et al. developed nanotubes based on the cooperative
polymerization of cyclic polypeptides composed of alternating D- and L-amino acids.®®% With
hydrophobic modification to their outside surface, they could be inserted into lipid bilayer
membranes to serve as artificial ion channels.”® Interestingly, nanotubes assembled from a- and
1,4-substituted e-amino acids followed an anti-cooperative polymerization mechanism (where K
> K., in contrast to cooperative polymerization).”! Peptide amphiphiles, developed by the Stupp
group, are a class of peptide-based building blocks composed of an aliphatic tail, a peptide B-sheet-
forming domain and an adaptable hydrophilic domain which is used to incorporate bioactive cues
in the assembly (Figure 1.3 d).%7> The self-assembly of these amphiphiles into long, highly
organized fibers is driven by the microphase separation of the hydrophobic tails, and the formation
of a network of hydrogen bonds between the B-sheet-forming portions of the peptide. By
modifying the hydrophilic portion, the surface of the fibers can be functionalized with a high
concentration of bioactive moieties or other functional groups making the nanofibers a highly

tailorable material for tissue engineering and other advanced applications.?>’374

The polymerization of building blocks with extended m-systems is another active area of
research. By combining the ureido-triazine moiety mentioned above with oligo(p-phenylene
vinylene) (OPV) groups bearing chiral side chains (Figure 1.3 e), Meijer ef al. were able observe
the cooperative assembly of helical tapes, this time incorporating long-range organization of
photoactive groups that may be useful in the development of optoelectronic devices.”>’¢ A detailed
investigation of the nucleation-elongation mechanism of this system yielded important insights
into the thermodynamics of its assembly, including the origin of the high degree of cooperativity
which is related to a helical transition in the nucleating species, and the influence of solvent
structure.’® Furthermore, a time-resolved examination of the assembly process allowed
quantification of kinetic parameters, and revealed the formation of metastable intermediates,
illustrating pathway complexity in supramolecular polymerization.”” The Aida group developed
monomers with a m-extended hexabenzacoronene (HBC) core modified with aliphatic chains on
one side, and hydrophilic oligoethylene glycol chains on the other (Figure 1.3 f). These monomers
assembled into micrometer-long nanotubes with a consistent diameter and wall thickness
dependent on the size of the peripheral chains.®’ The n-stacking of the HBC units within the

nanotube wall endowed the structures with a “graphitic” character, exhibiting electrical
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conductivity upon oxidation. Modification of the hydrophilic side of the monomer with an
electron-accepting trinitrofluorenone (TNF) group, yielded nanotubes with electron-accepting
TNF layers on their outside surfaces, and electron donating graphitic layers inside the walls,
demonstrating spatial separation of charge carriers within a self-assembled nanostructure and
producing a quick photoconductive response.’® Furthermore, modification of the monomer with
fullerene (Ce0) gave rise to nanostructures displaying heterojunction behaviour (electron-

transporting fullerene layers, and hole-transporting graphitic layers).”

The above discussion represents a small sampling of the still growing field of
supramolecular polymerization. The advantages of these self-assembled materials include ease of
preparation and processing, stimuli-responsive properties and reconfigurable, self-healing
behaviour. Polymeric supramolecular materials of fibrous or rigid rod morphology can find a
variety of applications, especially when they incorporate additional functionalities such as the
display of bioactive cues, scaffolding of photoactive groups or organization of metallic or
electronic components. Polymerized systems assembled under thermodynamic control can yield
stable structures with well-defined properties, while recent interest in assembly under kinetic
control or away from equilibrium opens the way for additional levels of structural complexity and

adaptability to their environment in the materials which can be created using self-assembly.

