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Introduction

Self-assembly has imparted life in non-living molecules, where
biomolecules self-assemble into versatile polymeric structures
with diverse and important functions in living systems.1 For
instance, the nucleotides form functional nucleic acids DNA
and RNA. The exhibit
conformational diversity as the nucleobases recognize through
specific H-bonding such as adenine combines with thymine (or
uracil) and guanine combines with cytosine in a Watson-crick
hydrogen bonding manner.” In addition to the conventional
duplex structure, guanine rich DNA sequences can adopt four
stranded higher order structures, called G-quadruplexes (Fig.
la).3 G-quadruplex structures are known to form in the regions
of biological significance, such as human telomeres® and
oncogene promoters.5 It has been shown that G-quadruplexes
present in the promoters (such as c-MYC, VEGF, K-RAS, BCL-2,
c-KIT etc.) can regulate expression of various genes and those
present in the human chromosome ends can maintain the
telomere length and hence the aging.6 Therefore, DNA G-
quadruplexes have recently emerged as potential new class of
targets for the development of anticancer drugs.3'6 G-
quadruplex motifs are also prevalent in RNAs and play key
regulatory roles in regulating pre-mRNA processing and mRNA
translation.”

The G-quadruplexes consist of guanine-quartet (G-quartet,
also known as G-tetrad)8 as the basic building block, a square-
planar arrangement of four guanine motifs connected through
hydrogen bonds between complementary Watson—
Crick and Hoogsteenedges of neighbouring guanines (Fig. 1b).
G-quadruplex structures are generated by a core of two or
more n—7t stacked G-quartets (Fig. 1a) and further stabilized by
monovalent cations (typically Na®, K') that occupy the central
cavities between the stacks.® G-quadruplexes can be formed
intramolecularly with one G-rich strand or intermolecularly

nucleic acids structural and
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with two or four strands. The intramolecular G-quadruplexes
are comparatively stable and highly polymorphic leading to
varied biological roles.® Given the potential role of G-
quadruplexes in regulating gene expression and telomerase
activity, several small molecule ligands have been designed
and synthesised over the past decade that could open up a
new avenue for the discovery of novel anticancer agents.
Therefore, a variety of natural and synthetic compounds with
the ability to bind and stabilize the G-quadruplex structures
have been developed.3a‘6 Furthermore, the creative assembly of
G-quadruplex through supramolecular organization of
guanosine subunits has fashioned a plethora of complex
nanostructures with precisely controlled size, shape and
spatial functionalization.’

a)

Figure 1. a) G-quadruplex, b) G-quartet. c) Guanine motif.

On the other hand, guanine derivatives can mimic G-

quartet structures that subsequently self-assemble to
construct synthetic G—quadruplexes.3'10 Over the vyears, the
Gottarelli, Spada and Davis groups have significantly

contributed to the supramolecular self-assembly of guanosine
derivatives.'® Guanine derivatives are able to form a variety of
stable and ordered assemblies in water as well as in organic
solvents in the presence of alkali-metal cations.™™ The
supramolecular architectures formed in water are mainly of G-
quartet based assemblies; whereas the assemblies resemble
ribbons, sheets and helical architectures in organic solvents.’™"
Self-assembly of guanine derivatives has been used a strategy
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for developing useful systems such as selective metal ion

. 12a,b . . 12c

binder, water templated ion pair receptor,”” molecular

12d-f . 12¢g 12h-
dendrimers,

electronic  devices, organogels,
1325 26-30 . ;

hydrogels, ion transporters, etc. In this perspective, we

will describe recent developments in G-quartet based

functional bio-materials such as hydrogels and ion-channels.

Guanine derived hydrogels: Hydrogel technology offers a
promising platform in a wide range of clinical applications such
as tissue engineering, cellular immobilization, separation of
bio-molecules and controlled release of bioactive substances
as well as targeted drug delivery.31 In particular; much
emphasis has been given on supramolecular hydrogels with
biocompatible and biodegradable molecules as the principal
components.32 Supramolecular hydrogels involve non-covalent
interactions such as H-bonding, -t stacking, van der Waals
forces and hydrophobic interactions. Guanine, being a natural
nucleobase, is undoubtedly an important building block for
making supramolecular hydrogels.33 The origin of guanine
hydrogels can be traced backto 1910, when Bang reported
that 5'-guanosine monophosphate  (5'-GMP) 1 forms
gelatinous aggregates at higher concentrations (Fig. 3).34 In
1962 Gellert et. al. found that the gel network contains
macrocyclic G-quartet building blocks.® The unusual ability of
guanine derivatives to form planar G-quartet structures by
means of Hoogsteen type hydrogen bonding and subsequent
assembly into columnar aggregates by m-mt stacking, offers the
possibility of generating tunable three-dimensional highly
cross-linking fibrillar network.”>?° This type of fibrous network
is able to entrap large amount of water that leads to the
formation of self-standing and self-supporting hydrogels (Fig.
2). Moreover, the gelation property can be tuned by external
stimuli like pH, temperature, constituents and ions.
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Figure 2. Schematic representation of entrapment of water by the ordered self-
assembly of guanosines. The formation of entangled fibrous network gives rise
to self-supporting hydrogels.

Lehn and Sreenivasachary employed Dynamic Covalent
Chemistry (DCC)*® to construct thermodynamically stable
dynamic G-quartet hydrogels.13 They reported a Dynamic
Combinatorial Library (DCL) consisting of guanosine hydrazide
2 (Fig. 3) and various aldehydes that can undergo a reversible
acylhydrazone formation reaction. The resulting DCL of G-
quartet acylhydrazones provide the most stable hydrogels in
the presence of cations by selecting the optimal aldehyde
t:omponent.14 They have further demonstrated that
guanosine-5’-hydrazide 2 hydrogel network is capable of
releasing biologically interesting molecules, such as acyclovir,
vitamin C, and vancomycin.15 The Lehn group also developed a

2| J. Name., 2012, 00, 1-3

dynamic hydrogel system using a ditopic guanine derivative 3
that can undergo cyclic sol-gel transition, driven by reversible
uptake and release of K* ion.* The bis-guanine 3 forms stable
gels in the presence of K ions. A cryptand (an ionophore) pulls
out K" from the G-quartet hydrogel network and transforms it
into soluble polymeric fibres. Upon protonation, the cryptand
releases K™ and regenerates the gel. The cyclic conversion of
cryptand into protonated and deprotonated form triggers the
dynamic gel-sol inter-conversion over multiple cycles by simply
controlling the incorporation of K ion into G-quartet.
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Figure 3. (a) Guanine derivatives used for the preparation of hydrogels. (b) Anti
and syn conformations of guanosine.

Gelation occurs through the formation of the G-quartet
and its subsequent self-assembly into columnar stacks (Fig.
2)."” The hydrogels are typically obtained at low temperature
and acidic pH. The requirement of high salt concentrations and
specific pH values gelation hamper the potential
applications of guanosine gels for in vivo applications.
Furthermore, the gels have poor lifetime stability as they

for

collapse due to crystallization of guanosine in aqueous KClI
solutions.

The McGown, Rowan and Dash groups have reported two-
component hydrogel systems to improve the stability of
guanosine derived hydrogels.lg'22 McGown and co-workers
have developed two-component hydrogels formed by mixtures
of hydrophobic guanosine 4 and hydrophilic 5-GMP 1 in the
presence of K ions.'® The nucleotide 5’-GMP is highly soluble
at neutral pH (pH = 7) and it does not form a gel, while
guanosine is insoluble to form a stable gel even in the
presence of high salt concentrations. They have proposed that
5’-GMP helps to solubilise insoluble guanosine and the
insolubility of guanosine promotes gelation of 5’-GMP at lower
concentrations. This binary system can form stable gels over a

This journal is © The Royal Society of Chemistry 20xx
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temperature range that can be tuned by varying the relative
proportions of guanosine and 5’-GMP in the mixture.