1.4 DNA: Information-bearing molecule par excellence

Deoxyribonucleic acid (DNA) has been termed the molecule of life, as it carries genetic
information in all living organisms from one generation to the next. DNA is an information-rich
polymer, a molecule that exemplifies the principle of structure determining function. Under
physiological conditions, DNA is most commonly found as a double helix composed of two
complementary strands. The formation of this structure is driven by supramolecular interactions,
such as hydrogen bonding between complementary base pairs — adenine (A) with thymine (T), and
cytosine (C) with guanine (G), n-stacking between their surfaces, and electrostatic repulsion
between the backbone phosphate units (Figure 1.4 a). The binding of complementary bases is
perhaps the best-known example of molecular recognition. Structurally, DNA is most commonly
found as a right-handed, antiparallel double-helix termed the “B-form”, that has a 2 nm diameter

and a 3.4 nm or 10.5 base pair pitch (height of a complete helix turn).3° Other duplex types such

13



as A- and Z-form helices can be observed depending on the surrounding environment (Figure 1.4
b). Notably, double-stranded DNA can take on the right-handed A-form helix, a more compact
structure with a wider diameter, in conditions of high salt and low humidity.®? In the Z-form, DNA
takes on a left-handed helix conformation that is most often encountered for sequences with

alternating purine-pyrimidine bases such as d(GC)n.»
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Figure 1.4| DNA, the molecule and its structures. a) The formation of a DNA double helix from complementary
single strands occurs due to hydrogen bonding between complementary bases — adenine (A) binds to thymine (T), and
guanine (G) to cytosine (C) — on their Watson-Crick faces, n-stacking between base-pair surfaces, and electrostatic
repulsion between negatively charged phosphate groups in the backbone. b) A-, B- and Z-form DNA duplexes. ¢)
Alternative naturally occurring DNA structures (from left to right): Guanine quadruplexes form from G-tetrad stacking
following their assembly via Hoogsteen-face hydrogen bonding; DNA triplexes can form when purines A and G bind
with their complement, T and C respectively, on both the Watson-Crick and Hoogsteen faces (C must be protonated);
the A-motif is a parallel poly(adenine) duplex that forms in acidic conditions and involves Hoogsteen-face hydrogen

bonding. (Adapted with permission from: (a)-(b) Ref. 81, 2001 RCSB PDB, (c) Ref. 83, 2010 RSC.)
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Unmodified DNA strands are also known to assemble into a variety of alternative structures
through non-standard base-pairing, in contrast to Watson-Crick base-pairing encountered in the
DNA double helix.®? Hoogsteen base-pairing is an alternative base-pairing mode that involves the
N7 atom and C6 group of purines that adopt a syn rather than anti conformation (rotation around
the glycosidic bond) and the Watson-Crick binding face of pyrimidines.** This diversity in
structure often emerges in repetitive DNA sequences. Large portions of the genetic material that
were once considered “junk DNA” contain various repetitive elements (terminal repeats, satellite
DNA, transposable elements, etc.), many of which contain repetitive DNA sequences.®> These
areas of the genome are increasingly recognized for their structural and regulatory roles in genome
function.®® Formation of non-B-DNA structures from repetitive DNA sequences is thought to
induce genetic instability, potentially contributing to disease states by promoting mutations or

chromosome breakage.?’

Examples of non-B-DNA structures include guanine quadruplexes, i-motifs, triple-helices,
and the A-motif (Figure 1.4 ¢). Guanine-rich strands can fold into guanine quadruplexes which
consist of m-stacked planar G-tetrads which are held together with a total of eight hydrogen bonds
in the manner of Hoogsteen base-pairs.®® The i-motif structure forms in C-rich regions in acidic
conditions as two parallel-stranded C-C" hemi-protonated duplexes that intercalate with each other
in an antiparallel orientation.®® Both guanine quadruplexes and i-motif structures have been
identified in human cells in vivo, supporting the notion that they and other non-B-DNA structures
may have regulatory roles in the genome.”>®! Among other alternative structures, prototypical
DNA triplexes consist in a Watson-Crick base pair with an added Hoogsteen-paired base”? while

the A-motif is a parallel duplex formed from poly(A) DNA strands in acidic conditions.”?