Rowan and co-workers have subsequently developed
guanosine derived gels by mixing a guanosine-derived non-
gelator 2’,3’,5’-tri-O-acetylguanosine 7 (Fig. 3) with guanosine
4 in potassium chloride solution to maintain heterogeneity
that disfavour crystallization.19 The resulting hydrogels are
transparent and stable for a longer period. The physico-
mechanical and morphological properties of guanosine based
hydrogels could be significantly controlled by changing the
ratio of gel components. For example, atomic force
microscopy (AFM) and small-angle neutron scattering (SANS)
measurements revealed that the length and thickness of gel
fibres can be manipulated by varying the content of 7.%°

Generally, guanosine exists in the anti-conformation but
adopts the syn-conformation in self-assembly to form a G-
quartet (Fig. 3b).36 Rowan group reported that 8-substituted
guanosine derivatives predominantly exist as the syn-
conformation and therefore, they are more prone to self-
assemble and form gels at biologically relevant low salt
concentrations.” They have reported that 8-methoxy
guanosine derivative 8 forms stable gels at low gelator
concentrations in saline solutions (0.5 wt%) and in cell media.
The gelator 8 is non-toxic to cells and suitable for tissue
engineering. The gel properties of 8 can be easily tuned by
forming co-gels with 7. Recently, the Rowan group has
established that guanosine derived polymers can be used as
cross-linking units to enhance the mechanical properties of the
this low molecular weight gelator 8 in a concentration
dependent manner.?*®

Our group reported a two-component guanosine hydrogel
system comprising of guanosine (4) and 8-bromoguanosine (6)
with potassium as the stabilizing cation. Both 4 and 6 can
independently form hydrogels, however both the gels are
unstable as they crystallize.22 However, the mixtures of 4 and 6
are able to form self-standing transparent and stable hydrogels
within a wide range of their ratio compositions. VT-NMR
spectroscopy revealed that 6 is a comparatively better gelator
than 4. The gel formation could be initiated by columnar
stacking of hybrid G-quartets and subsequent lateral
association of the columnar stacks into interconnected gel
network. The composition-dependent evolution of the gel
nanostructures has been studied using TEM and AFM
experiments (Fig. 4). This two component gel system can be
used for diffusion and controlled release of dyes like
rhodamine-6-G, fluorescein and rose bengal, suggesting its bio-
medical applications. It is noteworthy that the gel itself does
not show any birefringence but it exhibits birefringence in the
presence of dyes. These stable and transparent guanosine-
bromoguanosine hydrogels are expected to have potential
applications in optical devices and biomolecular imaging.
Recently self-assembly of guanosine and deoxy-guanosine has
been reported to form stable hydrogels with self-healing
properties.23

Dash et al has demonstrated that silver ion-mediated self-
assembly of 5-GMP (1) can be used to generate a
supramolecular hydrogel system.24 The physico-mechanical

This journal is © The Royal Society of Chemistry 20xx
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property of the Ag-GMP gel can be finely tuned by modulating
the GMP:Ag molar ratios. Additionally, the system presents
potential applications in the development of molecular sensors
as the fibrilar network of Ag-GMP is capable of binding cationic
dyes such as methylene blue and Hoechst-33258. Protein
molecule such as cytochrome c can be immobilized within the

Ag-GMP hydrogels without loss of enzymatic activity.
. o

(A] B SR

Figure 4. TEM image of hydrogels of (A) G, (B) BrG, (C) G.BrG [1:1] and (D) G.BrG
[1:2]; scale bar: 200 nm (Adapted from reference 22).

Another fascinating G-quartet derived supramolecular
hydrogel system has recently been developed by the Davis
group by mixing guanosine 4 with 0.5 equiv of KB(OH), (Fig.
5).25 The borate anions solubilise 4 and react with it to form
covalent borate monoester and diastereomeric borate diesters
9 and 10. These diesters (9 and 10) self-assemble in the
presence of K' to give stable hydrogels. The resulting
guanosine-borate hydrogel system binds cationic dye
methylene blue and selectively incorporates nucleosides. This
gel system might be useful in generating sensors and drug
delivery systems.
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Figure 5. Formation of diastereomeric borate diesters.

These studies demonstrate that the guanine derived
hydrogels can be used for versatile applications. However, so
far only a few guanine derivatives (Fig. 3) have been used to
prepare hydrogels. The scope of the guanine-based gelators
should be expanded for specific applications such as drug
delivery, tissue engineering and nanoscale devices.
Furthermore, the gel elasticity and long-term stability should
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be improved by incorporating suitable co-gelators or

developing multi-component hydrogel-constructs.
Guanosine derived ion-channels: Biological ion channels,
primarily constitutive of transmembrane proteins, regulate
and transportation of and
substances.>” The structural aspects of ion channels have been
mimicked to devise functional materials with wide application
as drug delivery systems, antimicrobial agents and
biosensors.*® Artificial ion channels have been made from
peptides, proteins and DNA structures. There are several
naturally occurring and a growing number of unnatural small
molecules that show ion channel activity.38 Despite continuous
progress in developing synthetic ion channels, the
fundamental problems like simple synthetic access,
modulation of pore size and ion selectivity, voltage and ligand
gating, as well as channel blockage by specific inhibitory
compounds, need to be addressed.

The Hoogsteen hydrogen bonded macrocyclic G-quartet
has drawn attention in devising supramolecular ion channels
across lipid bilayers. The Davis group have reported a synthetic
unimolecular G-quadruplex that transports Na® across a
phospholipid bilayer.26 The unimolecular G-quadruplex was
obtained via olefin metathesis based post-modification of the
artificial G-quadruplex that was assembled from the lipophilic
guanosine 11 containing terminal alkene groups (Fig. 6a). In
the same year, Matile and Kato groups reported that a folate
dendrimer 12 could induce long-lived single-channel currents
after insertion in lipid bilayers.27 Folic acid contains similar H-
bonding motif as in guanine and the dendrimer 12 can self-
assemble to form m-stacked rosettes with ionophoric
properties (Fig. 6b). Recently Simeone et al. reported synthesis
of a variety of amphiphilic guanosine derivatives that exhibit
ion transportation properties.12i
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Figure 6. (a) Meta-substituted allyl ethers containing guanosine derivative; (b) A
folate dendrimer and(c) Ditopic guanosine-sterol conjugates.

Davis and co-workers reported the ability of ditopic
guanosine—bile acid conjugates 13 and 14 to form ion channels
across a phospholipid membrane (Fig. 6).28'29 Previously the
Lehn'® and Barboiu®*® groups have shown that ditopic
guanosine derivatives can self-assemble in the presence of
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potassium ions to create functional supramolecular materials.
The nucleoside-sterol conjugates are composed of two
guanosine groups connected by bis-lithocholate linkers (Fig.
6¢), which upon G-quartet formation and subsequent stacking
interaction form ion channels with large, stable and functional
pores in the membrane. The existence of these prototypes
suggests the potential for guanosine derivatives to perform ion
channel-like functions in the membrane.

We envisaged developing an ion channel platform using a
modular synthetic approach based on Cu(l) catalysed azide and
alkyne cycloaddition involving lipophilic guanosine azide and
guanosine alkyne building blocks. The diguanosine derivatives
would form membrane-spanning pores that would establish
some structure-activity relationships of the guanosine-based
ion channels through covalent tethering of a variety of linkers
between two guanosine units. As a proof of the principle, we
synthesized four diguanosine derivatives (Fig. 7) that involve
click reaction between i) guanosine derived azide building
block 15 and dialkyne linkers (17, 18) and ii) guanosine derived
alkyne building block 16 and diazide linkers (19, 20).30
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Figure 7. (a) Azido and alkyne functionalized guanosine derivatives, (b) dialkyne
and diazide linkers (c) Bis-triazolyl diguanosine derivatives.

The azido functionalized guanosine 15 is reacted with
fluorescent dansyl 17 and amphiphilic polyethylene glycol
(PEG) 18 dialkyne linkers to afford diguanosine derivatives 21
and 22 in high vyields (Fig. 7b). The reaction of alkyne
functionalized guanosine 16 with the diazide linkers 19 and 20

This journal is © The Royal Society of Chemistry 20xx
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provides diguanosine derivatives (23, 24) containing lipophilic
alkyl group and phenylene dicarboxamide, respectively.