Ribonucleic acid (RNA) is the more structurally and functionally diverse counterpart of
DNA.** It is important to note that RNA has an additional 2’ hydroxyl group on the sugar moiety,
and a G, C, A and U (uracil, a thymine analog lacking a methyl group at the C5 position of the
pyrimidine ring) base-alphabet. As a duplex, RNA adopts the A-form. The importance of the roles
of RNA in living organisms cannot be overstated, as it is involved in all steps of gene expression

and regulation.”®

Over the past three decades, investigations into DNA structure and self-assembly through
sequence design and strand functionalization have expanded its role beyond that of a biological

molecule.”® DNA is an attractive building block for nanomaterials by virtue of its highly specific
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molecular recognition properties and well-defined structure.”” DNA’s ability to base-pair with a
complementary strand and its precise sequence programmability impart it with an unmatched level
of molecular control. Due to its ubiquity among living organisms, DNA is a readily available
material, and shorter nucleic acid strands (up to 200 bases) of any desired sequence can be obtained
by automated synthesis at steadily decreasing costs. Furthermore, biological and chemical
strategies can be used to functionalize and modify nucleic acids to imbue them with designer

properties.

1.4.1 Chemical synthesis of DNA

Modern automated DNA synthesis relies on solid support chemistry, typically carried out
on controlled-pore glass or, less frequently, polystyrene beads. The main advantages of solid
support chemistry lie (i) in allowing reaction by-products to be washed away after each reaction
step, contributing to increased yields and significantly simplifying purification, (i1) in driving
reactions to completion by adding liquid-phase reactants in excess, and (iii) in the cyclic nature of
the reaction sequence amenable to automation. Letsinger reported DNA synthesis on a solid
support®® around the same time as Merrifield demonstrated the success of the method for peptide
synthesis.”” The prevalent coupling approach in automated DNA synthesis uses phosphoramidite
chemistry, a fast and high yielding method developed by Caruthers and Beaucage'*!%! following
earlier work on more unstable nucleoside 3’-phosphodichloridite building blocks employed by

Ogilvie in the first automated DNA synthesizer.!%?

The automated solid-support synthesis cycle of a DNA strand using phosphoramidite
chemistry (Figure 1.5) consists of four steps, repeated for the addition of each base to yield a
sequence controlled, monodisperse polymer product: 1) Deprotection; ii1) Coupling (with
activation); iii) Capping; and iv) Oxidation. Synthesis is carried out from the 3’ to the 5 end of a
given strand. Deprotection removes the 5’-OH protecting group (usually a dimethoxytrityl group
or DMT) under acidic conditions (dichloroacetic acid is used with DMT). Coupling of the next
monomer, a 5-DMT protected deoxynucleoside (2-cyanoethyl, N,N-diisopropyl)
phosphoramidite, is carried out under mildly acidic conditions for activation purposes, typically
with the addition of a tetrazole derivative. A capping step then takes unreacted strands out of the

reaction cycle, ensuring sequence control and product monodispersity by passivating free 5’-OH
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groups with an acetyl moiety. Oxidation with iodine converts phosphorus (III) to phosphorus (V),
a more stable form, yielding a phosphate triester. The cycle can begin again for the next monomer
addition, until the desired product is obtained, at which point the final DMT can be deblocked,
followed by strand cleavage off the solid support and deprotection of the bases and backbone under
basic conditions. The product can then be further purified to remove incomplete sequences. It is
important to note that nucleic acids derived from biological sources or synthesized enzymatically

are also widely used in nanotechnology.
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Figure 1.5| Automated phosphoramidite-based DNA synthesis on a solid support.

Activation

The development of automated DNA synthesis over the last six decades has had a
transformational impact in areas such as molecular and synthetic biology, molecular diagnostics,
sequencing technologies, DNA-based nanomaterials and computation, as well as oligonucleotide
therapeutics.!%!% Today, emerging technologies that scale up synthesis and facilitate
recombination of gene fragments (such as the CRISPR-Cas9 system)!'?® promise seemingly endless
possibilities for nanotechnology and de novo genome engineering for ‘designer’ organisms among

other innovative applications.'%
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1.4.2 Synthetically modified DNA

Beyond the canonical double helix, DNA is known to adopt a variety of alternative
structures as outlined above. These structures highlight the versatility of the standard DNA base-
pairing alphabet (composed of A,