Single channel analysis using voltage-clamp experiments
revealed that all the four diguanosine derivatives 21-24 form
ion channels in K* buffer across the planar bilayer. The PEG
formed ~ 50% channels with conductance values of 2-5 nS (life
time of 5 seconds) and ~ 20% channels with conductance
values of 1-2 nS. The channels formed by diguanosine
derivatives 23 and 24 showed well-defined currents with
conductance values of 1-2 nS. The fluorescent dansyl
guanosine derivative 21 showed nearly 60% channels with
conductance values of < 0.1 nS and 36.1% of the channels with
conductance values of 0.1-0.5 nS. These results indicate that
the conductance values and the pore size can be modulated by
varying the clickable linker between the two guanosine units.

Moreover, the PEG linked diguanosine derivative 22 does
not exhibit any appreciable conductance in MgCl, and CacCl,
containing buffers while it shows well defined currents for
monovalent cations Na* (1-5 nS conductance values), K' (2-5
nS) and Cs* (1-2 nS). These results are suggestive of the
presence of G-quartet assembly in the bilayer, as G-quartet is
to be cations. The
diguanosine derivatives self-assemble into ‘barrel stave’ type

known stabilized by monovalent

ion channels in the presence of monovalent ions (Fig. 8). We
have further shown that the ion channel activity of 22 can be
inhibited by the addition of cytosine, which possibly distorts
the quartet assembly in the membrane (Fig. 9).
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Figure 8. Self-assembly of diguanosine derivative through H-bonding and m-nt
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Fiéure 9. Formation and inhibition of ion channel formed from 22 (Adapted from
reference 30).

Most synthetic channels have been prepared using
multistep linear synthesis with low overall yields. Our results
broaden the choice of specific spacer to allow spacer-
modulated ions transportation by changing the pore size and

This journal is © The Royal Society of Chemistry 20xx

conductance. It is noteworthy to mention that the fluorescent
labeled guanosine derivatives can be used for the visualisation
of synthetic ion channels in the lipid bilayer. Moreover the
inhibition of ion channels can enable a new approach to
control the flow of ions that can enable preparation of gated
ion channels. It can be proposed that synthesis of versatile
amphiphilic diguanosine derivatives by varying the length of
the linkers may lead to increased diversity in ion channel
properties like high conductance values, controlled opening of
the functional pores and transportation of larger biomolecules
across the liposomes and cell. Inspired from the guanine self-
assembly, utilization of other nucleobases in supramolecular
chemistry can be used for devising DNA-inspired synthetic
ionophores.40

Conclusions and Outlook

This perspective highlights recent examples, illustrating the
attractive features of guanine derivatives as promising
molecular templates in “bottom-up self-assembly” to design
functional materials such as hydrogels and ion channels. In

these bio-materials, guanine derivatives for their self-
complementary hydrogen bonding edges and aromatic
surfaces provide programmability to build complex

supramolecular structures under appropriate conditions, using
multiple non-covalent interactions such as Hoogsteen type H-
bonding, metal coordination and mt-it stacking.

Although G-quartet hydrogels are known for a very long
time, only a few recent studies demonstrate their potential
applicability for tissue engineering and devising birefringent
materials and sensors. New guanine derived hydrogelators and
hybrid multi-component hydrogel-constructs with complex
morphologies and tunable properties need to be engineered
for the development of drug delivery systems for biomedical
applications. Similarly, appropriate design of synthetic ion
channels may enable interesting and many untapped
opportunities for programming antimicrobials, drug delivery
systems, sensors and more. In addition, self-assembly of
guanine derivatives connected to nanoparticles41 is an
unexplored area that may provide a platform for constructing
functional nanomaterials.

We anticipate that synthetic modifications of guanine
derivatives would enable construction of tailor-made bio-
inspired supramolecular assemblies of greater flexibility and
complexity in both structure and function. And such guanine
assemblies have a lot of potential to open up new possibilities
of systematic fabrication of diverse architectures and materials
that would be useful for future development in
supramolecular engineering, biomaterials design, catalysis,
sensing, imaging and drug delivery.
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